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Preface
Configuration problems are among the most fruitful domains for applying and developing advanced
artificial intelligence (AI) techniques. Powerful knowledge-representation formalisms are required to
capture the great variety and complexity of configuration problems. Efficient reasoning is required to
provide intelligent interactive behavior in contexts such as solution search, satisfaction of user preferences,
personalization, optimization, and diagnosis.

The main goal of the workshop is to promote high-quality research in all technical areas related to
configuration. The workshop is of interest both for researchers working in the various fields of Artificial
Intelligence as well as for industry representatives interested in the relationship between configuration
technology and the business problem behind configuration and mass customization. It provides a forum for
presentation of original methods and the exchange of ideas, evaluations, and experiences especially related
to the use of AI techniques in the configuration context.

This year's workshop is a standalone two day event that continues the series of 16 successful Configuration
Workshops started at the AAAI’96 Fall Symposium and continued at IJCAI, AAAI, and ECAI conferences since
1999.

A total of 21 papers were selected for presentation on the Configuration workshop. The themes of the
technical sessions are Strategy, Long-term management, Collaboration, Solving, Diagnosis, and Analytics.

The 17th International Configuration Workshop introduced the concept of Best Paper Award. The best
paper was selected in a two-phase audience vote: three best papers (actually four due to an equal number
of votes) of the first round entered the second round to select the best paper and a runner-up. The Best
Paper Award winner was ’Column oriented compilation of variant tables’ by Albert Haag. Two runner-ups
(with an equal number of votes) were ’Impact on cost accuracy and profitability from implementing
product configuration system – a case study’ by Anna Myrodia, Katrin Kristjansdottir, and Lars Hvam; and
’Coupling two constraint-based systems into an on-line facade-layout configurator’ by Andrés Felipe Barco
Santa, Elise Vareilles, Paul Gaborit, Jean-Guillaume Fages, and Michel Aldanondo.
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Market-oriented Variant Management  
(position paper) 

Dr. Thorsten Krebs and Christoph Ranze
1
 

 

Abstract.1  The mega trend individualization drives product 
manufacturers towards offering more and more variants of their 
products. As seen in mass customization scenarios, product 
configuration based on a modular strategy is an enabler for this 
trend. 

The key idea of variant management is to optimize the number 

of product variants that can be offered to a specific market 

segment, i.e. outer variety, while reducing the complexity of 

product development and manufacturing. Production costs are 

typically kept low by producing a small amount of modules that are 

generic and common for multiple products within the modular 

strategy, i.e. inner variety. 

Classic variant management is driven by the idea of reducing 

costs between the fields of product design / engineering and 

manufacturing / logistics. Hence, we see this as efficiency.  We 

apply the same method of optimizing the interplay between outer 

variety and inner variety to the sales-level; i.e. between the fields 

of logistics processing and sales / marketing. The product variants 

that are offered to a specific market segment should be aligned 

with the market needs. Hence, we see this as effectiveness. We 

show how the two views on variant management complement one 

another and how they relate to business economics, namely the 

economies of scale and the economies of scope. 

We suggest using a combination of both efficiency and 

effectiveness to assess the capability of change of product 

manufacturers that are based on modular systems. Market-oriented 

variant management involves a number of business processes. A 

management-ready presentation of the potential that changing these 

processes has, can significantly influence a company’s willingness 

to invest in such a change. 

1 INTRODUCTION 

The mega trend individualization is the main reason why the 

interest in mass customization strategies is continuously growing. 

This mega trend is supported by the fact that nowadays it is easier 

than ever before to get information about products and to compare 

them. The digital product representation enables lots of services 

like product selection, configuration or comparison. Using this 

digital product representation it is possible to get all the relevant 

information for deciding which products best fit the customers’ 

needs; without going from one shop to another. It is this 

information that can also be used for market-oriented variant 

management. 

                                                                 
1 encoway GmbH, Bremen, Germany, email: { krebs | ranze }@encoway.de 

Variant management is a holistic approach to control and 

optimize product diversification with respect to production costs 

and market strategy (see e.g. [1]). The term variant management 

has been around for quite some time. The key idea of variant 

management is to optimize the number of product variants that can 

be manufactured, i.e. outer variety, while reducing the complexity 

of product development and manufacturing. Production costs are 

typically kept low by manufacturing only a small amount of 

different modules that are common and recurring for multiple 

products, i.e. inner variety. These modules can then be 

manufactured in large scales. 

Within mass customization, product configuration is seen as the 

key enabler for being able to communicate product variety into the 

market (see e.g. [2]). Product configuration describes the task of 

composing a product from a set of pre-defined modules; the 

modular system. In this sense a product configurator is a tool for 

managing the interaction between the inner variety, i.e. the 

modules, and the outer variety, i.e. the products. 

The first occurrences of the term variant management stem from 

the area of product design, engineering and production. The base 

idea is to separate the development and manufacturing of recurring 

modules from the manufacturing of products that are based on 

these modules. In this sense the product manufacturing process is 

separated into two parts. The first part is an order-neutral process: 

pre-manufacturing the modules. The second part is an order-

specific process: combining modules. 

Defining the scope of outer variety, i.e. defining the right 

amount of product variants, is one of the major activities for 

effective sales. Optimal product diversification therefore must be 

based on the market’s demand. 

This is why market-oriented variant management goes one step 

further and uses the idea of modular strategy on another level: 

between manufacturing, or: logistics in general, and sales / 

marketing. In this sense, optimizing product diversification for a 

given market segment is managing the outer variety (from the sales 

view). At the same time, optimizing product development and 

manufacturing is managing the inner variety (from the logistics 

view). 

The remainder of this paper is organized as follows. Chapter 2 

describes our understanding of market-oriented variant 

management in general as well as the distinction between the 

logistics view and the sales view. Chapter 3 describes work-in-

progress on how the capability of change of business processes 

related to variant management can be measured and assessed in 

general and applies these ideas to market-oriented variant 

management. Chapter 4 discusses related work and finally, Chapter 

5 gives a conclusion and discusses future work. 
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2 MARKET-ORIENTED VARIANT 
MANAGEMENT 

We have already explained that market-orient variant management 

distinguishes two levels of optimizing product diversification: the 

logistics view and the sales view. In principle, this distinction can 

be made on an arbitrary number of levels, e.g. between product 

design and engineering, between engineering and manufacturing, 

between manufacturing and logistics, between logistics and sales. 

As we will see later in Chapter 3, distinguishing between the 

logistics view and the sales view has an important impact on 

companies’ business strategy. This impact also affects the most 

crucial business processes of companies that are based on modular 

systems: new product development, quote generation and order 

processing. Therefore, we will focus on these two views in the 

following. 

Before we detail the two views on variant management, we give 

a short insight into relevant aspects of business economics; namely 

the economies of scale and economies of scope. 

2.1 Economies of scale and economies of scope 

The economies of scale describe reducing engineering and 

production costs per unit as fixed costs are spread out over more 

units of output [3]. This is the base principle of mass production: 

the price per unit decreases with larger lot sizes. The economies of 

scope, on the other hand, are based on the common and recurrent 

use of modules. Thus, they describe lowering average costs by 

sharing production costs or recurring resources, for example sales 

or marketing activities, over a variety of products [4], [5]. When 

economies of scope are based upon the common and recurring use 

of proprietary knowhow or specialized and indivisible physical 

assets, the product diversification is an efficient way of organizing 

economic activity [6]. 

With a large outer variety of products that is based on a small 

inner variety of modules, the recurring modules can be pre-

produced order-neutrally in large scales. In a second step these 

modules are assembled specifically for one customer order. Thus, 

mass customization strategy benefits from both, the economies of 

scale and the economies of scope. 

While the economies of scale do plateau in an efficient state 

which delivers high-margin revenues, economies of scope may 

never reach such a state. But still, it is worth trying (see e.g. [7]). 

Managing the ongoing scope-learning process is one of the most 

essential activities in business strategy, in particular for companies 

manufacturing products that are based on modular systems. 

While optimizing the scope of modularization belongs to the 

logistics view on variant management, finding the right scope for 

product diversification is an activity within the sales view on 

variant management. 

2.2 Logistics view on variant management 

The logistics view on variant management focuses on an optimal 

interplay between outer variety and inner variety from product 

design and engineering via manufacturing towards logistics; i.e. 

supply chain management, shipping and so on. The major activity 

within this view is optimizing the scope of modularization. This 

means that we want to benefit from both, the economies of scale 

(by producing modules in large scales) and the economies of scope 

(by sharing production costs and other related resources over a 

variety of products). 

This view is the “classic” variant management approach that is 

around in literature for quite some time already. Therefore we refer 

the interested reader to [1] and in the following focus on the sales 

view. 

2.3 Sales view on variant management 

The key aspect of the sales view on variant management is to offer 

exactly those product variants that a specific market segment 

desires. Not less but also not more than those. The simple case of 

designing the range of product variants can be described as 

portfolio management. In this sense a company aligns its product 

portfolio according to the markets needs and has market-driven 

product development and manufacturing processes. 

However, offering optimal product variety can be more complex 

than this. European product manufacturers are currently under 

pressure in order to compete with the low-price mass production in 

countries from Asia. This is why a lot of component manufacturers 

that have been component vendors turn into system vendors. With 

the term component we describe products that are used in larger 

contexts: the component itself has no direct benefit for the 

customer’s application but a combination of components that 

complement one another builds up functionality with extra benefit. 

Both terms product combination and system can be encountered 

within the business strategy of companies that manufacture 

components. For the purpose of this paper we treat both terms as 

synonyms and in the following stick to the term system. 

A system may consist of discrete products, configurable 

products or a combination of both, possibly together with 

components that are not sold independently. Discrete products are 

non-configurable products that are described by and selected from 

a set of characteristics and that do not offer customization options. 

Configurable products on the other hand are customizable products 

that are available in a large variety. Typically, configurable 

products are based on a modular strategy and need to be configured 

in order to obtain a sellable product. 

The challenge of advertising, configuring and selling systems is 

not to be underestimated. The most important part of selling 

systems is to support the customer in the buying decision process. 

Identifying the right combination of components is even more 

complex than configuring a single product. 

Additionally, customers often do not know which products they 

need. However, what a customer does know is the application 

problem for which he needs a solution. This is why we see a 

solution configuration as one of the major improvements in sales-

oriented variant management. The term solution configuration 

describes a configuration process that is started with a problem 

definition for which a solution is sought. The main difference 

compared to usual product configuration is that the customer does 

not decide on the product’s characteristics but enters characteristics 

of the application. Selecting the best-fitting product and inferring 

the products characteristics from the application characteristics is 

hidden from the user. 

In order to achieve this encapsulation, the configuration model 

is separated into layers: on top of the technical layer containing 

configuration knowledge about buildability or the sales layer 
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containing configuration knowledge about sales-oriented 

customization options, an application layer containing 

configuration knowledge about the product’s application domain is 

added. This application layer guides the customer during product 

configuration. Thus, the customer can focus on describing his 

problem situation and is not distracted with technical details he 

does not know about. 

2.4 Interplay between the logistics view and the 
sales view 

In the previous sections we distinguished the logistics view and the 

sales view on variant management. Furthermore, we have 

described their influence on optimizing the scope of 

modularization and finding the right scope of product 

diversification, respectively. 

Obviously, both activities of scoping influence one another. 

Reducing the set of modules which are manufactured order-

neutrally in order to increase the gain of the economies of scale, i.e. 

reducing the modular system, has impacts on the possible product 

variety. Vice versa, broadening the variety of products that are 

offered to a specific market segment in order to increase the gain of 

the economies of scope, i.e. enlarging product diversification, has 

impacts on the modular system. 

Nevertheless, it is important that both scoping activities are 

addressed individually: 

 The activity of scoping modularization affects the 

efficiency of related business processes. The efficiency of 

modularization and of product manufacturing in general 

lies in being able to provide the expected outcome, i.e. the 

products, with the least possible use of resources. Note that 

besides low production costs this also includes fast time-to-

market and delivery times. 

 The activity of scoping product diversification affects the 

effectiveness of related business processes. The 

effectiveness of product diversification for product 

manufacturers that are based on modular systems lies in 

being able to provide exactly those products that the 

addressed market segment desires; at the right time and at 

the right place and most importantly at the right price. 

Both scoping activities are carried out by different business 

units and can be initially set up, maintained, assessed or optimized 

individually. But companies manufacturing products that are based 

on modular systems will only be successful when addressing both 

of the scoping activities. Only then it will be possible to deliver the 

right products at reasonable prices but also to generate high-margin 

revenues. 

3 CAPABILITY OF CHANGE 

Variant management is an approach to control and optimize 

product diversification. In this sense, variant management 

significantly influences business processes like the new product 

development, quote generation and order processing. Business 

processes are crucial for companies and are typically not changed 

unless really necessary. The decision to change a business process 

therefore needs management-ready analysis and presentation of the 

change’s potential. 

In the following we present work-in-progress on how the 

capability of change for business processes of product 

manufacturers can be assessed and improved. The first step 

towards this goal is being able to measure business processes. We 

present first ideas on how to do that in general (Section 3.1) and 

apply these ideas to market-oriented variant management (Section 

3.2). The second step towards this goal is being able to define a 

metric which compares the current state of a business process with 

its target state (Section 3.3). Such a metric can be used to describe 

the potential impact of a change in the business process and 

significantly influence the willingness to invest. 

3.1 Measuring business processes in general 

The efficiency of a process describes how good the things are done 

right. A processes efficiency can be measured using several criteria 

including but not limited to total processing time, resource 

utilization per unit of output, non-value added cost, non-value 

added time, cost of quality, and so on [8]. Furthermore, any 

deficiency in training or skills of the workers or any delay from the 

related processes that provide inputs for the measured process will 

also show up. 

The effectiveness of a process describes how the right things 

are done. Measuring processes effectiveness begins with outlining 

the customers’ expectations and needs in detail. These expectations 

would then be converted into measurable targets. Customer 

expectations are not readily available or clearly specified. This is 

what makes it hard to set up a quantifiable measurement [8]. 

Typical customer expectations are, among others, product quality, 

frequency of new products or updates, quality of service and the 

overall customer experience. 

To the current state of our work-in-progress we do not have a 

process to generate quantified numbers or formulae, but here are 

some first thoughts: 

 If we do exactly one thing in a perfect way, then we 

assume to have an efficiency of 100%. If we do the same 

thing with half the efficiency, then we expect to have an 

efficiency of 50%.  

 If we do one perfectly right thing, then we assume to have 

an effectiveness of 100%. If we do one thing that is half as 

effective, then we assume to have an effectiveness of 50%. 

 If we do one perfectly right thing with half the efficiency, 

then we assume to have an overall process performance of 

50%. Vice versa, the same holds for doing a thing with half 

the effectiveness, but doing it perfectly efficient. 

Hence, in order to measure the performance of a business 

process we need to measure both its efficiency and its effectiveness 

and then we need to generate a reasonable overall measurement 

including the input of both values. 

3.2 Measuring market-oriented variant 
management 

Classic variant management focuses on efficiency: optimizing the 

scope of modularization. The main reason for variant management 

on the logistics level is cost reduction. Managing the sales view 

focuses on effectiveness: finding the right scope for product 

diversification. The main reason for variant management on the 

sales level is selling more products. While effectiveness is most 

important from the point of view of external customers, efficiency 

is most important internally. 
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Efficiency and effectiveness of market-oriented variant 

management relate to different business processes. Efficiency is 

related to new product development and setting up the required 

tools for logistics processing, quote generation and order 

processing. Effectiveness, on the other hand is related to marketing 

and sales strategies and their influence on a customer’s buying 

decision. 

3.3 The potential of a change in the business 
process 

The ideal performance of a process is assumed to be 100% – we do 

the right things and we do them right. But nevertheless, a desired 

target state for a business process may be less than 100%, e.g. 

when reaching the ideal status is expansive and a company wants 

to invest in smaller amounts. In such a case it may be viable to set 

a target state of, for example, pareto-optimal 80%. 

The potential, that the process optimization can raise, is the 

distance between the current state and the target state. A 

management-ready presentation of this potential can significantly 

influence the decision whether to change the company’s business 

process or not. Low potential will lead to low willingness to invest 

whereas high potential may also lead to investments although there 

are risks along that way. 

4 RELATED WORK 

In this paper we make use of business economics. Namely, these 

are the economies of scale [7] and the economies of scope [6], [8], 

[9]. The interplay between these two economies also has been 

researched earlier (see e.g. [10]). 

There is also earlier research in the area of managing product 

variety and manufacturing complexity [9], [10], [11]. Also the 

research fields of variant management (see e.g. [1]) and mass 

customization (see e.g. [2]) give a lot of input on managing variety 

and scoping product diversification. 

However, there are only few articles on using the economies of 

scale and economies of scope to explain or analyze economics for 

product manufacturers that are based on modular systems. One 

notable article is [12] in which a performance measurement system 

for modular product platforms is proposed. However, this article 

focuses on measuring the setting up and the maintenance of 

modular product platforms based on a set of criteria that is defined 

during the measurement process. 

This paper presents a novel approach with the term market-

oriented variant management, i.e. adding a sales view as another 

level on top of the logistics view that classic variant management 

deals with. Another novelty in this paper is relating the scoping 

activities of modularization and product diversification to the terms 

efficiency and effectiveness, respectively, and using them to 

measure the performance of business processes and to calculate the 

potential of changing business processes. 

5 CONCLUSION AND FUTURE WORK 

We introduced the term market-oriented variant management as a 

combination of classic variant management, which we see as the 

logistics view and an additional sales view that both use the same 

method of optimizing the relation between inner variety and outer 

variety. We have shown how the two views on variant management 

complement one another and how they relate to business 

economics, namely the economies of scale and the economies of 

scope. 

Furthermore we introduced an approach that supports 

calculating the potential of changes to business processes that are 

related to market-oriented variant management. Such a potential in 

a management-ready form can significantly influence the decision 

of changing the company’s most crucial business processes. 

It is up to future work to fully understand the relation and 

interplay between the well-established research areas product 

configuration, mass customization, variant management and 

business economics. 

Also, we need to research how the potential of a business 

process can be presented in meaningful numbers. Obviously, a 

calculated number in terms of percentage would significantly 

improve the statement of potential. But in order to get there, we 

have to go some steps: defining how to measure both the efficiency 

and the effectiveness of a business process, doing this for both, the 

current state and a target state of the relevant processes and then 

defining a metric for presenting the potential of the actual change. 

Another open topic is the influence of different products on the 

measurement. Perhaps it is necessary to define a weighting for the 

different products, for example based on sales numbers or revenue. 
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An empirical study on product configurators’ application: 
Implications, challenges and opportunities 

Linda L. ZHANG+ and Petri T. HELO 

 

Abstract.1  As computer systems, product configurators have been 
widely applied in practice for configuring a right amount of product 
variety. While studies have been reported to shed light on how 
product configurators’ application achieves time reduction and 
quality improvement in fulfilling customer orders, empirical 
investigations addressing the implications of product configurators’ 
application for companies’ business activities are very limited. 
However, understanding the implications is very important for 
companies because with such an understanding, they can better plan 
actions and make changes to embrace the implementation of product 
configurators. Thus, based on a survey, this study investigates the 
implications of product configurators’ application. The results 
indicate (i) how product configurators’ application affects 
companies’ business activities, (ii) the difficulties in designing, 
developing, and using product configurators, and (iii) the potential 
barriers preventing companies from effectively applying product 
configurators in the future. With the results, we further highlight 
several improvement areas for companies to investigate in order to 
reap, to the largest extend, the benefits of implementing product 
configurators.       

1 INTRODUCTION 

Since the early 90’s, product configurators have been receiving 

continuous interests and investigations from both the academia and 

industrial alike. Resulting from these efforts, countless articles have 

been published to present solutions to diverse configurator related 

issues. Many of these articles address configuration knowledge 

representation and modeling, methods and approaches for product 

configurator design from a theoretical point of view (e.g., Haug, 

2010; Pitiot et al., 2013; 2013; Zhang et al., 2013). In comparison, a 

relatively small number of articles deal with the practical issues 

related to product configurators’ application. Among them, some 

articles empirically investigate how product configurators achieve 

lead-time reduction and quality improvement (Trentin et al., 2011 & 

2012; Haug et al., 2011); some articles use single cases to show (i) 

how product configurators’ development can be facilitated (Haug et 

al., 2010; Hvam et al., 2003; Hvam & Ladeby, 2007), (ii) how 

product configurators contribute to variety management (Forza & 

Salvador, 2002), and (iii) the suitable product configurator 

development strategies (Haug et al., 2012). Due to the relatively less 

investigation, several important issues related to configurators’ 

application are unclear. They include (i) how product configurators’ 

applications affect companies’ business activities, (ii) the difficulties 

in designing, developing/maintaining, and using product 

configurators, and (iii) the barriers potentially preventing companies 
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from effectively using configurators in the future. However, it is 

important to have a clear understanding of all these issues. This is 

because such an understanding can help companies better plan 

actions for optimally applying product configurators, thus realizing 

the benefits of product configurators’ application to the largest 

extent.  

This study tries to fill this gap by investigating the implications 

of product configurators’ application. It is done using a quantitative 

research method, as described in the next section. Based on the data 

collected, we present, in Section 3, the results and analysis. The 

results are discussed with respect to (i) how product configurators’ 

application affects companies’ business activities, (ii) the difficulties 

in designing, developing/maintaining, and using product 

configurators, and (iii) the potential barriers influencing the effective 

application of product configurators in the future. Built upon the 

insights in Section 3, we further discuss the possible changes and 

improvements that companies may undertake.              

2 METHODS 

As the aim of this study is to identify the implications of product 

configurators’ application for companies’ business activities, an 

empirical study was performed. In doing so, a questionnaire was 

developed for collecting data. The collected data was computed and 

analyzed for revealing the application implications and for 

identifying the related opportunities as well.    

In designing the questionnaire, we included such questions like 

the functions that product configurators perform, the business 

process and IT system changes caused by product configurators’ 

application, the difficulties in implementing product configurator 

projects, the potential barriers preventing the effective application of 

product configurators in the future, and the performance 

improvements resulting from product configurators’ application. 

Besides these questions, there are also general questions such as 

position titles, the application time of configurators. By considering 

the explorative nature of this study, we used nominal scales by 

presenting alternative choices for each question. The alternatives 

were determined based on the literature and our experiences of 

working with companies, where product configurators are applied. 

Besides alternatives, we included the opportunity for respondents to 

choose “Other” and give details. In this way, we avoid the possibility 

of missing potential alternatives. To verify the initial questionnaire 

with respect to the sufficiency and appropriateness of questions, we 

pretested it in 5 companies, with which we have collaborations. In 
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the pretest, 5 company representatives filled up the questionnaire 

and provided comments. In addition, we made phone contacts for 

clarifications of the comments and additional remarks. Based on the 

feedback, some questions were revised, leading to the finalized 

questionnaire. (Appendix A summarizes the questionnaire.)  

With the finalized questionnaire, survey was conducted in a 

research panel involving managers responsible for IT investments in 

US companies in October and November 2013. These companies 

were mainly from the computer, telecommunication system, and 

industrial machinery industries. Panel members were invited by a 

commercial research data collection company: EMPanel Online. 

Data was collected by sending invitation by email and using an on-

line survey tool. To ensure that the respondents know about 

configurators and were responsible for configurator projects, a 

qualifying question was asked. In addition, another two questions 

regarding industry type and company size were asked. By 

considering these questions, we obtained and analyzed 64 completed 

questionnaires, which had balanced distributions with respect to the 

company size, industry, and time duration (in year) of product 

configurators’ application.  

In analyzing the data, we computed the total occurrence of each 

alternative, which was selected by the respondents, and the 

corresponding percentage. In this regard, we analyzed the 

distribution of the selected alternatives. 

3 RESULTS  

In accordance with the questionnaire, the collected data is analyzed 

with respect to (i) how the application of product configurators 

affects companies’ business activities, (ii) the difficulties in 

designing, developing/maintaining, and using product configurators, 

and (iii) the issues potentially influencing the effective application 

of product configurators in the future.  

3.1 How product configurators’ 
application affects companies’ 
business activities 

In studying how companies’ business activities are affected by the 

application of product configurators, it is essential to understand the 

major tasks that product configurators perform. This is because these 

tasks contribute to many of companies’ activities for designing, 

producing, and delivering products. It is equally important to 

understand the major users of product configurators. In accordance 

with the configurators’ tasks and users, there might be changes to 

companies’ business processes, functional units, IT systems, the 

number of employees, and performances.  

3.1.1 Major tasks and users of product 
configurators  

Being consistent with the literature, the survey results suggest that a 

configurator performs multiple tasks and has multiple users. As 

shown in Fig. 1(a), configurators in 60% of the respondents (i.e., the 

responding companies) perform sales order processing, such as 

quotation preparation, sales order specification, and product 

specification; configurators in 29%  and 11% of the respondents 

carry out product documentation: BOM and drawing generation  and 

manufacturing documentation: routing and process plan generation, 

respectively. (Note that these figures were calculated based on the 

total number of tasks, instead of that of companies. In this regard, 

they are not mutually exclusive with respect to companies. This is 

the same with the calculation of all the rest figures.) Consistent with 

the tasks that configurators perform, the major users include sales 

staff (in 46% of the respondents), designers (in 25% of the 

respondents), customers (in 15% of the respondents), and production 

planners (in 14% of the respondents), as shown in Fig. 1(b). While 

published articles provide anecdotal evidences, there is no study 

presenting such a complete distribution of configurators’ functions 

and users. 

 
Figure 1: Some results 

3.1.2 Functional units reorganized  

While product configurators take over tasks, which are performed 

previously in different functional units, their application does not 

bring many changes to the functional units. As shown in Fig. 1(c), 

both the sales and product design/development units in only 32% of 

the respondents are affected, thus reorganized; the production unit 

in 17% of the respondents is reorganized. It is interesting to see that 

product configurator application does not bring any changes to the 

functional units in 19% of the respondents. Our experiences of 

working with companies show that this might happen in the 

situations, where customers are the major users of product 

configurators. However, this needs to be further confirmed in the 

future investigations.    

3.1.3 Business process changes  

As product configurators automatically perform many activities, 

which are carried out manually in the past, their application might 

incur business process changes as well. In the survey, many 

respondents indicate that their business processes have been 

changed. These changes include (i) the original manual quotation 

preparation is done automatically (in 24% of the respondents), (ii) 

the sales unit is responsible for the task of specifying product 

functions (in 27% of the respondents), (iii) product technical details, 

e.g., BOMs, drawings, are dealt with automatically (in 22% of the 

respondents), (iv) manufacturing documents are generated 

automatically (in 16% of the respondents), as shown in Fig. 1(d). It 
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is worth mentioning: as pointed out by 11% of respondents, that 

product configurators’ application does not bring changes to their 

business processes. This seems consistent with what we have found 

above: 19% of respondents indicate that product configurators’ 

application does not cause changes to the functional units. When 

there are no changes to companies’ functional units, there may not 

be the changes to the business processes. However, this needs to be 

further tested in the future.   

3.1.4 Changes to companies’ legacy 
systems  

In performing tasks, product configurators interact with companies’ 

other IT systems for receiving inputs and/or sending outputs. 

Consequently, product configurators’ application may cause 

changes to companies’ legacy systems. The results confirm this. As 

shown in the results, (i) design systems are modified to be linked 

with configurators (in 33% of the respondents), (ii) production 

systems, such as product planning and control systems and material 

resources planning systems, are modified to be linked with product 

configurators (in 48% of the respondents), and (iii) accounting 

systems are modified to be linked with product configurators (in 9% 

of the respondents). At last, 10% of the respondents indicate that 

there are no changes to their legacy systems. When product 

configurators are built-in modules of ERP systems, it might be 

possible that companies do not need to modify their legacy systems.    

3.1.5 Changes to the number of 
employees  

As product configurators perform automatically many activities, 

which are performed manually in the past, intuitively, product 

configurators’ application should reduce the number of full time 

employees. However, it is surprising to see that 63% of the 

respondents hire full time employees, whereas only 6% indicate that 

they lay off employees. 31% point out that there are no changes to 

the number of their employees. As indicated in the following results 

(Subsections 3.2 and 3.3), companies do not have sufficient good IT 

system designers and developers. In this regard, the application of 

product configurators may lead to the recruitment of new employees.     

3.1.6 Performance improvements  

The available literature reports diverse performance improvements 

resulting from the application of product configurators. This study 

finds similar results, thus supporting the literature. For all the 

respondents, the improvements include (i) increased sales volume, 

(ii) increased correct sales orders, (iii) reduced production rework, 

(iv) increased customer orders, (v) reduced order processing time, 

and (vi) reduced sales delivery time. As indicated by the results, 

47%/44%/ 44%/31% of respondents achieve 30%-50% increase of 

sales volume/increased correct sales orders/reduced production 

rework/increased customer orders accepted, respectively. Seen from 

the results, it is difficult for companies to achieve higher 

improvements in these performance measures. For example, only 3% 

of the respondents achieve 80% increase of sales volume. It is 

interesting to see that companies reduce much order processing time, 

whereas they do not achieve equivalent improvement in the sales 

delivery lead time. (50% of the respondents indicate higher than 50% 

reduced order processing time; 30% and 22% of the respondents 

achieve 0-30% and 30%-50% delivery lead time reduction, 

respectively.) This might be caused by the fact that there are more 

interactions among different functional units in the entire cycle of 

delivering sales orders. These interactions may result in lower 

improvements in sales delivery lead time.     

 

3.2 Difficulties in designing, 
developing/maintaining, and using 
product configurators 

As shown in the results, most companies experience difficulties in 

designing, developing/maintaining, and using product configurators. 

50% of the respondents indicate that it is rather difficult for them to 

design product configurators. The two major reasons are (i) the lack 

of IT system designers (in 50% of the respondents) and (ii) IT system 

designers and product designers cannot communicate well (in 45% 

of the respondents). With our experiences of working with 

companies and based on the literature, these results are 

understandable. Manufacturing companies normally hire IT 

engineers for maintaining systems in support of their core business 

activities: design and production. In this regard, the IT engineers 

may not possess sufficient skills and capabilities for designing 

product configurators. The early literature points out that due to the 

differences in communication languages, configurator designers and 

product experts have difficulties in making effective 

communications (Haug et al., 2010). The results found in this study 

are consistent with the literature. 

Similarly, most respondents have difficulties in 

developing/maintaining product configurators. The biggest 

challenge for companies to develop/maintain product configurators 

is the high complexity of product configurators, as supported by 52% 

of the respondents. The other two main difficulties include (i) the 

lack of good IT system developers (in 24% of the respondents) and 

(ii) the continuous evolution of products and the resulting high 

product complexity (in 24% of the respondents). While product 

complexities do not appear as a main difficulty in designing 

configurators, they do cause difficulties in developing and 

maintaining product configurators. This is because in accordance 

with product complexities, the product configurator design is 

complex too. It is understandable that complex product 

configurators are difficult to develop.  

In using product configurators, companies also have difficulties. 

These are caused by (i) un-user friendly interfaces (in 44% of the 

respondents), (ii) the inefficient communications for getting 

required inputs (in 31% of the respondents), (iii) the high complexity 

of product configurators (in 12.5% of the respondents), and (iv) the 

lack of sufficient training (in 12.5% of the respondents). In 

processing customer orders, configuring products, and generating 

product/manufacturing documents, configurators require diverse 

inputs. These inputs are from customers, sales staff, designers, etc. 

In many cases, the input providers are from different offices or even 

different companies. This location dispersion may hinder the 

effective communications for required inputs. In addition, even in 

the situation where the input providers are in the same location, due 

to, e.g., other tasks that they need to deal with, the input providers 

may not be able to supply required inputs on-time. In our view, the 

other three difficulties are interconnected with one another. First, 

complex product configurators may have many interrelated modules 

and procedures. More training is required to understand and use 

these modules and procedures. However, companies are busy with 

dealing with daily operations activities and may not give enough 
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training time to users. As shown in practice, e.g., the fail of SAP 

project in Avon (http://blogs.wsj.com/cio/2013/12/11/avons-failed-

sap-implementation-reflects-rise-of-usability/), caused by design 

difficulties, complex IT systems tend to have un-user friendly 

interfaces. In this regard, the un-user friendly interfaces may be, at 

least, partially related to product configurator complexities.    

3.3 Issues potentially influencing the 
effective application of product 
configurators 

One question in the questionnaire asked respondents for the barriers, 

which may potentially prevent them from effectively applying 

product configurators in the future. The results here are consistent 

with these discussed earlier. The earlier results show that companies 

have difficulties in designing and developing product configurators 

because of the lack of technical IT staff. Similarly, the lack of IT 

staff also appears to be a major barrier for companies to effectively 

use product configurators in the future. The fact that products keep 

evolving is one of the three difficulties in using product 

configurators is also acknowledged as one barrier for future use. 

Two additional barriers, including (i) the unclear customer 

requirements and (ii) the unsafe feeling of employees, are brought 

up. Due to the linguistic origins, customer requirements are normally 

imprecise and ambiguous (Jiao & Zhang, 2005), In addition, they 

often conflict with one another. As product configurators need 

articulated customer requirements, the ambiguous and conflicting 

requirements will negatively affect the effective application of 

product configurators. As a matter of fact, during the initial 

questionnaire pretest, some of the 5 company representatives 

indicated this. As product configurators execute activities, which are 

carried out earlier by the employees, the affected employees 

perceive product configurators as a menace to their positions inside 

the companies (Forza & Salvador, 2002). In this regard, the unsafe 

feeling of employees may become an obstacle for the effective 

application of product configurators in the future.     

In summary, the largest barrier is the continuous evolution of 

products, as pointed out by 75% of the respondents. The other 

barriers include (i) the lack of technical IT staff for maintaining the 

configurators (seen by 47% of the respondents), (ii) the unclear 

customer requirements (perceived by 47% of the respondents), and 

(iii) the unsafe feeling from the employees because of the 

possibilities of losing jobs (agreed by 34% of the respondents).                       

4 DICUSSIONS 

Along with the benefits achieved, product configurators’ application 

brings many additional requirements and changes to companies’ 

existing way of doing business, as shown in this study. While the 

changes and requirements may not be perceived beneficial, they 

open up opportunities for companies to improve the new way of 

doing business, which involves product configurators. Based on data 

analysis and results, this study highlights three areas for 

investigation: (i) IT capacity and capability enhancement, (ii) 

organization redesign, and (iii) top down support and company-wide 

engagement.  

IT capacity and capability enhancement. Product configurators 

are basically IT systems. The optimal design and development of 

these systems will bring many advantages to companies, such as the 

configuration of optimal products, the cut-down of configuration 

time, the reduction of configuration errors, the easy application, the 

reduction of training time, etc (Haug et al., 2012). Such design and 

development demands sufficient system designers and developers 

with high skills and experiences. However, the results indicate that 

many companies do not have sufficient good designers and 

developers. In this regard, it will be beneficial to companies, 

especially these that design and develop configurators in house, for 

having sufficient well-trained system designers and developers. 

These designers and developers bring companies additional IT 

capacities and capabilities. Developing such IT capacities and 

capabilities can be also justified by other issues. The fact that 

products keep evolving necessitates continuous maintenance and 

upgrading to be performed (Section 3.2). Caused by its complexity, 

configurator maintenance and upgrading are not easy tasks and 

difficult to perform. In addition, if they are not well performed on-

time, companies may delay product configuration, production, and 

delivery. This may, in turn, cause companies to lose customers. In 

this regard, sufficient, well-trained system designers and developers 

can also contribute to configurators’ continuous maintenance and 

upgrading.          

Organizational redesign. Product configurators’ application 

brings many changes to companies existing activities, processes, and 

functional units (Sections 3.1.2 & 3.1.3). While simply reorganizing 

the affected units, as what the practice does (Section 3.1.2), may to 

certain degree facilitate product configurators’ application, it is 

insufficient for companies to realize the full benefits of product 

configurators (Salvador & Forza, 2004). In fact, the communication 

difficulties (Section 3.2) lend themselves to this point. In accordance 

with the tasks and functions that product configurators perform, 

companies should reorganize their business processes and structures 

by reallocating the responsibilities of each individual employee and 

functional unit. The reorganization should be performed such that 

each employee has a clear vision for his activities, tasks, and 

responsibilities. This is the same for functional units. Besides, 

information exchange protocol and procedures need to be 

(re)designed such that communication difficulties in applying 

product configurators can be eliminated. At last, as one of the 

potential barriers for effective configurator application in the future 

lies in unclear customer requirements, some efforts in organization 

redesign may be directed to the suitable tools, techniques, systems, 

etc and the related issues for obtaining clear customer requirements.  

Top-down support and company-wide engagement. As with the 

implementation of any new technologies, the implementation of 

product configurators needs continuous support and commitment 

from all levels, especially the top management level, in a company. 

The support and commitment is very important for completing the 

necessary organization changes (see above) and for successfully 

implementing product configurator projects. The literature shows 

that the lack of long-term commitment is one of the main reasons for 

the failure of many technology implementation projects (Bergey et 

al., 1999). As the employees including the middle management level 

have a tendency to resist changes (Paper & Chang, 2005), regular 

encouragement and incentives from the top management level are 

required to remove employees’ hostile attitude towards the 

application of product configurators. Once the employees positively 

look at product configurators’ application, they are willing to accept 

and implement organization changes. Perceived by companies, the 

employees’ unsafe feeling for losing jobs is one of the important 

barriers potentially preventing companies from effectively applying 

configurators in the future (Section 3.3). To encourage the 

employees and remove their unsafe feelings, the top management 
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level may create more training activities. With these training 

activities, the employees may master additional skills. They may 

also involve employees in company’s important meetings, share 

with employees company’s daily or weekly news and development, 

etc. All these supports may help employees regain their confidence 

and develop correct attitudes towards configurators’ application.       

5 CONCLUSIONS 

In view of the lasting interests that product configurators receive, 

this study set out to investigate the implications of product 

configurators’ application for companies’ business activities. The 

belief is that it is beneficial for companies to understand the 

difficulties and challenges before embarking upon a product 

configurator project. As shown in the results, product configurators’ 

application brings many changes and difficulties along with 

performance improvements. The changes together with the 

difficulties highlight a number of areas to be investigated if 

companies want to achieve the optimal benefits from using product 

configurators.  

In conducting the survey, we used nominal scales by considering 

the explorative nature of this study. While the nominal scale permits 

an easy understandable questionnaire, it makes analysis less exact 

than a Likert scale. In another words, it may not be able to identify 

the causal relationships among the interesting elements involved in 

the implications of configurators’ application. In this regard, this 

study highlights an interesting future research topic. An extended 

quantitative method involving data analysis based on Likert scales 

might be conducted to reveal these causal relationships. In addition, 

as an initial study, the survey treated configurator development and 

maintenance as one issue, instead of two. As computer system 

development and maintenance are two different projects, the 

extended future study might take this into consideration. Moreover, 

the survey results reveal that many interesting questions need to be 

investigated in the future, such as in accordance with the major 

configurator tasks, who should be responsible for a configurator 

project and how they can better lead such a project, what are the 

configurator maintenance tasks and how can these tasks be better 

performed. At last, while the initial results in this study show some 

trends, further work is needed to investigate differences between 

small and large companies and between business-to-business 

companies and business-to-consumer companies.  
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Appendix: A summary of the questionnaire 
General issues: 

1: How long have the configurator been in use.  

2. How many types of products are the configurator used for. 

Product configurator applications: 

1. Which tasks are performed by the configurator. 

2. Who are the users.   

3. Which functional units were reorganized. 

4. Which business process were changed. 

5. Which changes were made to other computer systems.   

6. Did you layoff/hire full time employees. 

Performance of product configurator applications: 

1. The percentage of increased sales volume. 

2. The percentage of increased correct sales orders.    

3. The percentage of reduced production rework. 

4. The percentage of increased customer orders accepted.  

5. The percentage of reduced order processing time.  

6. The percentage of reduced sales delivery time.   

Difficulties in implementing product configurator project: 

1. The difficulties in designing the product configurator. 

2. The difficulties in developing/maintaining the configurator. 

3. The difficulties in using the product configurator. 

Barriers preventing companies from continuously applying product 

configurator: 

Juha Tiihonen, Andreas Falkner and Tomas Axling, Editors
Proceedings of the 17th International Configuration Workshop

September 10-11, 2015, Vienna, Austria

9

http://blogs.wsj.com/cio/2013/12/11/avons-failed-sap-implementation-reflects-rise-of-usability/
http://blogs.wsj.com/cio/2013/12/11/avons-failed-sap-implementation-reflects-rise-of-usability/


1. The continuous evolution of products.  

2. The lack of technical staff for maintaining the configurator.  

3. Customer requirements are rather unclear.  
4. The unsafe feeling from the employees because of the possibility 
of losing jobs. 
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Impact on cost accuracy and profitability from 
implementing product configuration system – A case-study 

Anna Myrodia and Katrin Kristjansdottir and Lars Hvam 
 
Abstract.1 This article aims at analyzing the impacts from 

implementing a product configuration system (PCS) on company’s  
profitability and improved cost estimations in the sales phase. 
Companies that have implemented PCSs have achieved substantial 
benefits in terms of being more in control of their product 
assortment, making the right decisions in the sales phase and 
increasing sales of optimal products. Those benefits should have a 
direct impact on improved profitability in terms of increased 
contribution ratios and more accurate cost estimations used to 
determine the price in the budgetary quotations. As the literature 
describes, there are various benefits from implementing a PCS, 
however the effects on the company’s profitability have not been 
discussed in detail. This study analyzes the impact from 
implementing a PCS on the accuracy of calculations in the 
quotations and the impact on the relative contribution ratios of 
products. For that reason, a configure-to-order (CTO) 
manufacturing company has been investigated. A longitudinal 
study is performed where both the accuracy of the cost calculations 
and the profitability is analyzed before and after the 
implementation of a PCS. The comparison reveals that increased 
profitability and accuracy of the cost estimation in the sales phase 
can be achieved from implementing a PCS.  

1 INTRODUCTION  
In today’s business environment companies are forced to offer 

customized solutions without compromising delivery time, quality 
and cost [1]. In order to respond to those challenges mass 
customization strategies have received increasing attention over the 
years, both from practitioners and researchers. Mass customization 
refers to the ability to make customized products and services that 
fit every customer through flexibility and integration at cost similar 
to mass-produced products [2]. Utilizing product configuration 
systems (PCSs) is one of the key success factors in order to achieve 
the benefits from the mass customization approach [2][3].  

PCSs are used to support design activities throughout the 
customization process, where a set of components along with their 
connections are pre-defined and where constrains are used to 
prevent infeasible configurations [4]. This is one of the reasons 
why configurations systems are considereded to be among the most 
successful applications of artificial intelligence [5]. 

Once implemented, the PCS usually supports the sales and 
engineering processes in various dimensions, which can lead to 
numerous benefits such as; shorter lead-times, more on-time 
deliveries, improved quality of the product specifications, less 
rework and increased customer satisfaction. Besides, its supportive 

1 Engineering Management Department, Technical University of 
Denmark, Denmark 

Email: annamyr@dtu.dk, katkr@dtu.dk, lahv@dtu.dk  

function PCS enables improved decision making in the early 
phases of engineering and sales processes [6]. Furthermore, the 
system can be used as a tool that allows the salesperson to offer 
custom-tailored products within the boundaries of standard product 
architectures, thereby giving companies the opportunity to be more 
in control of their product assortment [7]. As the various benefits 
are described from implementing a PCS, it can be concluded that 
those benefits will have direct impact on the company’s 
profitability in terms of increased contribution ratios and more 
accurate cost estimations in the sales phase. However the link 
between implementing a PCS and its effects on the company’s 
profitability has not received much attention from researchers, even 
though it is one of the most critical factors during the planning 
phase of such a system. Ergo this article focuses on assessing the 
impact of the implementation of a PCS on companies’ profitability 
by analysing the accuracy of the cost calculations in the sales phase 
and the profitability of the products in terms of their contribution 
ratios. Based on this, the following propositions are developed:  

 
Proposition 1 The accuracy of the cost calculations in the 
quotations is increased by the implementation of a PCS. 
 
Proposition 2 The contribution ratio of products is increased when 
they are included in a PCS.  

 
Aiming to investigate these effects, a longitudinal case study 

was performed. In 2009, an analysis of the product’s profitability 
and accuracy of the cost calculations in the quotations generated in 
the sales phase was conducted. The results from that analysis 
indicated that the performance of the sales processes could be 
improved by the implementation of a PCS. That recommendation 
was adopted by the company; hence a PCS was developed and 
implemented in 2011. Three years later, the same analysis was 
performed in order to determine the impacts on the company’s 
profitability that could be related to the implementation of the PCS.  
The comparison of the results before and after the implementation 
of the configurator is assessed and discussed in relevance to the 
propositions.  

This paper is structured in 5 sections. In section 2 the relevant 
literature will be analyzed in terms of PCSs and the benefits that 
can be achieved from implementing such a system. In section 3 a 
case study will be presented where the influence on company’s 
profitability and the accuracy of the cost calculations from 
implementing a PCS will be analyzed. Then, in section 4 the 
conclusions from the case study are discussed. Finally, in section 5 
discussion about the findings of this research work and future 
research are presented. 
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2 LITERATURE REVIEW  
In this section the theoretical background of the present research is 
reported. In order to find the relevant publications a literature 
review has been performed in the research area of PCSs.  

Forza and Salvador have performed extensive research in this 
field. The authors present a case-study of an CTO manufacturing 
company, that identifies the benefits of the implementation of a 
product configuration tool [8]. The benefits discussed are reduction 
of delivery time, improved customers’ relationships and 
elimination of errors in Bill-Of-Material (BOM). They quantified 
the impact that the use of a configuration tool has on lead time, as 
reduction of manned activities in the tendering process (tendering 
lead-time from 5–6 days to one day). In addition to that, the errors 
in the products' BOM, misunderstandings between salespersons 
and customers are eliminated, while at the same time the level of 
correctness of product information has been increased, reaching 
almost 100%. In a related study [7], the authors present a case-
study of a manufacturer, who's production strategy is based on 
customers' orders. After the implementation of a product 
configurator, one of the benefits identified is reduction to almost 
zero of the errors in the configurations released by the sales office, 
in addition to savings in man-hours. There have also been noted 
significant benefits in production, including manufacturing and 
assembly processes, due to the fact that by using the configuration 
tool correct information are received in the production. 
Furthermore, there has been an increase in technical productivity, 
both regarding product documentation release and design activities. 

To this end, the benefits of using a PCS in the sales process are 
further investigated [9]. One of the main advantages discussed is 
that the configuration tool describes the possible configurations of 
the product in a way that they are simple and understandable by the 
customer. In that way, it can be ensured that there are no 
contradicting requirements, no missing specifications and that 
product configurations produced are valid. Moreover, since the 
configurator deals with real time information, it helps reducing 
dialogue time between salespersons and customers. Finally, it is 
highlighted that any kind of miscommunication between the 
salespersons and the customers is eliminated and possible errors 
are reduced. The reason for that is a possible source of errors in the 
quotations due to the sales personnel lack of technical knowledge. 

The use of a product configurator and its effect on product 
quality is discussed by Trentin et al. [10]. The authors performed a 
survey in order to verify the relationship between the use of a 
configurator and the quality of products. The results show a 
positive effect on product quality by using a product configurator. 

Haug et al. [11] discuss possible development strategies  for 
product configurator and evaluate the concluding benefits. 
Advantages identified are, firstly, the convenience of evaluating 
information included in the configurator software before 
implementation and ease of altering implemented product 
information. Facilitating the communication between product 
experts and configurator software experts is essential in order to 
build a configuration tool. This results in minimizing use of 
resources on documentation work and handovers of information, 
and rapid implementation of gathered information. The benefits 
realized are both fewer chances of misunderstandings and errors, 
and faster processes. Haug et al. [12] performed another study in 
14 ETO companies, where the impact of implementing a PCS on 
lead times is quantified. The results indicate significant 

improvement for the companies, as it has been measured 75% to 
99.9% reduction of quotation lead time.  

Another case study performed by Hvam [13] discusses and 
quantifies the impact from the implementation of a PCS in the 
electronics’ industry. The main benefits from the use of 
configuration tools are considerably lower costs for specification 
processes and production. The reason for that is that when 
specifications are generated in the PCSs, the actual working time 
for preparing offers and production instructions tends to be near 
zero. The benefits in that case-study are quantified and show that 
the fixed production costs have been reduced by 50%. 
Additionally, the variable production costs have been reduced by 
30%. On top of that quality has been improved, and is realized as a 
reduction from 30% to less than 2% in the number of assembly 
errors, as well as delivery time has been reduced from 11 – 41 days 
to one day. After-sales services and installation are also positively 
affected by the configurator. For instance, the time for replacing a 
battery has been reduced from 5–6 hours to 20–30 minutes.  

Hvam et al. [14] performed another case measuring the impact 
of implementing a PCS in the ordering process of a CTO 
manufacturer. It is noted that only a 0.45% of the specification 
process time is value adding. As a result the non-value adding time 
spent on making the specifications can be reduced by the use of a 
configurator. By automating the process fewer errors occur, the 
productivity of employees is improved and the quality of 
information and documents is increased. That is due to both 
reducing the standard deviation of the duration of the processes and 
avoiding errors in quotations. 

Similarly to the previous, another case-study is performed by 
Hvam et al. [15] in an ETO provider of cement plants. The benefits 
of the implementation of an IT-supported product configuration in 
the quotation process of complex products are aligned to those 
discussed above. In detail, a reduction in lead time from 15-25 days 
to one-two days for the generation of quotations is noted. An 
increase in the quality of quotes as it is made possible to optimize 
the cement plants satisfying better the customer’s needs, and 
making less errors in the specifications made in the PCS. 
Resources consumption for making quotations is reduced in the 
engineering department from five man-weeks to one to two man-
days. 

Aldanondo et al. [16] identify the main benefits as the reduction 
of cost and cycle time for highly customizable products. That is 
due to the fact that without the support of PCSs iterative 
procedures occur in sales and design processes. These activities 
result in generating longer cycle time and increasing costs. 

Slater [17] analyses the benefits of a web-based configurator in 
CTO environments. By using a PCS the company is able to offer 
the right product from the very beginning to each customer. The 
PCS assists the sales personnel to have an overview of the valid 
configurations and, therefore, avoid mistakes in the communication 
with the customers. This results in eliminating re-works on the 
customers’ order. The same knowledge embedded in the 
configurator is used to provide unique manufacturing instructions 
and to make the rules for the correct configuration accessible to the 
engineers.  

Gronalt et al. [18] outline the benefits of the implementation of 
a PCS, such as personalized customer support, representation of 
knowledge and distributed reusability of consolidated product 
configurations. To this end, Hong et al. [19] discusses the use of a 
configurator so as to reduce the information and attributes used to 
configure a product variant in One-of-a-kind production (OKP).  
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Fleischanderl et al. [20] provide empirical evidence showing 
that a configurator supporting the product development and 
production process can reduce the cost of the product’s life cycle up 
to 60%.  

The implementation of a PCS in the sales and marketing process 
has direct effects, such as number of errors, pricing, accuracy, time 
and cost to reworks, time to validate, reduce order cycle time, 
improve salespersons' morale, improve customers' satisfaction [21].  

Empirical evidence from a built-to-order manufacturer claim 
benefits such as increase on customer satisfaction, lower costs and 
higher productivity. In addition to these, an increase in the 
technical accuracy of orders entering manufacturing processes is 
noted, which also leads to cost and errors’ reduction [22].  

Tenhiala and Ketokivi [23] performed a survey in make-to-
order (MTO) manufacturing companies and found support to the 
hypothesis that the use of product configurator software in MTO 
production processes is positively associated with product 
conformance. Additional findings indicate that in general the use of 
configuration management practices in MTO production processes 
is positively associated with product conformance and delivery 
performance, among custom assemblers and producers.  

Another problem that product configurators should focus on, 
according to Blecker et al. [5], is the customer perspective. They 
claim that designers of configurators mainly concentrate on the 
back-end technical aspects. By process simplification and 
personalization the wrong interpretation of the customer 
requirements by the supplier can be avoided. PCSs can therefore be 
beneficial both for the sales and engineering processes.  

Tiihonen et al. [24] conduct a survey in Finish manufacturers 
with modular-based products. Their findings indicate that in 
extreme cases 80% of the sales specifications are either incomplete 
or inconsistent. At the same time, less than 20% of the total 
working time in the order processing is used for value-adding 
work. By implementing PCSs there is a reduction to the number of 
errors related to quality and to quality costs. Moreover, the sales' 
specification produced by the configurator can be directly used as 
an input for production, as it will not contain errors. Finally, the 
configuration can assist the representation of products and product 
families that are often differentiated in different market areas, and 
also the transfer of up-to-date product configuration knowledge to 
the sales units and to enforce its proper use.  

Summarizing the findings from the literature review, it can be 
seen that the implementation of a PCS provides various benefits to 
the manufacturers, in terms of resources’ reduction, reduction of 
lead time, better communication with customers and product 
quality. However, there is a lack of empirical evidence on 
quantifying the impact of the use of a product configuration tool on 
improved profitability and more accurate cost estimation. This 
work contributes to that fact, by providing a longitudinal case 
study, comparing the economic performance of the products and 
the accuracy of quotations before and 4 years after the 
implementation of a PCS in a CTO manufacturer.  

3 CASE STUDY 
In order to examine the propositions a case study is performed. The 
purpose of this case study is to illustrate the difference between 
cost estimation accuracy and product profitability, when using a 
PCS and without one. Therefore, a longitudinal case study is 
performed, by making similar analysis in 2009, when the company 

was not using a PCS, and in 2014, 4 years after the implementation 
of the configurator. The reason for selecting that specific period is 
to ensure that the PCS has been fully integrated into the business 
processes of the company, therefore increasing the validity of the 
comparison. The data for this research was gathered from 
company’s internal databases and was verified with experts from 
the company.  

3.1 Background 
The company analysed in this case study is a Nordic company in 
the building industry that operates worldwide. In the year 2014 the 
company had around 100 employees and yearly turnover of 
approximately 15 million Euro. On average the company has 
around 50 projects per year where the average turnover per project 
is approximately 300.000 Euro.  The company manufactures pre-
made structural elements for buildings. The product portfolio 
consists mainly of six products; A, B, C, D, E and F. The first four 
products have standard product architecture that can be adjusted to 
the customers’ needs. Products of type E denote to all the non-
standardized solutions and products of type F relate to additional 
features or to the parts that can be added to the standard solutions.  

In 2009 the process of making budgetary quotation and the 
accuracy of the cost estimation were analysed, which revealed the 
company’s performance of accurate cost estimations could be 
improved. The analysis also revealed that the company’s procedure 
of using Excel sheets to make the calculations of estimating the 
prices resulted in many errors that could be traced to human 
mistakes. Based on this analysis the company decided to invest 
150.000 Euro to develop a PCS to improve the processes of 
generating budgetary quotations. The PCS used at the company is a 
commercial PCS, which builds on constrains propagation. In 
addition to that, the company also made process improvements and 
changes in the product assortment that aimed to increase 
standardisation. The implementation of the PCS also ensured that 
the salespersons are going to provide the customers with valid 
configurations from the standard product architecture. 

The development of the PCS took place in the period 2009 – 
2010, and in beginning of 2011 the company had developed a PCS 
able to handle most of the budgetary quotations. Only products of 
type E, which are categorized as non-standard solutions, have not 
been included in the system. However, due to insufficient change 
management, not all employees were willing to change their work 
procedures and therefore they still used Excel sheets to make the 
cost calculations for making the budgetary offers.  

In this case study the impact from implementing the PCS on the 
company’s ability to make accurate price estimations for the 
budgetary offers and the company’s profitability will be assessed. 
The analyses were done both before implementing the system and 
for the period of its utilization over, the past 4 years (2011-2014). 
Thereafter the accuracy of the calculations made by using the 
Excel sheets and the PCS will be compared.  

3.2 Analysis of the Company’s Performance 
Before and After Implementation of 
Product Configuration System 

In order to compare the performance before implementing the PCS 
(2009) and after the implementation (2011-2014), contribution 
margins (CM) and contribution ratio (CR) were calculated for each 
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project that had been carried out at the company within the 
timeframe of this research. Those calculations where both based on 
the estimations of the budgetary quotations and both the real cost 
and sales prices calculated after each project had been closed. CM 
and CR are calculated as follows [25]:  
 

CM = Sales Price – Cost Price  (1) 
CR=CM / Sales Price (2) 

  
Finally, the deviation in the CR is then calculated as actual CR 
minus the estimated CR.  

 
DEV = CRactual - CRestimated (3) 

 
If the real cost of the project is higher than the estimated cost, it 
will result in negative deviation of the CR. Respectively, if the real 
cost of the project is less than the estimated it will result in positive 
deviation in the CR. The data for the analysis was extracted from 
the company’s internal database and verified with specialist at the 
company. The cost prices of the projects were calculated as the 
sum of the costs for expenses on construction site, subcontractors, 
materials and salaries. The projects included in the comparison are 
from 2009, when only the Excel sheets were used to calculate the 
cost, until 2014. For the period 2011-2014 the cost calculations are 
either done in the PCS or by using Excel sheets. In Table 1 the 
main results from the analysis are listed.  

 
Table 1. Overall analysis of the PCS contribution in terms of CR before 

implementation (2009) and after implementation (2011-2014) 
Performance indicators 

Year ◊ □ ○ ◊◊ 
2009 -1.5%      5.4% 14.6% 25.0% 
2011 -3.6% 7.7% 28.5% 25.5% 
2012 -0.7% 4.9% 8.9% 27.6% 
2013 -2.4% 4.9% 9.5% 28.8% 
2014 -1.1% 3.9% 2.2% 28.6% 

   ◊ Average difference in CR □ Average absolute deviation in CR    ○ 
Percentages of projects with greater deviation than 10% ◊◊ Average CR per 
project  
 
The analysis shows that the average CR has steadily increased 
from 25.0% in 2009 to 28.6% in 2014. However, the overall 
company’s goal is to have projects with CR of 30%.  

The deviations in the CR also show positive improvements as 
the average deviations have been reduced from -1.5% in 2009 to -
1.1% in 2014. Regarding the absolute value of the CR, when 
analyzed, the deviations showed reduction from 5.4% to 3.9%. It 
should also be noted that the percentages of projects with greater 
deviation than 10% have been significantly reduced from 14.6% in 
2009 to 2.2% in 2014, as the calculations of the absolute values in 
the CR indicate. However in 2011, which was the first year when 
the PCS was utilized, the deviations in the CR increased 
considerably. This increased in deviations can be traced to the fact 
that the system had not been fully tested before implementation 
and the users of the system were lacking training. But as the users 
became more experienced in using the system and errors had been 
fixed, the PCS started providing valuable results. 

This analysis indicates that the calculations are now more 
precise than before the implementation of the PCS and the 
company is moving closer to the targeted CR, which is 30%.  

3.2.1 Analysis of Cost Structure and Deviations 

In this section the company’s cost structure and the deviations in 
the estimated and actual values with regards to the main cost 
elements is analysed. The purpose of that analysis is to identify 
whether cost estimations have been improved after the 
implementation of the PCS by analysing the main cost elements. 
The cost elements that are included in the analysis represent the 
direct cost of making the product, which covers the expenses 
related to materials, salaries, subcontractors and for the 
construction site, e.g. renting machines.  

In 2009 a cost analysis was performed in order to assess the 
economic benefit by implementing a PCS. This benefit is highly 
associated to the reduction of deviations in the cost estimation, as 
the application of a PCS would thereby improve the budgetary 
quotations.  In Figure 1 the results from the analysis are shown for 
the deviation in the CM for the cost calculations of the main cost 
elements.  

 

 

Figure 1.  Deviations in cost estimations for the projects 2009 
distributed between the main cost elements 

 
The figure above shows great deviations and irregularities in the 
pattern, which indicate that only a few projects were realized at the 
same cost as calculated. This means that the salespersons have 
estimated significantly lower costs for the projects than the actual 
ones, as the deviations are mainly negative. That means that the 
sales persons underestimated the cost of the project. That refers to 
all different cost categories, as they all deviate towards the same 
direction (positive or negative). Based on this it can be concluded 
that the accuracy of the calculations for the budgetary proposals 
were inadequate in 2009. 

In order to see whether the situation has been improved at the 
company since implementing the PCS, a similar analysis was 
repeated in 2014, three years after implementing the PCS. The 
results from the analysis are shown in Figure 2.  

 

 

Figure 2.  Deviations in cost estimations for the projects in 2014 
distributed between the main cost elements 
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As illustrated in the above figure, when comparing the deviations 
in CMs of the projects from 2014, it can be clearly noted that there 
are far less fluctuations in the cost calculations than in 2009. 
Beside a few projects, the majority of them have rather low 
deviations from the calculated budget. By comparing the results 
from Figures 1 and 2, it can be realised that the accuracy of cost 
estimations has been improved since implementing the PCS. This 
is also supported by the fact that the deviations from 2009 for all 
the cost elements are not towards the same direction, meaning that 
in 2009 the deviations were negative in their overwhelming 
majority. 

The costs in 2014 are closer to the baseline; nevertheless, three 
large negative spikes for the subcontractor category can clearly be 
seen, on the same projects with the positive spikes for the salaries. 
From an interview with a specialist at the company the reason for 
the large deviations in these three projects was due to the fact that 
the construction work was outsourced to subcontractors.  This 
explains why the subcontractor category reveals large deviation 
and at the same time there is a positive deviation in the salary 
category, as the work was outsourced and therefore salaries to own 
employees could be reduced for the projects.  

In the project where there is a large positive deviation in the 
material category. The explanation given was that from the time 
the proposal was given out and until it was finished it took several 
years and in the meantime  a new steel structure was developed and 
implemented, which was much cheaper than the old structure. The 
large positive deviations in the cost estimations that were noticed 
in the 2014 analysis have therefore been reasonably explained. In 
the next section a more general explanation for the deviation is 
provided.  

3.2.2 Reasons for the deviations  

In order to gain a better understanding of the deviations in the cost 
estimations, a deeper analysis is performed, with the aim of 
clarifying why these deviations are still occurring at the company. 
The most significant deviations in the projects 2014 have been 
explained above, however in this section additional factors that 
influence the deviations will be further analysed.  

The company aims to provide the customers with high quality 
service therefore if a customer wants to make changes to the 
specifications later in the process, the company will strive to adjust 
the solution to satisfy the customer’s wishes. When such changes 
occur, the additional cost is added manually to the total price. This 
makes the actual cost of the project deviate from the initially 
calculated cost, but does not affect the profitability of the project.   

Furthermore, the cost at the construction site is difficult to 
estimate since there are frequently unforeseen factors which have 
to be dealt with, such as difficulties to get the machines at the 
building side. That can result in increasing the time that the 
machines have to be rented and creating additional expenses due to 
salaries of subcontractors, which were not taken into account in the 
original calculation of the estimated cost. However, this threat 
could be reduced if technicians would examine the construction 
site in order to make more realistic estimations of the cost.  

However, it worth mentioning that the highest peaks in the 
deviations of the cost calculations in 2014 are not caused by errors 
in the quotations, or additional costs due to unforeseen factors at 
the construction site but mainly because of the outsourcing work to 

subcontractors. Under certain circumstances, time can be limited 
and the company’s employees might get closer to a deadline for a 
project and the construction team cannot finish on time. Then it 
might be necessary to outsource the work to subcontractors to 
finish on time and not delay the project, as that will also cause 
higher additional cost. 

It can be concluded from the above analysis that the main 
reasons for the deviations in the cost calculations were not due to 
inconsistences of the PCS. Late changes from the customers, 
unforeseen circumstances and outsourcing are some of the main 
factors reported by the project managers of the company, which 
when occur, cause deviations in the cost calculations. 

3.3 Comparison of Budgetary Proposals Made 
in Excel and PCS   

In 2011 the PCS was first launched in the company. However, it 
has not been accepted by all sales representatives therefore some of 
them were still using Excel sheets for the calculations. The main 
reason for that is the lack of change management initiatives, which 
resulted in some employees resisting to use the PCS and therefore 
sticking to their old work habits. In this chapter the yearly turnover, 
CR of the projects and the deviations of the CR will be analysed in 
terms of whether they were generated by the Excel sheets or the by 
the PCS. 

The turnover generated by projects sold through the PCS has 
been steadily increasing since 2011. In the year 2013 the point was 
reached, where slightly more proposals were generated by the use 
of the PCS.  Figure 3 shows the yearly turnover for the proposals 
made in Excel and by use of the PCS. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 3.  Comparison of turnover generated for proposals made in 
Excel and by use of the PCS  

 
As can be seen from the above figure, in 2011 and 2012, the 
projects handled by the salespersons through the Excel sheets 
contributed more to the turnover of the company; even though the 
PCS has already been implemented in that period. This can be 
explained, firstly, by the reluctance that some of the salespersons 
showed towards including the new PCS in their working processes, 
as they still used Excel for the cost calculation and quotation 
generation. Additional, the period 2011-2012 was the initial 
introduction of the PCS at the company. However, the PCS did not 
include all products at that point of time; therefore its utilization 
was by definition limited. As a consequence, during the trial period 
the turnover contributed by the projects handled in Excel is higher 
than the one from the PCS, but this fact was significantly changed 

Juha Tiihonen, Andreas Falkner, and Tomas Axling, Editors
Proceedings of the 17th International Configuration Workshop

September 10-11, 2015, Vienna, Austria

15



in the following 2 years. So, in the period 2013-2014, when the 
company managed to take greater advantage of the PCS, and its 
utilization was strongly established, the turnover of the projects 
worked out by using the PCS  outnumbered the ones worked out in 
Excel.  

3.3.1 Sales Representatives and CR 

The company’s goal is that all projects should have a CR of 30%. 
An analysis of the overall performance of the company, (section 
3.2) showed how the CR has been increasing since 2009. However, 
in order to confirm that this can be traced to the implementation of 
the PCS, a comparison of the CR for the budgetary proposal made 
by using the PCS and Excel is performed. In Figure 4, the actual 
CR is illustrated for the proposals made by use of the PCS and 
Excel.  
 
 
 
 
 

 
 
 
 
 
 
 
 

 
 

Figure 4.  Comparison of CR for salespersons using Excel and PCS 
 

From this it can be concluded that salespersons using the PCS 
contribute a higher CR, with an exception in the year 2012 where it 
was slightly lower. Furthermore, it can be seen that the gap 
between the CR is increasing between the salespersons using Excel 
and the PCS. In 2014 the average CR was 28.6%, where sale 
persons using the PCS had average CR 30.1% while sale persons 
using Excel had 23.8%. In other words, the salespersons using the 
PCS have managed to achieve the goal of 30%.  

However as previously mentioned the products of type E, which 
are the non-standard products, are not included in the PCS 
therefore in order to make the price estimation Excel sheets are 
always used. Even though those products are not included in the 
calculations for the proposals made in Excel, when they were taken 
into account they only affected the CR for the proposals made in 
Excel by 0.2%. Therefore it can be concluded that the reason for 
lower CR cannot be traced to the special orders.   

Another important factor is to compare the deviations in the CR 
between the proposals made in Excel and PCS. The results are 
illustrated in Figure 5. 

 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 5.  Comparison of deviations in CR for sale persons using Excel 

and PCS 
 

As it can be seen from the above figure, the salespersons using the 
PCS have less deviation in their CR than the ones using Excel, with 
the exception of the year 2011 which was the first year the system 
was used in the company. Moreover, in 2012 and 2014 the 
deviations of the quotations made by the PCS are positive and 
close to 0.  

The analysis of the performance of the salespersons using Excel 
and PCS therefore indicates that the PCS affects positively the 
accuracy of the cost estimation as well as the CR. Summarizing the 
results from this section, it can be seen that both the CR and the 
accuracy of estimations are improved by the utilization of the PCS. 
To this end, it can be concluded that the both propositions are 
supported by the results of the case study.  

3.4 Future Initiatives  
In order to improve the company’s performance several factors 
have been identified that could reduce even further the deviations 
in the CR and increase the profitability of the company. The 
company intends to implement a check list in the end of each 
configuration in order to ensure that all the required information is 
both gathered in the sales phase and up-to-date. By implementing 
the check list, it is expected that errors made in the sales process 
will be reduced even further. Furthermore, the company is planning 
to enhance a higher degree of standardization in their product 
range, as well as move towards modular based product 
architecture. Finally, the company has decided to invest 140.000 
Euro in further development of the PCS, in order to include more 
products and have greater benefits from its utilization. 

4 CONCLUSIONS 
The scope of this case study is to quantify the impact of 
implementing a PCS on product profitability and accuracy of cost 
estimation. The research results in significant improvements in 
both the CR of products sold through the PCS and the accuracy of 
quotations. These results confirm the propositions made in this 
paper. In detail, an improved performance of the margins of the 
products is recorded, as well as a reduction in the deviation of 
quotations. The comparison in the quotations’ deviation is made 
between the same products, sold in 2009, before the company 
implemented the configurator, and in 2014, when the sales process 
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was supported by the PCS. Moreover, there is a comparison 
between the CR of products being sold with and without the use of 
the configurator for the period 2011 to 2014, when the PCS has 
been implemented and used to its full potential. Both comparisons 
lead to the same conclusion, that the contribution of the PCS is 
noteworthy, as the performance of the products included in the 
PCS is improved. Additionally, the deviations between the initial 
quotation provided to the customer by the PCS and the actual cost 
of each project are eliminated. Since the data used in the PCS is 
updated and all possible solutions are validated before making an 
offer, the quotation includes fewer errors and more accurate price 
estimation, when it is compared to the quotations of the products 
not included in the PCS.  

5 DISCUSSION AND FUTURE RESEARCH 
This work focuses on the benefits of implementing a PCS in a 
configure-to-order manufacturing company. The benefits widely 
discussed in the existing literature are directed towards customer 
satisfaction, cost reduction due to a better use of resources and 
elimination of errors, and improved product quality. The empirical 
evidence provided in this research is based on a single case study. 
However, the company is considered to be a typical example and 
highly representative in the configure-to-order industry.  

This research is the first step in exploring the impact of a 
configurator on product’s profitability. Hence, similar cases also 
need to be examined, in order to compare the profitability between 
projects going through the PCS and outside of it. By examining 
more cases, a deeper understanding can be gained and a more 
detailed explanation of the correlation between configuration tools 
and product profitability can be provided.  

In this paper empirical evidence is provided by only one case 
study. Yet, the impact registered in this company indicates that 
there could be significant impacts from implementing a PCS, 
which have not been discussed in the literature previously. 
Therefore, this requires further research and additional case-studies 
in order to justify the underlying correlation between PCS and 
profitability increase.  
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On Breaking The Curse of Dimensionality in Reverse
Engineering Feature Models

Jean-Marc Davril and Patrick Heymans1 and Guillaume Bécan and Mathieu Acher2

Abstract. Feature models have become one of the most widely
used formalism for representing the variability among the products
of a product line. The design of a feature model from a set of exist-
ing products can help stakeholders communicate on the commonal-
ities and differences between the products, facilitate the adoption of
mass customization strategies, or support the definition of the solu-
tion space of a product configurator (i.e. the sets of products that will
be and will not be offered to the targeted customers). As the manual
construction of feature models proves to be a time-consuming and
error prone task, researchers have proposed various approaches for
automatically deriving feature models from available product data.
Existing reverse engineering techniques mostly rely on data mining
algorithms that search for frequently occurring patterns between the
features of the available product configurations. However, when the
number of features is too large, the sparsity among the configura-
tions can reduce the quality of the extracted model. In this paper,
we discuss motivations for the development of dimensionality reduc-
tion techniques for product lines in order to support the extraction of
feature models in the case of high-dimensional product spaces. We
use a real world dataset to illustrate the problems arising with high
dimensionality and present four research questions to address them.

1 Introduction
Feature Models (FMs) have been first introduced for representing
the commonalities among the software systems of a software prod-
uct line [15]. An FM specifies the features that form the potential
products (also called configurations) of a product line and how these
features can be combined to define specific products. In [4] Berger et
al. survey the adoption of variability modeling techniques in industry
and report that FMs are the most frequently observed notation.

Defining an FM over a set of existing configurations can bring
valuable support in the adoption of mass customization strategies.
Tseng and Jiao [18] define mass customization as the process of “pro-
ducing goods and services to meet individual customer’s needs with
near mass production efficiency”. A key phase in the development of
a mass customization strategy is the definition of the solution space
that should be offered by the provider [16] - that is, all the product
configurations that should be made available in order to satisfy cus-
tomer demand.

An FM is a concise representation of the solution space of a prod-
uct line. It can be used to engineer mass customization systems, such
as configurators [5, 9]. In this case the FM serves as the knowledge
for the configuration system [10]. While deriving a configuration sys-

1 University Namur, Belgium, email: firstname.lastname@unamur.be
2 Inria and Irisa, Université Rennes 1, France, email: first-

name.lastname@inria.fr

tem solely from a set of existing products is not desired in practice,
a reverse engineered FM can be used by stakeholders to collect valu-
able insights about the product domain and to assess the fit between
the product line solution space and customer expectations. Depend-
ing on the complexity of the solution space and the richness of the
product domain, the manual construction of an FM can prove to be
time-consuming and prone to errors.

For these reason researchers have provided significant contribu-
tions in the development of techniques for automating the extraction
of FMs from sets of existing products specifications (or configura-
tions) - e.g. see [7, 19, 1, 14, 20, 2]. Existing approaches mostly
rely on logical techniques that search for statistically significant re-
lationships between the feature values. For instance, if two feature
values never occur together in the configurations, one could infer a
constraint stating that these values exclude each other. Similarly, two
values that frequently occur together can imply a configuration de-
pendency between the two features.

In this paper, we discuss the pitfalls related to the extraction of
FMs from product configuration data. In particular, we highlight the
limitation of applying logical approaches to high dimensional data
(i.e. when the product space is defined by a very large number of fea-
tures). When the number of features grows, logical methods require
an increasing number of available configurations to maintain statisti-
cal significance. This means that while automatic support is desirable
to help practitioners manage high dimensional product space, an FM
extraction process that solely relies on logical techniques does not
cope well with high dimensionality. We argue that, even when a large
volume of configuration data is available, one cannot consistently as-
sume that a logical pattern extracted from the data should be used
to define the boundaries of the configuration space. It follows that
while it is desirable to support practitioners with logical techniques,
an FM extraction process should also consider available product do-
main knowledge. In the following sections, we highlight the need for
formal methods that operate on both logical techniques and back-
ground domain knowledge.

The remainder of the paper is organised as follows. Section 2 de-
scribes feature modeling and prior work related to the synthesis of
FMs. Section 3 illustrates the curse of dimensionality in the context
of the FM synthesis problem with a real world example. In section 4
we elaborate a research plan with four research questions.

2 Feature Model Synthesis

An FM is an explicit representation of the underlying variability
among the products of a product line. It defines the set of features
that compose the products and how these features can be combined
into products. An FM can be represented as a tree in which nodes are
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features and edges between the features represent hierarchical rela-
tionships (see Figure 1). In the tree hierarchy, each parent-child de-
composition constrains the valid combinations of features that can
be found in product configurations. The FM in Figure 1 shows a
XOR-decomposition for the feature Screen into the features High
definition and Basic (i.e. the two child features form a XOR-
group), which specifies that exactly one of the two child features
has to be included in each configuration. Other usual decomposition
types are OR-groups and Mutex-groups, which respectively define
that when the parent feature is selected, all features, or at most one
feature, must be included. As shown in Figure 1, filled circles and
full circles represent mandatory and optional child features respec-
tively. It is also possible to define cross-tree constraints such as the
implies relationship in Figure 1.

An FM is attributed if there are typed attributes associated to its
features. Figure 1 shows an attribute size of type integer under the
feature Screen. Such FMs are referred hereafter as Attributed Fea-
ture Models (AFM).

The semantics of an FM fm, noted [[fm]], is commonly defined
as the sets of products (i.e. the sets of sets of features) that satisfy the
constraints specified by fm [17]. Table 2 lists the three valid product
configurations for the sample FM in Figure 1.

Phone

Camera Screen
size : int

High
resolution

Basicimplies

Figure 1. A sample FM for a product line of phones

Camera High resolution Basic
X X

X
X

Table 1: The valid product configurations for the FM in Figure 1

The FM synthesis problem consists in the extraction of an FM from
an existing set of products. The synthesis can be decomposed into
two steps. First, a logical formula over the inclusion of features in
products is mined from the set of configurations. Then, an FM is
extracted from the logical formula [7]. Many different FMs can be
built for the same logical formula [19]. Therefore, the FM extraction
requires heuristics for guiding the selection of the edges that will
form the tree hierarchy [19, 8, 20, 2].

The initial set of configurations can be represented as a configura-
tion matrix, which presents the features that are included in the ex-
isting configurations, as well as the values for the feature attributes.
Table 2 shows a possible initial configuration matrix from which the
FM in Figure 1 could be synthesised.

There are multiple examples of prior work related to the synthe-
sis of FMs from a logical formula, or from sets of formally defined
configurations [7, 19, 1, 14, 20]. A major challenge in the synthesis

Camera High resolution Basic size
X X 8
X X 7

X 6
X 7

Table 2: A potential product matrix that could lead to the extraction
of the FM in Figure 1

of FMs is the elicitation of the FM hierarchy. She et al. [19] propose
an interactive approach to recommend users with the likely parent
candidates for specific features. In [8] we proposed to weight edges
between features on the basis of both probabilistic dependencies be-
tween the features and similarity between their textual descriptions.
We then considered the selection of the hierarchy as the computation
of an optimum branching between the features [21]. The FM synthe-
sis techniques proposed in [2] aim at producing FMs that convey a
hierarchy that is conceptually sound w.r.t. ontological aspects. In [3],
Bécan et al. use domain knowledge to distinguish features from at-
tributes and propose a procedure to mine AFM.

Other works address the extraction of FMs from less structured
artefacts such as textual product descriptions [23, 8, 11].

In [6] Czarnecki et al. use probabilistic logic to formalise the foun-
dations of Probabilistic Feature Models (PFMs). The authors also
propose an algorithm to build PFMs upon constraints extracted from
sets of configurations. PFMs can contain soft constraints which ex-
press probabilistic dependencies between features.

3 The curse of dimensionality

A machine learning algorithm suffers from the effects of the so-
called curse of dimensionality when it does not scale well with high-
dimensional data. For example, performance issues can arise when
the complexity of the algorithm is exponential in the number of di-
mensions of the dataset. High dimensionality can also impact the
quality of results when some dimensions of the dataset are not rele-
vant to the problem to be solved, and thus feed an algorithm with dis-
tracting information. Data are referred to as being high-dimensional
when they are embedded into an high-dimensional space. In the con-
text of the FM synthesis problem, the data are formed by the existing
product configurations. Consequently, data dimensionality is defined
by the number of features, the number of attributes, and the size of
the domains for the values of these attributes.

3.1 High dimensionality in FM synthesis

We now list the variability structures that are commonly mined from
configuration matrices by existing FM synthesis approaches.

• Binary implications: Binary implications indicate dependencies
between the feature or attribute values in the configuration matrix.

• Hierarchy: A tree hierarchy is built from the binary implications
between the features. Conceptually, the hierarchy of an FM orga-
nizes the features into different levels of increasing detail. It also
defines that the selection of a child feature in a configuration al-
ways implies the selection of its parent feature.

• Mandatory features: Once the hierarchy has been found, for any
binary implication from a parent feature to one of its child, the
child has to be made mandatory.
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• Feature groups: OR-groups, XOR-groups and Mutex-groups rep-
resent how sibling features can be combined together in product
configurations.

• Cross-tree constraints: In addition to the constraints represented
in the feature hierarchy, cross-tree constraints such as requires or
excludes relationships are mined.

In order to illustrate the curse of dimensionality in the context of
the FM synthesis problem, we have applied an AFM synthesis algo-
rithm to a real world dataset extracted from the Best Buy product cat-
alog. Best Buy is an American retailer that provides consumer elec-
tronics, and publishes its products data on the web through an API
3. We built configuration matrices for the Best Buy data by merging
extracted sets of products that have at least 75% of features and at-
tributes in common. A description of the AFM synthesis algorithm
is out of the scope of this paper and can be found in [3].

We have considered 242 extracted configuration matrices. Table 3
shows statistics about these matrices. The number of Configurations
is the number of products in the matrix while the number of Vari-
ables is the number of columns (corresponding to features or at-
tributes). Domain size is the number of distinct values in a column.
The properties of the configuration matrices are quite representative
of high dimensional product spaces. The number of products is low
w.r.t. to the total number of distinct cell values. In our dataset, there
is almost the same number of variables (columns) as configurations;
and in average there are more than 5 values per variable. The appli-
cation of the AFM synthesis algorithm to this dataset brings to light
the need for further research efforts as summarised below.

Min Median Mean Max
Configurations 11 27.0 47.1 203

Variables (columns) 23 50.0 49.6 91
Domain size 1 2.66 5.45 47.18

Table 3: Statistics on the Best Buy dataset

Firstly, the Best Buy configuration matrices contain empty cells.
The average proportion of empty cells in the matrices is 14.4%, and
in the worst case, the proportion is 25.0% The problem with empty
cells is that they do not have a clearly defined semantics in terms of
variability. One might consider that an empty cells translates the ab-
sence of the corresponding feature in the configuration. However it is
unsure whether the feature is really excluded, or if its value is simply
unknown. This uncertainty is important because different interpreta-
tions of empty cells could lead to different synthesised FMs.

Another concern is the ability to distinguish features from at-
tributes among the columns of the matrix. As for the empty cells,
different heuristics for this task could result in very different synthe-
sised FMs. Furthermore, each attribute should be associated to the
appropriate parent feature, and automating the association resolution
becomes harder as the number of features and attributes grows.

One possible direction for addressing the interpretation of empty
cells and the distinction between features and attributes is to rely on
the specification of domain knowledge by users. This strategy would
require the design of user interactions that prevent users from being
overwhelmed with huge volume of variability information, notwith-
standing the large number of features and attributes in the dataset.

Another important concern is related to constraints. The number
of constraints synthesised from the Best Buy matrices average 237

3 http://developer.bestbuy.com/

with a maximum of 8906. Such large numbers of constraints put
into question the validity of the extracted constraints - that is whether
these are legitimate configuration constraints w.r.t. to restrictions in
the product line domain. When the data is sparse, it can be hard to
evaluate whether the configurations just happened to exhibit the con-
straint. Moreover, when the number of constraints is high, many dif-
ferent FMs that fit the data equally well can be derived from them.
A purely statistical synthesis approach is thus limited as it cannot
be used to assess the quality of the candidate FMs. Therefore, it
would be useful to automatically reduce the number of irrelevant
constraints, or help users assess them. Several approaches can be
considered to determine a readable subset of relevant constraints to
present to users, e.g. prioritization, or minimisation [22].

Our example does not illustrate the synthesis of PFMs. While the
constraints mined for crisp FMs have a confidence of 100% (i.e. they
cannot be violated by any product), the constraints mined for PFMs
have a confidence above a predefined threshold lower than 100%.
PFMs can be useful to model variability trends among the products.
Similar to the synthesis of FMs, a high dimensional matrix can lead
to the computation of a very large number of constraints with a con-
fidence above the predefined threshold, and thus make the elicitation
of the PFM structure arduous.

3.2 Dimensionality reduction
In machine learning, the term dimensionality reduction denotes the
process of reducing the number of attributes to be considered in the
data for a particular task [12]. Dimensionality reduction techniques
are commonly divided into two categories: feature selection and fea-
ture extraction.

In feature selection, a subset of the original data attributes is se-
lected (see [13]). This typically involves the identification of filtering
criteria on the attributes (filter methods) or the use of the machine
learning algorithm itself for ranking the relevance of the attributes
(wrapper methods). In an FM synthesis process, feature selection
could be achieved by choosing a subset of the features to be consid-
ered during the elicitation of the FM hierarchy. Once an initial hier-
archy would be computed from the core features, the filtered features
could then be appended to it.

Feature extraction consists in defining a projection from the
high-dimensional space of the data to a space of lower dimension. Let
us consider a product line featuring the features length, width
and depth. One could define a mathematical function over the val-
ues of these three features to replace them with a new attribute size,
thus reducing the number of dimensions by mapping three features
to a single one. The intended benefit is to reduce the cognitive effort
when configuring since (1) less configuration variables are presented
to users; (2) the configuration variables abstract details that are typi-
cally technical, making the promise of raising the level of abstraction
for domain analysts or end-users of the engineered configurator.

4 Research Agenda
We aim at addressing dimensionality reduction in the synthesis of
FMs in future research. To this end, we state four research questions:

• RQ1: How should empty cells in configuration matrices be in-
terpreted during the FM synthesis? An empty cell can either
represent the absence of a feature (resp. attribute) or translate a
lack of knowledge for the value of a feature (resp. attribute). Ac-
knowledging different semantics for empty cells can lead to dif-
ferent synthesis results. It would be interesting to investigate the
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use of complementary data, such as product descriptions or user
knowledge, to set these missing values.

• RQ2: How to use background-knowledge in the construction
of FMs? Current synthesis approaches commonly use only data
for constructing FMs. However, when a configuration matrix is
highly dimensional, it is possible to find many different FMs that
fit the data equally well. Some researchers in the machine learning
community have already considered that constructing models only
from observed data is a bad practice, which has been referred to as
data fishing. In order to select the right FM, we believe that practi-
cal synthesis procedures should be guided by existing knowledge
about the application domain of the targeted FM (i.e. background
knowledge). More specifically, background knowledge could be
particularly useful for (1) differentiating the columns of a config-
uration matrix into features and attributes, and (2) selecting the
tree hierarchy among the features of the FM.

• RQ3: How to reduce dimensionality by modeling product
qualities? Configuration matrices represent products as sets of
features, which refer to a large number of technical specifications
(e.g. size, weight, battery life). However, customers usually com-
municate and reason about the products in terms of different ab-
stractions we call product qualities (e.g. ease-of-use, portability,
ergonomics). An interesting research direction is the design of for-
mal methods for augmenting configuration matrices with product
qualities. Projections of qualities onto the technical features could
help define a new configuration space of lower dimensionality.

• RQ4: How to assess the quality of extracted FMs? One usually
wants to elicit an FM with a set of specific tasks to solve in mind,
which means that the quality of the FM should be assessed on the
basis of the degree of support it provides w.r.t. these tasks. For in-
stance, if an FM is extracted from a set of products with the aim of
providing an overview of the underlying variability (domain anal-
ysis task), then the readability and the learnability of the FM are
relevant quality criteria. In the case of the synthesis of an FM to
model a solution space, the conformance of the FM to the exist-
ing products should be evaluated. A framework is thus required to
identify the evaluation criteria of extracted FMs.

5 Conclusion
In this paper, we discussed the problems arising during the automatic
synthesis of feature models from high-dimensional configuration ma-
trices. We first framed concepts well-studied in the machine learning
community, such as the curse of dimensionality and dimensionality
reduction, in the context of the feature model synthesis problem. Us-
ing a real world dataset extracted from the Best Buy website, we then
highlighted the steps in an attributed feature model synthesis process
that require further investigations (e.g., when computing constraints).
We stated research questions related to the application of FM synthe-
sis algorithms to high dimensional configuration matrices.

The motivation for enabling domain experts to apply dimension-
ality reduction on configuration matrices is to synthesize variability
information that is relevant w.r.t. to the intention of practitioners, and
to produce more useful, readable resulting feature models.
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[13] Isabelle Guyon and André Elisseeff, ‘An introduction to variable and

feature selection’, The Journal of Machine Learning Research, (2003).
[14] Evelyn Nicole Haslinger, Roberto Erick Lopez-Herrejon, and Alexan-

der Egyed, ‘On extracting feature models from sets of valid feature
combinations’, in Fundamental Approaches to Software Engineering,
Springer, (2013).

[15] Kyo C Kang, Sholom G Cohen, James A Hess, William E Novak, and
A Spencer Peterson, ‘Feature-oriented domain analysis (foda) feasibil-
ity study’, Technical report, DTIC Document, (1990).

[16] FT Piller and P Blazek, ‘Core capabilities of sustainable mass cus-
tomization’, Knowledgebased Configuration–From Research to Busi-
ness Cases. Morgan Kaufmann Publishers, 107–120, (2014).

[17] P Schobbens, Patrick Heymans, and J-C Trigaux, ‘Feature diagrams: A
survey and a formal semantics’, in 14th IEEE international conference
on Requirements Engineering, pp. 139–148. IEEE, (2006).

[18] J. Seng, M.M.and Jiao, ‘Mass customization’, in Handbook of Indus-
trial Engineering: Technology and Operations Management, Third Edi-
tion (ed G. Salvendy), (2001).

[19] Steven She, Rafael Lotufo, Thorsten Berger, Andrzej Wasowski, and
Krzysztof Czarnecki, ‘Reverse engineering feature models’, in Pro-
ceedings of the 33rd International Conference on Software Engineering
(ICSE), pp. 461–470. IEEE, (2011).

[20] Steven She, Uwe Ryssel, Nele Andersen, Andrzej Wasowski, and
Krzysztof Czarnecki, ‘Efficient synthesis of feature models’, Informa-
tion and Software Technology, 56(9), 1122–1143, (2014).

[21] Robert Endre Tarjan, ‘Finding optimum branchings’, Networks, 7(1),
25–35, (1977).

[22] Alexander von Rhein, Alexander Grebhahn, Sven Apel, Norbert Sieg-
mund, Dirk Beyer, and Thorsten Berger, ‘Presence-condition simplifi-
cation in highly configurable systems’, in Proceedings of the Interna-
tional Conference Software Engineering (ICSE), (2015).

[23] Nathan Weston, Ruzanna Chitchyan, and Awais Rashid, ‘A framework
for constructing semantically composable feature models from natural
language requirements’, in 13th International Software Product Line
Conference, pp. 211–220, (2009).

Juha Tiihonen, Andreas Falkner and Tomas Axling, Editors
Proceedings of the 17th International Configuration Workshop
September 10-11, 2015, Vienna, Austria

22



Customer buying behaviour analysis in mass
customization

Tilak Raj Singh 1 and Narayan Rangaraj 2

Abstract. Motivated by the importance of customer buying be-
haviour (such as correlation among product attributes/features of
products configured in the past) in planning future configurations,
this paper addresses the issue that product evolution (upgrades) usu-
ally render information gathered from past buying behaviour at least
partially unusable. For instance, relations among features might have
been changed, thus making it difficult to configure the same prod-
ucts again. The proposed approach aims to (1) find associations be-
tween product attributes based on the analysis of prior customer or-
ders (2) apply configuration rules to prune attribute association rules
which are not controlled by customers, and (3) check whether de-
rived attribute association rules from past orders also work for the
new upgraded product. Attribute associations consistent with the up-
graded product are then used to predict configurations for produc-
tion planning. We use machine learning algorithms and optimization
techniques to address these issues.

1 Introduction

Mass customized products (e.g. Automobiles) involve a large number
of product variants which are generated by combining different pre-
defined features/attributes. Individual product attributes and attribute
combinations control the final consumption of vehicle components
and sub-assemblies during the production [13]. For example, the se-
lection of features such as a specific gearbox or a sports package
can decide which steering wheel will be used to build the vehicle.
Thus, knowledge of customer buying behaviour (correlation between
product attributes) is crucial for demand estimation of parts and sub-
assemblies for future production.

One way to get customer buying behaviour is by extrapolating the
configurations produced in the past. Due to the high degree of in-
dividualization and continuous changes in the product design, prod-
uct evolution (upgrades) usually renders information gathered from
past buying behaviour at least partially unusable. For instance, rela-
tions among features might have been changed, thereby not allow-
ing configuration of the same products again. In the special case of
a new product, information from existing models (having common
features) is often used to prepare the initial production plan (set of
vehicle configurations). As configuration rules of different products
are not same, it is likely that attribute associations from the existing
model may not be directly applicable to the new product. Thus, we
need a mechanism to validate whether the derived attribute associa-
tion rules from past orders also work for the new upgraded product.

1 IT-Data Analytics, Mercedes-Benz R & D India, Bangalore, Email:
tilak.singh@daimler.com

2 Industrial Engineering and Operations Research, Indian Institute of Tech-
nology, Bombay, Powai Mumbai, India, email: narayan.rangaraj@iitb.ac.in

These consistent attribute association rules could then be used to pre-
dict future configurations for production planning [15].

Throughout this paper, we will use the terms attribute association
rules or attribute associations to specify quantities reflecting the joint
selection of attributes or conditional section of attributes. For exam-
ple, figure 1 shows that 67% of configurations contain both attribute
1 and attribute 2.

In practice, the use of specific components in the final product
assembly depends on 1) the way they are designed and 2) the way
customers select them. Design or engineering related dependencies
(or restrictions) are well documented in product’s Bill-of-Material
(BOM) or configuration rules. As the product development process
starts well before the actual production, it is possible to know the
product description for a future time (2-3 years in advance) from
BOM [16]. However, attribute associations from the customer point
of view are not known directly and can only be seen once cus-
tomers have placed orders. Most manufacturers utilize information
from product variants produced in the past to get estimates of cus-
tomer demands. Customer behaviour can be expressed through as-
sociations between different attribute choices (e.g. joint selection)
customers have made in the past.

In order to predict configurations for production planning the in-
formation from 1) configuration restrictions and 2) customer buying
behaviour should be used together. Any conflicting information be-
tween these two sources points to an inconsistency in the planning
information. Delay in the detection of such discrepancies may result
in a wrong mix of parts being produced, thus hampering production
efficiency.

Product
configured
in the past

Attribute
association

rules

Pruning
association

rules

Validate
attribute

associations

Predict
future con-
figurations

Input Section 2 Section 2 Section 3 Output

Attributes
1 2 3
1 0 1
1 1 0
1 1 1

(1) 100%
(1,2) 67%
(1,3) 67%
(2,3) 33%

(+) Config
rule (2 → ¬3)

(1) 100%
(1,2) 67%
(1,3) 67%

(1) 100%
(1,2) 67%
(1,3) 33%

Attributes
1 2 3
1 0 1
1 1 0
1 1 0

Figure 1. Predicting future configurations as per customer buying
behaviour

Figure 1 shows a sequential block diagram for predicting future
product configurations as per customer buying behaviour and config-
uration rules. First, customer prior demand is analysed to calculate
attribute association rules (joint and conditional correlation between
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attributes). Then, association rules which conflict with configuration
restrictions are pruned. In Section 2 we discuss a machine learning
algorithm to calculate such association rules. In Section 3 we present
optimization models which aim to build a set of future configurations
by considering 1) configuration restriction and 2) attribute associa-
tion rules simultaneously. If we are able to find such a configuration
set which matches both of the input parameters, then the result can
be used for future production planning. In case of conflicts between
configuration restrictions and attribute association rules, further anal-
ysis is required and perhaps only a limited set of consistent associ-
ation rules can be used to predict future configurations. In this case,
our focus is to find such a consistent set of attribute association rules
and use them to predict future configurations. Section 4 focuses on
the system implementation followed by initial computational results,
discussed in section 5.

2 Mining attribute association rules
A customizable product can be configured using different combina-
tions of attributes (features). In an automobile, attribute could be
body style, transmission type, sunroof or parking assistance. Cus-
tomer buying behaviour can be studied by analysing how product
attributes are associated with each other. Association rule mining has
wide application in data mining for analysing and predicting cus-
tomer behaviour [13]. In this section, we discuss a framework for
mining association rules among product attributes from a given set
of product configurations. As association rules are extracted from
known product configurations, we first take a look at the characteris-
tics of the configuration problem.

2.1 Product configurations
Let us define our product configuration problem as per [10, Defi-
nition 1]: the configuration problem C can be expressed through a
triple (X,D,F ), where:

• X is a set of product attributes (configuration variables) lets say
{x1, ...xn}. Where n is the total number of attributes.

• D is the set of attributes finite domains d1, d2, ..., dn.
• F = {f1, f2, ..., fm} is a set of propositional formulas (rules or

restrictions) over attribute set X .

In this paper, we assume that the configuration variables xi ∈ X
are boolean, hence domain di ∈ {0, 1}, ∀i ∈ X . A configuration is
said to be feasible if an assignment for all attributes (i ∈ X) is found
which fulfils each and every proposition in F . X = x1, ...xn is a
set and each di is a set. In this case, each di is a binary set. In other
words, {d1, ..., dn} is a collection of sets, whereas {x1, ..., xn} are
the elements of set X .

Example 1

Let us assume a car is configured using six attributes X =
{1, 2, ..., 6} ≡ { Automatic Gearbox, Cruise control, Reverse cam-
era, Sunroof, Keyless Go, Parktronic }, D ∈ {0, 1}∀X , and F =
{f1} where

f1 = {2→ 1}: Cruise control requires Automatic Gearbox.

For a given set of boolean variables (attributes) and propositional
formulas, finding a feasible configuration is a Boolean Satisfiability
problem where the aim is to get an assignment (true or false value)

of Boolean variables (X) which satisfies given configuration rules
(F ). Configurations from Table 1 can be treated as customer config-
urations and in the next section we will derive associations between
different attributes from these. Table 1 contains a list of some feasi-

Order# Automatic
Gear-
Box
(AG)

Cruise
Con-
trol
(CC)

Reverse
Cam-
era
(RC)

Sunroof
(SR)

KeyLess
Go
(KG)

Parktronic
(PA)

O001 1 1 1 1 1 0
O002 1 1 0 1 1 0
O003 1 0 1 0 1 0
O004 1 0 0 0 0 1
O005 1 1 1 1 0 1
O006 1 0 0 0 0 1
O007 1 0 1 1 1 1
O008 1 0 0 0 1 1
O009 0 0 1 0 1 1
O010 0 0 1 1 0 0

Table 1. Sample configurations (selected by customers) from Example 1

ble configurations which are created by combining given attributes
and satisfying configuration rule F .

2.2 Attribute association rules and configuration
restrictions

Association rule mining methodology is used to find the association
between variables in large transactions [1]. In our case, each config-
uration is expressed over a subset of attributes, where attributes are
feature/variables used to configure the product. An association be-
tween two disjoint sets of attributes p and q can be expressed using
two numbers:

Support(p ⇒ q): This is the proportion of configurations
that contain both attribute sets p and q. In Example1, Support
(Sunroof, ReverseCamera)= 4/10 = 0.4.
Confidence (p ⇒ q): Given set of configuration which con-
tains attributes set p, this is the proportion of configurations
where attribute set q is also selected. In Example1, Confidence
(Sunroof ⇒ ReverseCamera) = 4/5 = 0.8. If support and con-
fidence are greater than user specified thresholds, then we call that
association rule “interesting”.

After applying rule mining techniques, we get a large number of
relations which satisfy our parameter of interestingness, although
not all of them are customer driven. Because sales transactions do
not explicitly state only customer selectable attributes, it is then
our task to identify and remove attribute relations which are driven
by the technical nature of the product. For example, in Table 2
(rule # 2) the association between two attributes CruiseCtrl ⇒
AutomaticGearBox is given by Support = 0.3 and confidence = 1.
The high confidence between Cruise control and Automatic Gearbox
is not really driven by customer buying behaviour, but this is the only
way a feasible configuration using attribute Cruise control can be cre-
ated. This information is stated in the configuration rule (F = {f1})
of Example 1.

In practical scenarios with hundreds of product attributes and thou-
sands of configuration rules, identifying which attribute association
rule is controlled by their technical dependencies is non-trivial. Also,
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sr. lhs rhs support confidence
1 {CC} ⇒ {SR} 0.3 1
2 {CC} ⇒ {AG} 0.3 1
3 {PA} ⇒ {AG} 0.5 0.83
4 {KG} ⇒ {AG} 0.5 0.83
5 {SR} ⇒ {RC} 0.4 0.8
6 {SR} ⇒ {AG} 0.4 0.8
7 {CC} ⇒ {RC} 0.2 0.66
8 {CC} ⇒ {KG} 0.2 0.66
9 {RC} ⇒ {KG} 0.4 0.66
10 {RC} ⇒ {AG} 0.4 0.66
11 {SR} ⇒ {KG} 0.3 0.6
12 {PA} ⇒ {RC} 0.3 0.5
13 {PA} ⇒ {KG} 0.3 0.5
14 {SR} ⇒ {PA} 0.2 0.4
15 {CC} ⇒ {PA} 0.1 0.33

Table 2. Association rules between two attributes from Example 1

it is both error prone and time consuming to analyse and classify
a large set of attribute associations manually. As the configuration
problem is used to find feasible assignments of product attributes un-
der configuration rules, we use this to state some direct dependencies
among attributes. Any two attributes (let’s say p and q) can be com-
bined in a configuration based on the following relations:

Sr# Relation p q Description
1 ¬p ∧ ¬q 0 0 Configuration without attribute p and q
2 ¬p ∧ q 0 1 Configuration with attribute q but not p
3 p ∧ ¬q 1 0 Configuration with attribute p but not q
4 p ∧ q 1 1 Configuration with both attribute p and q

Table 3. Possible relationships among two attributes in a configuration

Depending upon how many relations are satisfied from Table 3
any association rule can be classified in one of 24 possible cases. For
example, if we consider Cruise control and Automatic gearbox from
example 1, as attribute p and q, then with the given configuration
rule, we will not be able to create a configuration which satisfies 3rd

relation p ∧ ¬q. If all the four relations are satisfied from Table 3
then we can say that the given attributes are independent of product’s
technical influence and any association derived from customer orders
actually reflects their buying behaviour.

In the other case, let us assume that the product from Example 1
has been upgraded and new configuration restriction has been added
i.e. F = {f1, f2} where f2= Parktronic comes with Reverse cam-
era. Due to this new restriction configuration, O001, O003 and O010
from Table 1 will not be feasible for future product. Then, associa-
tions between different product attributes need to be validated against
the new configuration rule. In the next section, we discuss a set of
optimization models for validating attribute association rules with
respect to configuration restrictions.

3 Validation of attribute association rules
In the task of validating attribute association rules for an upgraded
product; our aim is to find one instance of future demand where all
derived association rules are satisfied. The future demand estimate
can be given in terms of a configuration set where correlation be-
tween attributes is controlled by predefined association rules.

If products are defined over sets of boolean attributes, the asso-
ciation rules can be expressed as boolean proposition formulas. For
example, support(p, q) can be modelled in a proposition formula to
capture the joint selection of the attribute sets p and q. The value of
support (p, q) indicates the fraction at which corresponding boolean
propositional formula (p ∧ q) evaluates as true in the configurations
set. Thus, finding a consistent future demand estimate with respect to
association rules is equivalent to satisfying a set of propositional for-
mulas with some probability. For example, if support(p, q) = 0.2
then we want a clause (p ∧ q) is true 20% of the time in final config-
urations. The resultant set of propositional formulas can be divided
into two sets: 1) propositional formulas derived from the configura-
tion problem (i.e. BOM) which has to evaluate to ”true” for every
demand instance 2) propositional formulas generated from associa-
tion rules which are assigned a probability of being satisfied. If we
are able to find a probability distribution on the truth assignments of
the boolean variables corresponds to association rules that induces
the given probabilities, then we will have an instance of future de-
mand where all calculated association rules are satisfied.

For a given set of boolean variables and set of boolean clauses,
determining whether it is possible to find a probability measure over
truth assignments of the boolean variables that induce the given as-
sessments is known as Probabilistic Satisfiability (PSAT) problem
[9]. After modelling association rules as boolean propositional for-
mulas and generating a solution instance where all association rules
and configuration restrictions are satisfied simultaneously, we can
say that derived association rules are consistent with the new con-
figuration restrictions for the product. Our aim is to construct a con-
figuration set such that it reflects the same support and confidence
values from association rules as derived from past data. Support and
confidence can be modelled as constraints in configuration problem
and the associated quantity is then used to select the configuration
set/ solution set to check the satisfiability [17].

3.1 The association rules verification model

In this section, we present the optimization model for evaluating the
consistency among attributes association rules. Before formulating
the mathematical model, let us discuss a small example to under-
stand the underlying problem:

Example 2: Let us assume we have discovered a customer
behaviour from Table 1 that three different attributes (Reverse
Camera (RC), Keyless Go (KG), Parktronic (PA)) are individually
selected 60% of the time in prior demand. Now, new configuration
restrictions (e.g. Upgraded product) specify that at least two of
the attributes (out of three) have to be present in every feasible
configuration. Now, is it feasible to assume that the attributes will be
selected at the same rate as before?

From given configuration rule in Example 2, at least two attributes
have to be present in a feasible configuration, i.e. the following
boolean clause has to be true: (RC ∨ KG), (KG ∨ PA) and (RC ∨
PA). If we are able to get a set of configurations where the above
rules are satisfied and each attribute is selected 60% of the time in the
configuration set, then we can say that derived attribute association
rules and configuration restrictions are consistent with the upgraded
product.

Before solving the problem of Example 2 let us formulate a gen-
eral mathematical model to detect consistency among the association
rules. The problem of validating association rules with respect to a
new configuration rule can be defined as follows:
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Let the index i refer to a logical association rule statement (Sup-
port or Confidence) defined over n Boolean variables x1, x2, ...xn
using Boolean propositional formulas. As an Example from Table
2, x1= {CC}, x2= {SR}, the new variable π1= Support(x1,x2) =
x1 ∧ x2.

Let the index j refer to a configuration in the set J , the total
configuration set (typically of very large size).

Data
πi is the probability of ith statement (attributes Support or Confi-
dence) to be true. As an Example from Table 2, π3=0.4

Ai,j =

{
1 if ith statement is true in jth configuration
0 otherwise

Decision variables

Xj = Fraction representing the proportion of j in the total
configuration set, a real number between 0 and 1;
Z+

i = Positive deviation from target probability πi, a real number
between 0 and 1
Z−i = Negative deviation from target probability πi, a real number
between 0 and 1

Objective Function

OPT1: Minimize
∑
i

Z+
i + Z−i (1)

Subject to ∑
j

AijXj + Z+
i − Z

−
i = πi . . .∀i (2)

∑
j

Xj = 1 (3)

0 ≤ Xj , Z
+
i , Z

−
i ≤ 1 (4)

3.1.1 Support

Assigning support and confidence values to πi in model OPT1 is
to control the joint probability and conditional probability among at-
tributes. Support of any two attributes association (p ∧ q) can be
considered in the model OPT1 by constraint 2 as follows:∑

j

Ap∧q,jXj + Z+
p∧q − Z−p∧q = πp∧q (5)

where πp∧q is equal to support (p⇒ q). Ap∧q,j will take value one
if both p and q are present in configuration j, otherwise zero.

3.1.2 Confidence

Confidence value from association rule mining can be controlled
through conditional probability of given attributes. Confidence (p⇒
q) = support(p⇒ q)/support(q) = πp|q .∑

j

(Ap∧q,j − πp|qAq,j)Xj + Z+
p|q − Z

−
p|q = 0 (6)

Above equation controls the confidence (p ⇒ q) by controlling the
joint selection of p and q and individual selection of attribute q in the
configuration.

Decision variables Z+
i , Z

−
i are used to control the absolute devia-

tion for each association rule. The matrixA lists the set of all feasible
configurations which we use to match association rule quantity πi. At
this point let us say that A contains all feasible orders. From model
OPT1 if Z+

i , Z
−
i are zero ∀i then we can say the association rules

are consistent among each other and also with configuration rules as
we are only considering feasible configurations in the matrix A.

In Example 2, let us assume that x1 = RC, x2 = KG, x3 = PA.
Then the configuration constraint can be written as follows:
x1 + x2 = ≥ 1, x1 + x3 = ≥ 1 and x2 + x3 = ≥ 1.
any combination of x1, x2, x3 which satisfies the above constraint

will be a possible configuration to use by model OPT1 i.e. as a col-
umn of A-matrix. In this case, only four possible solutions are avail-
able so we can solve this example by explicitly enumerating all pos-
sible configurations.

OPTExample2 : Minimize
3∑

i=1

Z+
i + Z−i (7)

1 1 0 1
1 0 1 1
0 1 1 1


A


X1

X2

X3

X4


X

+

Z+
1

Z+
2

Z+
3


Z+

−

Z−1Z−2
Z−3


Z−

=

0.6
0.6
0.6


π

(8)

X1 +X2 +X3 +X4 = 1 (9)

0 ≤ Xj , Z
+
i , Z

−
i ≤ 1 (10)

By solving the optimization model OPTExample2, at optimality
we get objective function value 0.2 (6= 0). There are multiple optimal
solutions and one is X = 0.4, 0.2, 0.4, 0 which means configuration
1, 2 and 3 are used 40%, 20% and 40% of the time respectively
and configuration 4 is not used in the final solution. As the objective
function value of OPTExample2 model is not equal to zero, we can
say that attribute association and configuration rules are not consis-
tent with each other. However, one drawback of the model OPT1 is
that it does not explicitly specify how many association rules are sat-
isfied. More specifically, we would like to be able to build a model
which satisfies the maximum number of association rules in case of
conflicting inputs as presented in Example2. In the next subsection,
we discuss one such model.

3.2 Maximum association rules fulfilment model
Complex products such as automobile undergo enormous changes
through their life cycle. Thus, it is quite likely that some of the asso-
ciation rules derived from past orders may not be consistent with new
configurations rules as discussed in ourExample2. A relevant ques-
tion is whether we can maximize the coverage of association rules
which can be fulfilled by an upgraded product. The OPT1 model
discussed in section 3.1 can only detect if all the association rules are
satisfiable or not. If there are conflicts, we need to ideally find the
minimum number of association rules, so that if we remove those,
then all the remaining association rules become consistent.

With the same definitions of variables as in the OPT1 model, let
us formulate the problem as follows:

Decision variables:

yi =

{
1 if ith association rule statement is not satisfied
0 otherwise
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Objective Function

OPT2 = Minimize
∑
i

yi (11)

Subject to ∑
j

AijXj + Z+
i − Z

−
i = πi . . .∀i (12)

∑
j

Xj = 1 (13)

yi ≥ Z+
i + Z−i . . .∀i (14)

0 ≤ Xj , Z
+
i , Z

−
i ≤ 1; yi ∈ {0, 1} (15)

yi is a binary 0-1 decision variable associated with each associ-
ation rule (confidence/ support). The variable yi will take value 1
if there is some deviation between selection of attribute association∑
j

AijXj and the given rate πi. For any association rule at a time

only one variable Z+
i or Z−i will have a non zero value. Accord-

ingly, yi will take value 0 or 1 from constraint 14. If all association
rules are consistent, yi must be zero for all i.

In Example2 the OPT2 model will give objective function value
1 i.e. if we ignore one association rule then we can satisfy the re-
maining ones in the new product configuration. For example if we
take only π2, π3 = 0.6 then we can build a set of feasible configura-
tions which can satisfy both the association rules.

3.3 Solution procedure
Model formulation (OPT1) and (OPT2) are designed to express all
possible configurations (X). This runs into the hundreds of millions!
There are still two different problems with the optimization model
(OPT1) and (OPT2):

1. How to consider all possible solutions? Very large number of de-
cision variables.

2. How to build Ai,j matrix?

– Do we have to explicitly write all the columns of A?

– Can we work with a small set of configurations and add more
when needed?

The key for success here is that Aij needs not to be stored or built
explicitly. Based on the need, configurations can be added to Aij to
minimize the objective function. A solution for such a large scale
optimization can be found using column generation [8]. We can start
with a possible set of Xj variables. Solve OPT1 or OPT2 to decide
which of those Xj’s are included in the solution, and then try to
generate a new configuration so as to improve the objective function
value.

As discussed in figure 2, the overall problem is divided into two
optimization problems. The first problem is to make a selection over
known configurations (stored in Aij −Matrix) such that attribute
association rules can be matched as per objective function. In the next
step, we want to know whether there is any feasible configuration
(w.r.t. configuration rules ) which improves the master problem ob-
jective function value. Let us assume that we have an ’Oracle’ (sub-
model) which will give us such a configuration each time we ask the

Figure 2. Column generation procedure to solve OPT1 and OPT2

question. If no such configuration is found, we conclude that there
is no feasible configuration which can improve our current objective
function value. The aim of the master problem in both model OPT1

and OPT2 is to find the optimal solution over known configurations
(given columns of the Aij-matrix) and the task of the sub model is
to add new columns to the Aij-matrix. We will repeat this procedure
until no configuration is found that is worth considering. In the next
section, we will discuss the formulation of sub model w.r.t. master
problem OPT1.

3.4 The configuration generation model (Sub
model)

In linear programming problems, in each iteration of the simplex
algorithm we compute reduced costs to check if any non-basic
variable can enter as part of the solution. To do so in model OPT1,
we have to evaluate if −

∑
wi ∗ [xi]j < 0 for any configuration j.

Where wi is dual variable and [xi]j is the new jth configuration.
As the value of wi will be known from solving model OPT1, if
we know the coefficient of jth order [xi]j we can tell whether the
given order will improve our objective function or not. Another way
to look at this problem is to build the new jth configuration so that∑
wi ∗ [xi]j can be maximized.

The Sub-Problem:
Data: wi= Dual variable from the model OPT1, associated with
constraints 2
B= Set of constraints derived from configuration rules
Decision Variable

[xi]j =

{
1 if ith attributes association is true in new configuration j
0 otherwise

[xi]j= new configuration for jth column of configuration ma-
trix Ai,j

Objective:

OPT1Sub = Maximize
∑
i

wi ∗ xi (16)

subject to:
B[x] ≤ b (17)
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(i.e. x is a feasible configuration)

xi = {0, 1} (18)

In this formulation, we assume that configuration restrictions are
modelled as a set of linear constraints as per Eq. 17 [15]. The sub-
problem will generate a possible new configuration j. If this new con-
figuration j satisfies Eq. 19 the configuration j enter the pool. This
will be one column of Aij matrix in OPT1 model. Each solution of
OPT1Sub model will give a feasible configuration after satisfying
all configuration rules from constraint 17. Configuration rules can be
presented as propositional formulas and then transformed to sets of
linear constraints [15]. ∑

i

wi ∗ xi ≥ 0 (19)

Dual costs are recomputed by solving the model OPT1 and the pro-
cess terminates when no more configurations are found to be worth
taking in. We use IBM ILOG Cplex engine to solve the sub-problem.
The master (OPT1) and the subproblem (OPT1Sub) may have to
be solved multiple times before the terminating criteria is satisfied.

3.5 Column generation
The procedures discussed in section 3.1 and 3.4 works together to
find a set of consistent association rules. Model OPT1 works with a
predefined set of configurations and optimizes the current deviation
with given association rules target. ModelOPT1Sub is used to find a
new configuration so that Model OPT1 objective function value im-
proves. Implementing the column generation approach in association
rule verification problem is done in the following way:

1 Solve theOPT1 model with current columns ofAij matrix. In the
first iteration, a feasible configuration can be used to initialize the
Amatrix. This iteration is used to get the dual variables which will
be used in the new configuration generation model OPT1Sub.

2 Get dual variable wi from Eq. 2 of the OPT1 Model
3 Set up a sub problem as per Section 3.4
4 Get new column (order as 0-1 vector [x] from solution of the sub

problem discussed in section 3.4)
5 This generates a possible new configuration j with dual variable
wi

6 If configuration j satisfies
∑
i

wi ∗xi ≥ 0 (pricing inequality) then

configuration j enters as jth column of Aij

7 Dual costs are re-computed and the process terminates when no
more configurations satisfy the pricing inequality.

4 Implementation
One of our goals is to provide a software system which can 1) ex-
tract association rules from given configurations and is 2) able to use
new configuration rules (upgraded product) to validate attribute as-
sociation rules. Figure 3 shows the implementation flow of arriving
customer driven attribute associations for predicting future configu-
rations. We use Apriori algorithm through R-arules package to find a
list of interesting (by support and confidence threshold) association
among product attributes [11]. All derived association rules are then
used in the optimization model which is implemented using IBM
ILOG Cplex 12.5 and c# .net environment. At the end, a list of all
consistent association rules is available with the corresponding set of
configurations.

Figure 3. Implementation flow of customer drive attributes association
rule mining

4.1 Association rule mining

We use Apriori algorithm implemented in ”arules” package of R to
derive a list of association rules. Number of attributes present in all
customer orders are in the range of 500- 1,000. Total number of or-
der is in the range of 10K to 1 Million. Even for very high cut off of
support and confidence value ( 80%) number of generated associa-
tion rules ranges in tens of thousands. One way to reduce the number

Figure 4. System overview: Deriving association rules from prior
configurations using R-arules

of association rules is by limiting the attribute association level. We
usually limit the association between 2 or 3 three attributes. Figure
4 shows a screen shot of actual system for association rule mining.
The user can select different computational parameters such as min-
imum support and confidence, rule size, limiting antecedent (left-
hand-side) and consequent attributes to build the desired association
rules. Association rule which are according to the user specified pa-
rameters are computed from given configuration set. These associa-
tion rules are used as the target to predict future product configura-
tions.
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4.2 Predicting configuration set

As a next step after computing attribute associations (support and
confidence), we build the optimization model as per section 3 to
compute configurations as per target input characteristics. Two op-
timization models are used:

1 Master model as per section 3.1 (OPT1) which models selection
of configuration such that sum of absolute deviation from target
association rules can be minimized.

2 Sub model as per section 3.4 which models all configuration rules
as linear inequalities.

Both the optimization model receives input from each other in every
iteration of column generation procedure described in section 3.5.
Optimization models run iteratively until stopping criteria (no im-
provement to the current solution) is met. At any iteration of column
generation procedure, sub model gives a single configuration which
is used as new decision variable to the master problem. We have im-
plemented both the optimization model using cplex 12.5. As a result
of the optimization procedure, a configuration set is build adhering
given association rule targets. In the next section, we will discuss our
first computation result with developed models.

5 Computational Results

In this section, we discuss typical computational parameters and as-
sociated numbers with input data and decision variables. We have
tested our methods and models mainly on automotive data. The his-
torical configurations are analysed at specific granularity (product-
line/body style/market/engine type) to reflect current sales planning.
Generally, about 500-1000 unique attributes are to be specified in a
configuration set. However, not all attributes are available for cus-
tomers choice as some of them are related to production. In our anal-
ysis, we have considered between 100 and 200 attributes which are
available to customers. Three vehicle segments are used to test the
methodology that has been developed. Table 4 shows various param-
eters of the data segments that we have selected. The number of or-
ders is the number of prior configurations used to find the attribute
associations (support and confidence). For this experiment, the max-
imum number of attributes in an association rule is limited to two i.e.
association among two arbitrary attributes are computed.

Experiment
#

# of at-
tributes

# of
orders

# asso-
ciation
rules

# Pruned associ-
ation rules (after
applying configura-
tion rules)

Segment1 200 30,000 2,000 1,200
Segment2 120 25,000 1,800 1,300
Segment3 100 10,000 1,500 1,100

Table 4. Computational experiments with three different vehicle segments

Starting from a set of configurations and attributes, we use ad-
ditional parameters such as minimum support and minimum confi-
dence to compute attribute association rules. In this experiment, our
aim is to find association rules which are significant (e.g. above min-
imum support and confidence support). After applying data mining
methods, we get a large number of attribute association rules which

are then filtered as per their direct dependencies/conflict with con-
figuration rules as explain in section 2.2. By doing so, we see a sig-
nificant reduction in the number of association rules. These rules are
now ready to be validated with respect to the upgraded product.

Now we apply optimization model discussed in section 3.1 to build
a set of configurations so that association and configuration rules are
met together. In most of the cases, not all computed association rules
are applicable to the upgraded product. Therefore, it is important to
use only consistent rules to predict the set of future configurations.
We applied the optimization model discussed in section 3.1 to build
such a configuration set.

An important use of the set of predicted future configurations is to
find part demand estimates for future production. In order to see the
influence of consistent customer buying behaviour in parts demand,
we computed parts frequency associated with order sets, where 1)
only consistent attribute associations are used to predict the order set
and 2) all attribute associations available after pruning w.r.t. config-
uration rules are used to predict the order set. The above association
rules are also supplemented with a few sales forecasts (at single at-
tribute level) to include estimates of new attributes which are not
present in past orders.
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Figure 5. Comparing part demand forecast accuracy between
configuration set built with consistent and inconsistent attribute association

rules

Figure 5 shows the part forecast accuracy of the two scenarios
discussed above. The order sets are compared with real customer or-
ders to find the match with respect to estimated part number. About
10,000 part forecasts are compared and we used part demand match-
ing parameter ±10% i.e. if the estimated value of part demand is
within±10% of actual demand then this forecast is considered good.
With this measurement, we have compared two order set computed
with consistent and non-consistent attribute association. In figure 5,
for all the 3 cases we see significant improvement in forecast accu-
racy when consistent sets of input information are used.

6 Related work
Data mining techniques in manufacturing system are widely used
to provide detailed insights regarding processes and products, such
as customer segmentation, production control and quality controls
[7]. In mass customization, the uncovering of aggregated level of
customer buying information becomes crucial due to high product
variety [14]. Data mining techniques such as association rule min-
ing have been used in many applications such as predicting a sub-

Juha Tiihonen, Andreas Falkner and Tomas Axling, Editors
Proceedings of the 17th International Configuration Workshop

September 10-11, 2015, Vienna, Austria

29



assembly selection, and lead to significant improvement in order ful-
filment process [13]. The main challenge in association rule min-
ing technique is how to find useful association from a large set of
possible attribute choices [3]. As association rules are derived from
historical demands, another challenge is to validate association rules
with respect to engineering changes to the product. Configuration
models which capture configuration restrictions can be used to vali-
date the list of association rules. It turns out that validating product
attribute association rules against configuration rules can be formu-
lated as Probabilistic Satisfiability Problem (PSAT) [2]. Optimization
techniques such as column generation can be used to find a solution
of PSAT problem [9].

Another way of building reasoning between product attributes
from known configurations is through feature models [4]. The ba-
sic idea is to deduce rules/ constraints from existing product variants
to support reverse engineering [12]. Feature models, combined with
configuration rules, can represent hierarchical relations among dif-
ferent product attributes, modelling a complete set of configurations
implicitly [6]. However, our aim is to build a small set of explicit con-
figurations which can be used for production planning. The product
comparison matrix is another intuitive way to highlight the differ-
ences between two products [5]. However, building such a matrix for
different customer buying behaviour is a challenging task.

In our work, we have formulated configuration problem as an opti-
mization model to give an integrated solution within the column gen-
eration framework of validating set of association rules. Our model
takes support and confidence value to attribute associations to build a
set of configurations adhering given input targets. In case of conflict-
ing association rules, the model that has been developed attempts to
find the maximum number of association rules which can be satisfied
after considering product configuration changes.

7 Future work

In this paper, we have discussed a framework for learning customer
buying behaviour through data mining and optimization-based tech-
niques. In mass customization, due to frequent changes in products,
we are required to validate product attribute associations learnt from
customer prior demand. The association rule mining technique when
combined with the configuration problem gives the required frame-
work for calculating consistent and feasible attribute associations.
These associations among attributes can be used as inputs for pre-
dicting configurations for future production planning. The proposed
framework uses data mining libraries from R to find association
rules. The integrated framework with optimization models provides
the ability to perform tests on many scenarios before using any asso-
ciation discovered from past data to future product planning.

One application of discovering attribute associations is to use them
for predicting the set of future configurations. As per our initial com-
putational results, such a configuration set results in considerable im-
provement in part demand forecasts. Currently, we only consider at-
tribute associations which are frequent (e.g. above minimum support
or confidence). In the next step, the association rule mining algorithm
can be enhanced to look for other relations. Also, in current imple-
mentation we simply remove attribute association which are having
the conflict with each other or with product configuration rules. As a
next step, we will try to develop approaches which can readjust at-
tribute association in case of conflicts. For example, we can have the
same selection rate for attributes if they are selected together. Fur-
ther computational tests are required to validate and improve our as-
sumptions on attribute associations which can improve the selection

of future configurations.
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Abstract. Constraint-based systems like knowledge-based recom-
mendation and configuration are well established technologies in
many different product areas like cars, computers, notebooks, and
financial services. Such systems reduce the number of valid products
and configurations regarding the customers’ preferences. The rela-
tionship between product variables and customer questions is rep-
resented by constraints. Nowadays, constraint-based configuration
systems represent volatile product assortments: Variables must be
adapted, new product features lead to new questions for the cus-
tomer, and / or the constraints must be updated. We call such sce-
narios maintenance tasks.

In complex constraint-based configuration systems the mainte-
nance task is time consuming and error prone. Previous research fo-
cused on the detection of conflicts, repair actions for the conflicts,
and redundant constraints. In this paper we give an overview about
these techniques and present new approaches like recommendation,
well-formedness violation, simulation, and knowledge base verifica-
tion for the support of knowledge engineers.

1 Introduction

In e-Commerce applications constraint-based configuration systems
are used to show which combinations of product variable assign-
ments can be combined and offered to potential customers. Due to
complex restrictions to adapt the product assortment regarding the
customers’ preferences, intelligent techniques can be used if the cus-
tomers’ preferences can not be fulfilled.

A knowledge engineer develops and maintains such knowledge
bases. Based on knowledge (for example, knowledge of bikes) from
domain experts, the engineer defines product variables and variable
domains (e.g., the domain of the product variable BikeType’ is
MountainBike, CityBike, and RacerBike), prepares additional
questions presented to potential customers (e.g., ‘What is the main
usage of the bike?’), and develops relationships (constraints) be-
tween questions and products (e.g., if the main usage of the bike is
everyday life then the bike should be of the type CityBike).

Such knowledge bases must be updated over time. For exam-
ple, in the last years bikes with an electric engine became popular.

1 We thank the anonymous reviewers for their helpful comments.
2 The work presented in this paper has been conducted within the scope

of the research project ICONE (Intelligent Assistance for Configuration
Knowledge Base Development and Maintenance) funded by the Austrian
Research Promotion Agency (827587).

The knowledge engineer has to extend the current knowledge base
with new product attributes (e.g., introducing a new product feature
eBike) and questions (e.g., ’Do you want an electric engine assis-
tance?’). In complex constraint-based configuration system updates
are time consuming and error prone because unexperienced knowl-
edge engineers have to adapt the knowledge base and unexpected
dependencies between constraints exist.

In this paper we show how we can support knowledge engineers
when they maintain a constraint-based configuration system. The
approaches can be used in many scenarios like knowledge-based
recommendation, knowledge-based configuration, or feature models.
Due to complex restrictions to adapt the product assortment regard-
ing the customers’ preferences, intelligent techniques can be used if
the preferences can not be fulfilled.

This paper is organized as follows. Section 2 gives an overview
about constraint-based configuration systems. It introduces a running
example and relevant definitions for this paper. Our new approaches
to support knowledge engineers in maintaining constraint-based con-
figuration systems are described in Section 3. A summary in Section
4 concludes this paper.

2 Related Work

In this Section we give an overview about constraint-based configu-
ration systems, introduce a running example for this paper and define
relevant terms which are necessary to explain the intelligent support-
ing techniques from Section 3.

For our constraint-based configuration system we use the con-
straint satisfaction problem (CSP) modeling technique [14]. A CSP
is a triple (V,D,C) and consists of a set of variables V and a set
of domains D where each domain dom(vi) represents all valid as-
signments for a variable vi, e.g., dom(vi) = {val1, . . . , valn}. The
set C contains all constraints which restrict the number of valid in-
stances of a constraint-based configuration system. Basically, a con-
straint consists of a set of assignments a for variables and relations
between them. The set A(ci) is the set of assignments a constraint ci
has. If a constraint contains only one assignment, we denote such
constraints unary constraint or assignment [13]. Furthermore, the
constraints can be divided into two different types. First, the set CKB

contains all constraints which describe the domain. For example, it is
not allowed to use mountain bike tires (T ireWidth > 50mm) for
racing bikes (BikeType = RacerBike), s.t. c = ¬(BikeType =
RacerBike ∧ T ireWidth > 50mm). Second, the committed cus-

31 Juha Tiihonen, Andreas Falkner and Tomas Axling, Editors
Proceedings of the 17th International Configuration Workshop

September 10-11, 2015, Vienna, Austria



tomers’ preferences are represented as constraints in the set CR.
The following example is denoted as a CSP and shows a bike

knowledge base. It contains variables which represent product
variables as well as customer requirements. The set CR contains an
example for customer requirements.

V = {BikeType, FrameSize, eBike, T ireWidth, UniCycle,
Usage}

D = {
dom(BikeType) = {MountainBike, CityBike,

RacerBike},
dom(FrameSize) = {40cm, 50cm, 60cm},
dom(eBike) = {true, false},
dom(T ireWidth) = {23mm, 37mm, 57mm},
dom(UniCycle) = {true, false},
dom(Usage) = {Competition, EverydayLife,

HillClimbing}
}
CKB = {

c0 := BikeType = MountainBike→ T ireWidth >
37mm ∧ FrameSize ≥ 50cm;

c1 := BikeType = RacerBike→ T ireWidth =
23mm ∧ FrameSize = 60cm;

c2 := BikeType = CityBike→ T ireWidth =
37mm ∧ FrameSize ≥ 50cm;

c3 := ¬(BikeType 6= CityBike ∧ eBike = true);
c4 := Usage = EverydayLife→ BikeType =

CityBike;
c5 := Usage = HillClimbing → BikeType =

MountainBike;
c6 := Usage = Competition→ BikeType =

RacerBike ∧ FrameSize = 60cm;
c7 := eBike = true→ T ireWidth = 37mm;
c8 := UniCycle = false;

}
CR = {

c9 : FrameSize = 50cm;
c10 : Usage = Competition;
c11 : eBike = true;

}
C = CKB ∪ CR

The example contains some anomalies in terms of conflicts, redun-
dancies and well-formedness violations. Figure 1 gives an overview
of different types of anomalies. In the following, we list definitions
to define the anomalies.
The constraint set C restricts the set of valid instances. While CKB

remains stable during a user session she can add her preferences in
the set CR. An instance is given, if at least one customer preference
is added to CR. Definition 1 introduces the term ’instance’.

Definition 1 ’Instance’: An instance is given if at least one con-
straint in the set CR, s.t. CR 6= ∅.

In a complete instance all variables in the knowledge base have at
least one assignment. Definition 2 introduces the definition for a
complete instance.

Definition 2 ’Complete Instance’: An instance is complete iff all
product variables have an assignment, such that ∀v∈V v 6= ∅.

Instances can either fulfill all constraints in a constraint set C (con-
sistent) or not (inconsistent). Definition 3 defines the term ’consistent
instance’.

Figure 1. Different types of anomalies.

Definition 3 ’Consistent Instance’: An instance (complete or in-
complete) is consistent, if no constraint in C is violated.

In constraint-based configuration systems it can happen, that the sys-
tem can not offer consistent instances to a user (anomaly) because it
is not possible to satisfy all constraints (see Definition 3). Such a ’no
solution could be found’ dilemma is caused by at least one conflict
between a) the constraints in the knowledge base CKB and the cus-
tomer requirements CR or b) within the set CKB itself. Definition 4
introduces a formal representation of a conflict.

Definition 4 ’Conflict’: A conflict is a set of constraints CS ⊆
{CKB ∪CR} which can not be fulfilled by the CSP, s.t. CS is incon-
sistent.

If we have an inconsistency in our knowledge base, we can say that
CKB ∪CR is always a conflict set. To have a more detailed informa-
tion about the inconsistency, we introduce the term ’minimal conflict’
which is described in Definition 5.

Definition 5 ’Minimal Conflict’: A minimal conflict CS is a conflict
(see Definition 4) and the set CS only contains constraints which are
responsible for the conflict, s.t. @c∈CSCS \ {c} is inconsistent.

When we focus on the set CR and say, that CKB is consistent, our ex-
ample contains two minimal conflict sets. CS1 = {c9, c10} because
it is not possible to have a bike for competition with a frame size of
50cm and CS2 = {c10, c11} because bikes used for competition
do not support eBikes. The example shows that a knowledge base
can have more than one conflict. In such cases we can help users to
resolve the conflicts with diagnosis. A diagnosis ∆ is a set of con-
straints. The removal of the set ∆ from CR leads to a consistent
knowledge base, formally described in Definition 6.

Definition 6 ’Diagnosis’: A diagnosis ∆ is a set of constraints ∆ ⊆
CR∪CKB . When removing the set ∆ from CR∪CKB , the knowledge
base will be consistent, s.t. CR ∪ CKB \∆ is consistent.

Assuming that CKB is consistent (see Definition 3), we can say that
the knowledge base always will be consistent if we remove CR. In
Definition 7 we introduce the term ’minimal diagnosis’ which helps
to reduce the number of constraints within a diagnosis.

Definition 7 ’Minimal Diagnosis’: A minimal diagnosis ∆ is a di-
agnosis (see Definition 6) and there doesn’t exist a subset ∆′ ⊂ ∆
which has the same property of being a diagnosis.
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The example configuration knowledge base contains two minimal
diagnoses. The removal of the set ∆1 = {c9, c11} or ∆2 = {c10}
leads to a consistent configuration knowledge base. After having cal-
culated diagnoses and removed the constraints which are in one diag-
nosis, we can ensure a consistent knowledge base which is necessary
for calculating redundancies and well-formedness violations.
A redundancy is a set of redundant constraints in the knowledge
base. A constraint c is redundant, if a knowledge base KB′ with-
out the constraint c has the same semantics3 as the knowledge base
KB which contains the constraint. Redundant constraints are for-
mally described in Definition 8.

Definition 8 ’Redundant constraint’: A constraint c is redundant iff
the removal of the constraint from CKB leads to the same semantics,
s.t. CKB \ {c} |= c.

In our example, the constraint c7 is redundant, since only CityBikes
can be eBikes (c3) and have tires with a width of 37mm (c2).
While conflicts, diagnoses, and redundancies focus on constraints,
well-formedness violations identify anomalies based on variables
and domain elements [2]. We now introduce well-formedness vio-
lations in constraint-based configuration systems.
The first well-formedness violation focuses on dead domain ele-
ments. A dead domain element is an element which can never be
assigned to its variable in a consistent instance (see Definition 3).
Definition 9 introduces a formal description of dead elements.

Definition 9 ’Dead domain elements’: A domain element val ∈
dom(v) is dead iff it is never in a consistent instance, s.t. CKB ∪
{v = val; } is inconsistent.

The assignments FrimeSize = 40cm and UniCycle = true;
can never be part of a consistent instance because MountainBikes
and CityBikes require at least 50cm and RacerBikes require a
FrameSize of 60cm and our current knowledge base does not sup-
port UniCycles.
On the other hand, we can have domain elements which are assigned
to each consistent instance. We denote such domain elements full
mandatory and introduce definition 10.

Definition 10 ’Full mandatory’: A domain element val1 ∈
dom(vi) is full mandatory iff there is no consistent (complete or in-
complete) instance where the variable vi does not have the assign-
ment val1, s.t. CKB ∪ {vi 6= val1} is inconsistent.

The knowledge base can never be consistent if UniCycle 6= false.
In that case, we can say that the domain element false of the do-
main dom(UniCycle) is full mandatory and UniCycle = true
can never be in a consistent knowledge base (dead domain element).
Another well-formedness violation is called unnecessary refinement.
Such an unnecessary refinement consists of two variables. If the first
variable has an assignment, it is possible to predict the assignment
of the second variable because the second variable can only have
exactly one consistent assignment. A formal definition is given in
Definition 11.

Definition 11 ’Unnecessary refinement’: A knowledge base con-
tains a variable pair vi, vj . For each domain element val1 of vari-
able vi, we can say that variable vj always has the same assignment
vj = val2, s.t. ∀val1∈dom(vi)∃val2∈dom(vj)vi = val1 ∧ vj 6= val2
is inconsistent.
3 We use the term ’semantics’ to describe a knowledge base KB′ with the

same solution set as KB.

In our example the variable pair Usage and BikeType is unnec-
essary refined because whenever Usage = EverydayLife the
BikeType = CityBike, Usage = HillClimbing always leads
to BikeType = MountainBike, and Usage = Competition is
always combined with the assignment BikeType = RacerBike.
If such a violation occurs, we can recommend the knowledge engi-
neer to remove the variable Usage and replace it with the variable
BikeType in the constraints.

3 Intelligent Support for the Maintenance of
Constraint-based configuration systems

In this Section we describe existing (conflict and redundancy man-
agement) and new (recommendation, well-formedness, simulation,
metrics) intelligent techniques to support knowledge engineers in
their maintenance tasks.

3.1 Intelligent Recommendation

Constraint-based knowledge bases can have hundreds or thousands
of variables, domain elements, and constraints. If there is a main-
tenance task (e.g., inserting new tire sizes), recommendation tech-
niques help to differentiate between relevant and not relevant infor-
mation within the knowledge base. For example, the tires of a bike
probably have an influence on the frame of a bike but does not influ-
ence the bell of a bike. In such cases, recommendation techniques de-
tect items (variables, domain elements, constraints, test cases) which
are influenced by the tires and the knowledge engineer can focus on
these items. We describe four different types of recommendation to
support knowledge engineers in their maintenance tasks [4].
The first recommendation approach is the most viewed recommenda-
tion which is user-independent. It can be useful for new engineers of
a product domain.
Second, recently added lists new items (products, product vari-
ables, questions, and constraints) in the knowledge base. It is user-
dependent since it considers the last log in of the knowledge engineer
and helps to get a fast understanding of the previous changes in the
knowledge base.
The next type of recommendation is collaborative filtering. This type
of recommendation takes the ratings for items into account and looks
for knowledge engineers with similar ratings. In our case, we don’t
have ratings but use the interaction with items as ratings. If a knowl-
edge engineer looks at products, she ’rates’ the item with 1. 2 will
be added by the knowledge engineer if she is editing an item. Table
1 shows an example for a collaborative filtering recommendation for
knowledge engineer u0 based on our example in Section 2.

c0 c1 c2 c3 c4 c5 c6 c7 c8
u0 1 1 2 1 ?
u1 1 1 1 1 1
u2 1 2 1 2 2
u3 1 1 2

Table 1. An example for collaborative filtering. 1 means that the item ci is
viewed by the user uj , 2 means that the item is edited and ’ ’ means that the
item is neither viewed nor edited by the user.

In table 1 we try to find out if we should recommend item c7 to
knowledge engineer u0. The common process to find recommend-
able items is twofold. First, we try to find knowledge engineers with
similar interests. In our example, u1 and u2 have nearly the same
items viewed or edited. Second, we have to evaluate if the similar
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knowledge engineers are interested in the item. Therefore, we use the
Pearson correlation [3, 6]. In our example, u1, and u2 have viewed /
edited item c7 and we can recommend c7 to knowledge engineer c0.
Another recommendation approach is the usage of content-based fil-
tering. The basic idea is to find similar items compared to a reference
item. We take the variable names and domain values from a con-
straint and evaluate the similarities between the reference item and
all other items. The similarities are measured by the TF-IDF (term
frequency and inverse document frequency) algorithm [6, 8] where
the item is the document and the terms are the variables and domain
elements. Table 2 shows the similarity values between constraint c7
as reference constraint with the other constraints.

constraint similarity
c0 0.50
c1 0.17
c2 0.50
c3 0.00
c4 0.00
c5 0.00
c6 0.33
c8 0.00

Table 2. Similarities between constraint c7 with the other constraints based
on content based recommendation

With this approach, we can say, that there is a high relationship be-
tween constraint c7 with the constraints c0 and c2 and a weak rela-
tionship with the constraints c6 and c1.

3.2 Intelligent Anomaly Management
As mentioned in Section 2, there are many anomalies in our example
knowledge base. In the following, we describe algorithms for detect-
ing conflicts, diagnoses, redundancies, and well-formedness viola-
tions as well as explanations for those anomalies. These algorithms
reduce the time to detect the anomalies and explain the anomaly to
get a higher understanding of the knowledge base.
Junker [7] described a divide-and-conquer approach to detect con-
flicts in knowledge bases. The algorithm takes two sets of constraints
as input. CKB is a set of constraints which can not be part of a di-
agnosis. The constraints in the set CR will be taken into account for
calculating a diagnosis. If the set CR is not empty and CR ∪ CKB

is not consistent, the algorithm returns a set of constraints which is a
minimal conflict (see Definition 5).

Algorithm 1 QuickXPlain (CKB , CR):∆
. CKB : set of not diagnosable constraints

. CR: set of diagnosed constraints
if isEmpty(CR) or consistent(CKB ∪ CR) then

return ∅;
else

return QuickXPlain′(CKB ,∆, CR);
end if

The algorithm QuickXPlain’ takes three sets as input. While ∆ is
initially empty, the set CKB contains the constraints which can not
be part of a conflict and the constraints which are part of a conflict
are in the set CR. Note that the set CKB can also be empty. The
algorithm is a recursive divide-and-conquer algorithm. It splits the
set CR into two parts (C1 and C2) and adds the part C1 to CKB . C2

will be evaluated by doing a recursive call with C2 as the set which
has to be evaluated.

Algorithm 2 QuickXPlain’ (CKB ,∆, CR):∆
. CKB : Set of constraints which can’t be part of a conflict

. ∆: Set of constraints which can be part of a conflict
. CR: Set of constraints which will be evaluated

if ∆ 6= ∅ and inconsistent(CKB) then
return ∅;

end if
if singleton(CR) then

return CR;
end if
k ← d r

2
e;

C1 ← {c1, ..., ck} ∈ CR;
C2 ← {ck+1, ..., cr} ∈ CR;
∆1 ← QuickXPlain′(CKB ∪ C1, C1, C2);
∆2 ← QuickXPlain′(CKB ∪∆1,∆1, C1);
return(∆1 ∪∆2);

Contrary to QuickXPlain, FastDiag is an algorithm to calculate a
minimal diagnosis and has C and CR as input. C contains all con-
straints, s.t. C = CKB ∪ CR. If C is an empty set, FastDiag has
no diagnosable set and the algorithm stops. It also stops if the set
C \CR is inconsistent, because this set contains inconsistencies, but
will not be diagnosed. If both preconditions are fulfilled, Algorithm
4 will calculate one diagnosis.

Algorithm 3 FASTDIAG(CR, C):∆
. CR: Set of constraints which will be diagnosed

. C: inconsistent knowledge base including all constraints
if C = ∅ ∨ inconsistent(CKB − C) then

return ∅;
else

return DIAG(∅, CR, C)
end if

First of all, DIAG checks whether C is consistent. If it is consistent,
each subset of C is also consistent and no constraint in C can be a
part of the diagnosis. Otherwise, CR will be divided into two sub-
sets C1 and C2. Each subset will be removed from C separately and
checked again in a recursive manner. If C \ C1 is consistent, we can
say that C2 is consistent and an empty set will be returned. If it is in-
consistent, at least one constraint in C1 must be part of the diagnosis
and therefore C1 will be divided and tested again unless |C| = 1.
The algorithm returns ∆1 ∪∆2 which is a minimal diagnosis.
With the previous algorithms we can a.) support customers when
they do not get any products for their preferences (CKB ∪ CR is
inconsistent) and b.) support knowledge engineers when they main-
tain a constraint-based configuration system with conflicts in CKB .
For a detailed description of the visualization of conflicts we refer
the reader to [16].
When we can assume that CKB is consistent, we can continue with
redundancy and well-formedness checks. Please note that the follow-
ing algorithms are applied to the constraint set CKB and ignore CR,
s.t. C = CKB .
The first approach for detecting redundancies has been proposed by
Piette [9]. The approach is the following: a knowledge base aggre-
gated with its negotiation must be inconsistent, formally described as
C∪C is inconsistent and C = {¬c0∨¬c1∨...∨¬cn}. By removing
a constraint ci separately from C, the algorithm checks whether the
result of C−{ci}∪C is still inconsistent. If this is the case, then the
constraint ci is redundant and can be removed. Finally, the algorithm
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Algorithm 4 DIAG(∆, CR, C):∆
. ∆: Set of diagnosed constraints

. CR: Set of constraints which will be diagnosed
. C: CR ∪ CKB

if ∆ 6= ∅ and consistent(C) then
return ∅;

end if
if singleton(CR) then

return CR;
end if
k ← d |CR|

2
e;

C1 ← {c0, ..., ck} ∈ CR;
C2 ← {ck+1, ..., cn} ∈ CR;
∆1 ← DIAG(C1, C2, C − C1);
∆2 ← DIAG(∆1, C1, C −∆1);
return(∆1 ∪∆2);

returns the set C without redundant constraints.

Algorithm 5 SEQUENTIAL(C): ∆

. C: knowledge base
. C: the complement of C

. ∆: set of redundant constraints
Ct ← C;
for all ci in Ct do

if isInconsistent(Ct − ci ∪ C) then
Ct ← Ct − {ci};

end if
end for
∆← C − Ct;
return ∆;

Another approach (CoreDiag) has been proposed by Felfernig et al.
[5]. Instead of a linear approach, they adapt the QuickXPlain al-
gorithm. The divide-and-conquer approach of this algorithm checks
whether removing a set of constraints C1 leads to an inconsistency
formally described as C − C1 ∪ C is inconsistent. If it is not incon-
sistent, C1 must be further divided and tested again.

Algorithm 6 COREDIAG (CKB): ∆

. C : set with all constraints
. C: the complement of C

. ∆: set of redundant constraints
C ← {¬c1 ∨ ¬c2 ∨ ... ∨ ¬cn};
return(C − CORED(C,C,C));

CoreD (Algorithm 7) checks, if B ⊆ C is inconsistent. An inconsis-
tency of B ∪ C means that the subset is not redundant and no con-
straint of B will be a part of ∆. singleton(C) = true means that
|C| is redundant and will be returned. Otherwise the constraint set C
will be further divided and the subsets will be checked recursively.
With the presented approaches we can calculate one conflict, diag-
nosis, or constraint set without redundancies. In complex knowledge
bases we can assume that many anomalies are in the knowledge base.
For calculating all conflicts / diagnoses / redundant constraint sets,
we use Reiter’s HSDAG approach [12]. This approach takes the re-
sult of one of the algorithms above and expands branches for each
constraint in the result set. The constraint will be inserted into the
set which can not be part of the result, e.g. a constraint ci will be
removed from CR and added to CKB in the QuickXPlain algorithm.

Algorithm 7 CORED(B,∆, C): ∆

. B: Consideration set
. ∆: Constraints added to B

. C: set of constraints to be checked for redundancy
if ∆ 6= ∅ and inconsistent(B) then

return ∅;
end if
if singleton(C) then

return(C);
end if
k ← d |C|

2
e;

C1 ← {c1, c2, ..., ck} ∈ C;
C2 ← {ck+1, ck+2, ..., cn} ∈ C;
∆1 ← CORED(B ∪ C2, C2, C1);
∆2 ← CORED(B ∪ ∆1,∆1, C2);
return(∆1 ∪ ∆2);

Hence the shifted constraint can not be part of an anomaly and further
anomalies can be detected.
Both algorithms (SEQUENTIAL and CoreDiag) can be used to de-
tect redundant constraints. As mentioned in Section 2 a constraint
consists of a set of variable assignments A(ci). When we want to
test if an assignment of a constraint is redundant, we have to remove
the assignment from the constraint and check, if the knowledge base
is still redundant. For a detailed description of assignment-based re-
dundancy detection we refer the reader to [11].
We also have to discuss the usefulness of redundant constraints. On
the one hand, desired redundancies can help to increase the under-
standing of a knowledge base. For example, if many implications
(e.g. A → B;B → C;C → D) are in the knowledge base, a con-
straint A→ D may helps to understand the knowledge base. On the
other hand, redundant constraints can increase the effort for updates.
If the redundant constraint are not identified by the knowledge engi-
neer, the knowledge base does not have a correct behavior anymore.
Next, we describe the algorithms to detect well-formedness viola-
tions. First, Algorithm 8 takes sets of constraints (C) and variables
(V ) as input parameters and returns a set of variable assignments.
Each of the assignments can never be consistent with C. The sugges-
tion for the knowledge engineer is, that the domain elements which
will be returned by the algorithm can be deleted.

Algorithm 8 DeadDomainElement (C, V ): ∆

. C: knowledge base constraints
. V : knowledge base variables

. ∆ set with inconsistent variable assignments
for all vi ∈ V do

for all domj ∈ dom(vi) do
C′ = C ∪ {vi = domj}
if inconsistent(C′) then

∆← {vi = domj}
end if

end for
end forreturn ∆

While we can evaluate if a domain element can never be in a con-
sistent instance, we can also check if a domain element must be in
a consistent instance of a knowledge base. We denote such domain
elements as full mandatory. Algorithm 9 checks whether the knowl-
edge base will be inconsistent, if the domain element domj is not
selected.
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Algorithm 9 FullMandatory (C, V ): ∆

. C: knowledge base constraints
. V : knowledge base variables

. ∆ set with inconsistent variable assignments
for all vi ∈ V do

for all domj ∈ dom(vi) do
C′ = C ∪ {vi 6= domj}
if inconsistent(C′) then

∆← {vi 6= domj}
end if

end for
end forreturn ∆

If variable vi contains a full mandatory domain element, we can say,
that each other domain element of vi is a dead element. If a do-
main element is full mandatory, we suggest the knowledge engineer
to delete all other domain elements or to remove the variable itself.
Finally, we introduce an algorithm to detect unnecessary refinements
between variables (see Definition 11). Algorithm 10 returns a set of
constraints. Each of these constraints describe one unnecessary re-
finement between two variables and each domain element between
both variables. The assignments between the variables are conjunc-
tive and each domain element of variable vi is in a disjunctive order,
e.g. (vi = vali1∧vj = valj1)∨ (vi = vali2∧vj = valj2)∨ (vi =
vali3 ∧ vj = valj3).

Algorithm 10 UnnecessaryRefinement (C, V ): ∆

. C: knowledge base constraints
. V : knowledge base variables

. ∆ set with constraints
for all vi ∈ V do

for all vj ∈ V |vi 6= vj do
A = ∅; . set with assignments
for all domk ∈ dom(vi) do

dompair = false;
C′ ← C ∪ {vi = domk}
for all doml ∈ dom(vj) do

C′′ ← C′ ∪ {vj 6= doml}
if inconsistent(C′′) ∧ dompair = false then

dompair = true;
A← A ∪ {vi = domk ∧ vj = doml}

end if
end for

end for
if |A| = |dom(vi)| then

∆← ∆ ∪ disjunctive(A)
end if

end for
end forreturn ∆

The performance of this algorithm depends on the number of vari-
ables, their domain size, the number of unnecessary refinements, and
the performance of the solver. In our short study with 14 knowledge
bases (up to 34 variables and domain sizes from two to 47) the de-
tection of unnecessary refinements requires up to 375 ms (with 42
unnecessary refinements) for the detection of all possible unneces-
sary refinements (Intel Xeon @ 2.4Ghz * 6 cores, 24GB RAM).
To get a deep understanding of the anomalies we need to explain
them to the knowledge engineer [2]. For the calculation of an ex-
planation we use the QuickXPlain algorithm (see Algorithm 2) for

each type of anomaly. We take the set of constraints (e.g. set of dead
elements) and add this set to CKB in the algorithm. Now we have
ensured, that the constraint which describes the anomaly, can’t be
part of ∆ in the algorithm. Next, we have to negate the constraint set
which describes the anomaly. Since the negation of the anomaly can
never be consistent, QuickXPlain will return the set of constraints
which is responsible for the anomaly. For example, the dead domain
element UniCycle = true will be negated and added to C. In that
case, QuickXPlain will return the set {c8} as an explanation for the
dead domain element.

3.3 Simulation
Due to the huge complexity of calculating all possible instances for
all possible assignments (see Section 2) in constraint-based configu-
ration systems we use Gibbs’ simulation to estimate the consistency
rate cr for a specific set of assignments A [11]. With this approxima-
tion, we can . . .

. . . estimate the restriction rate (number of consistent instances
compared to all instances) and evaluate the knowledge base (see
Section 3.4).
. . . generate test cases for boundary value analysis [11].
. . . rank diagnoses and conflicts (assuming that a knowledge base
with nearly the same restriction rate compared to the current
knowledge base is preferred).
. . . generate reports for variety management (e.g. ’How many
bikes can be used for Competition, EverydayLife, and
HillClimbing?’).

An assignment is a constraint which contains one variable av , one
domain element ad, and a relationship between variable and domain
element ar (see Section 2). Examples for assignments are eBike =
true; and BikeType = MountainBike. Algorithm 11 is divided
into three functions and shows the basic algorithm for estimating the
consistency rate for a set of assignments.
The function Gibbs(KB,A) is the main function of this algorithm.
It has a knowledge base KB and a set of assignments A as input.
The knowledge base contains sets of variables V ∈ KB and con-
straints C ∈ KB. The set CC (checks) contains all results from
consistency checks. A consistency check is either consistent (1) or
inconsistent (0). The number of minimum calls is constant and given
in variable mincalls. The total number of consistent checks is given
in variable consistent. threshold is a constant and required to test,
if the current set of consistency checks has a high accuracy. If the
variable verify is greater than the threshold, we can not guaran-
tee, that the current result is accurate. Therefore, we have to execute
the loop again. In the while-loop we first have to generate a set of
new random assignments. Since assignments are also special types
of constraints, we add them to the set C ∈ KB and do a consistency
check again. If randA ∪ C ∈ KB is consistent, we add 1 to the set
CC and increment the variable consistent. Otherwise, we add 0 to
the set CC. Finally, we verify all previous consistency checks. If the
variable verify is lower than the variable threshold and we have
more consistency checks than mincalls, we can return the number
of consistent checks divided by the total number of checks.
The function generateRandAssign(KB) is responsible for the
generation of new assignments. Random(C) returns the number
of assignments which has to be generated randomly. Random(V )
takes a variable from the knowledge base. If the variable is al-
ready part of another assignment, the variable won’t be used again.
Random(R) selects a relation between the variable and the domain
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Algorithm 11 GibbsSampling
function GIBBS(KB, A): ∆

CC = ∅ . set of consistency check results {0, 1}
mincalls = 200 . constant
threshold = 0.01 . constant
consistent = 0
verify = Double.Max V alue
while n < mincalls ∨ verify > threshold do

randA = A ∪ GENERATERANDASSIGN(KB)
C.addAll(randA) . C ∈ KB
if isConsistent(KB) then

consistent + +
CC.add(1)

else
CC.add(0)

end if
C.removeAll(randA)
verify = VERIFYCHECKS(CC)
n + +

end while
return consistent/n

end function
function GENERATERANDASSIGN(KB):A

A = ∅ . A: set of assignments
n = Random(C) > 0: . generate n assignments
for i = 0; i < n; i + + do

av = Random(V ) . V ∈ KB
ar = Random(R)
ad = Random(dom(av))
A.add(a)

end for
return A

end function
function VERIFYCHECKS(CC):∆

CC1 = CC.split(0, |CC|/2)
CC2 = CC.split((|CC|/2) + 1, |CC|)
mean1 = mean(CC1)
mean2 = mean(CC2)
if mean1 ≥ mean2 then

return mean1−mean2
else

return mean2−mean1
end if

end function

elements. In our case, variables can have textual domain elements
(e.g. the brand of a bike) or numeric domain elements (e.g. the price
of a bike). While the set of relations for textual domain elements is
R = {=, 6=}, the set is extended to R = {=, 6=, <,≤, >,≥} for
numerical domain elements. Finally, Random(dom(av)) selects a
domain element from dom(av) randomly.
The function verifyChecks(CC) tests if the number of consistent
and inconsistent checks are normally distributed. Therefore, we first
divide the set with the consistency check results CC into two parts.
We evaluate the mean of both sets CC1 and CC2 and test if both
mean values are near to each other. If they have nearly the same
value, we can say that the consistent checks are normally distributed
in both sets and return the difference between mean1 and mean2.

3.4 Knowledge base Evaluation
As mentioned in the previous Sections, we can analyze a knowl-
edge base in different ways and collect a lot of information about
the knowledge base. Finally, we can also evaluate the knowledge
base in terms of metrics. Those metrics a) help to get information
about the quality of the knowledge base and b) get information about
the quality of previous changes. Next, we will describe some met-
rics, use them to answer five questions, and measure three goals for
constraint-based configuration systems (goal-question-metrics). The
metrics are based on a literature review focusing on knowledge engi-
neering. An overview of the literature review is given in [10]. In the
following list we describe several metrics.

• Number of variables |V | ∈ KB.

• Average domain size domsize:
∑

vi∈V |dom(vi)|
|V |

• Number of constraints |CKB | ∈ KB
• Number of minimal conflicts |CS|: see Definition 3
• Minimal cardinality CS MCCS: the lowest number of constraints

in a conflict set
• Number of minimal diagnoses |∆|: see Definition 5
• Minimal cardinality diagnosis MC∆: the lowest number of con-

straints in a diagnosis
• Number of redundancy sets |R|
• Maximal cardinality redundancy set MCR: the largest number of

constraints in a redundancy set
• dead elements DE: number of dead elements compared to the

total number of all domain elements

DE =

∑
vi∈V

∑
dj∈dom(vi)

{
0 C ∪ {vi = dj} 6= ∅
1 else

|V | × domsize

• full mandatory FM : number of full mandatory domain elements
compared to the total number of all domain elements

FM =

∑
vi∈V

∑
dj∈dom(vi)

{
0 C ∪ {vi 6= dj} = ∅
1 else

|V | × domsize

• unnecessary refinement UR: whenever a variable vi has an as-
signment, we can predict the assignment of variable vj , s.t.
dom(vi)→ dom(vj)

• restriction rate RR: |C||V |

• restriction rate RR2:
∑

ci∈C
#vars(ci)
#vars(C)

|C|
|V | where #vars(ci) is the

number of variables in ci.
• variable influence factor V IF (vi): number of constraints in

which a variable vi appears related to the number of constraints,

e.g., V IF (vi) =

∑
ci∈C

1 vi ∈ ci

0 else
|C| .

• variable influence factor V IFall: average influence of all variables

∑
vi∈V

√
(V IF (vi)−

∑
vj∈V V IF (vj)

|V | )2

|V |
• coverage coverage: GIBBSSAMPLING(KB, ∅) (see Section 3.3)

With the metrics we collected a lot of information about the knowl-
edge base. To evaluate the knowledge base, we aggregate the metrics
and use the goal-question-metrics approach [1] to quantify the qual-
ity of the knowledge base.
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The aggregation of metrics will be used to answer questions relat-
ing to one or more goals. Next, we are listing the questions and the
corresponding metrics for each question:

Q1: Is the configuration knowledge base complete?:
|V |, domsize, |C|, coverage, |CS|, |∆|

Q2: Does the knowledge base contain anomalies?:
|CS|, |∆||R|, DE, FM,UR

Q3: Does the configuration knowledge base have an admissible per-
formance?:
|V |, domsize, |C|, |R|DE,FM,UR

Q4: Is the configuration knowledge base modifiable?:
MCCS,MC∆,MCR,DE,FM,UR,RR,RR2,
V IFall, Coverage

Q5: Is the configuration knowledge base understandable?:
MCCS,MC∆,MCR,DE,FM,UR,RR,RR2,
V IFall, coverage

Based on the answers for these questions we can evaluate the quality
of a knowledge base. The quality will be measured in terms of three
goals which we will list in the following:

G1: A configuration knowledge base must be maintainable, such that
it is easy to change the semantics of the knowledge base in a de-
sired manner (corresponding questions: Q2 anomalies, Q4 modi-
fiability)

G2: A configuration knowledge base must be understandable, such
that the effort for a maintainability task for a knowledge engineer
can be evaluated (corresponding questions: Q2 anomalies, Q5 un-
derstandability)

G3: A configuration knowledge base must be functional, such that it
represents a part of the real world (e.g. a bike configuration knowl-
edge base; corresponding questions: Q1 completeness, Q2 anoma-
lies, Q3 performance).

The results of the GQM-approach can be explained by a compari-
son with the measurements of previous versions of the knowledge
base. The comparison can show, if maintainability, understandabil-
ity, and functionality increases or decreases over time and explain
the changes (based on a comparison of the answers for the questions
and metrics). For a detailed description of the GQM-approach for
constraint-based configuration systems we refer the reader to [10].

4 Summary
In this paper we presented approaches to improve the mainte-
nance for constraint-based configuration systems. We described the
state-of-the-art in conflict and redundancy management and intro-
duced recommendation for the support of knowledge engineers. New
anomaly detection algorithms can be used to detect well-formedness
violations. Simulation techniques in the context of constraint-based
configuration systems allow us to approximate metrics for the goal-
question-metrics approach. We implemented these approaches in our
web-based system called ’iCone’ (Intelligent environment for the
development and maintenance of configuration knowledge bases)
[15].4

While we presented novel approaches to support knowledge engi-
neers, further research has to be done in the verification of the new
recommendation, simulation, and metrics evaluation techniques. Fur-
thermore, micro tasks can be used to collect and verify assumptions

4 http://ase-projects-studies.ist.tugraz.at:
8080/iCone/

of knowledge engineers about the knowledge base. Further research
should also be done in the context of stakeholder integration. For ex-
ample, in the software engineering process it is common that several
stakeholders (e.g. customers and users) can participate in the engi-
neering process. For the integration of different stakeholders and to
optimize the knowledge engineering, further research should also be
done in the context of knowledge engineering processes and knowl-
edge base development.
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Abstract. Constraint-based configuration systems like
knowledge-based recommendation and configuration are used
in many different product areas such as cars, bikes, mobile
phones, and computers. The development and maintenance
of such systems is a time-consuming and error prone task be-
cause the content of such systems and the responsible knowl-
edge engineers are changing over time.

Much research has been done to support knowledge engi-
neers in their maintenance task. In this paper we give a short
overview of previous research in the context of intelligent tech-
niques to support the maintenance task and give an overview
of future research aspects in this area. This paper focuses
on intelligent simulation techniques for generating metrics,
predicting boundary values for automated test case genera-
tion, assignment-based (instead of constraint-based) anomaly
management, and processes for the development of constraint-
based configuration systems.

1 Introduction

The number of e-commerce web sites and the quantity
of offered products and services is increasing enormously
[2]. This triggered the demand of intelligent techniques that
improve the accessibility of complex item assortments for
users. Such techniques can be divided into configuration-
based systems and recommendation systems. When the e-
commerce system has highly configurable products (e.g. cars),
configuration-based systems can help users to configure the
product based on their needs. If, on the other hand, the e-
commerce system contains many different products, intelli-
gent recommendation techniques can help to find the prod-
uct, which fits best to the user’s needs [16]. We can differen-
tiate between collaborative systems (e.g., www.amazon.com
[16]), content-based systems (e.g., www.youtube.com [16]),
critiquing-based systems (e.g., www.movielens.org [4]), and
constraint-based recommendation systems (e.g., www.my-
productadvisor.com [6]). The favored type of recommenda-
tion systems depends on the domain in which the recom-
mendation system will be used. For example, in highly struc-
tured domains where almost all information about a product
is available in a structured form, critiquing and constraint-
based recommendation systems are often the most valuable
recommendation approach.

Such systems are used, for example in the notebook do-
main. Such product domains - like the notebook domain -
change over time because new product characteristics can fit
to new customer needs. For example, ten years ago the num-
ber of cpu cores for notebooks was not a configurable variable.
Nowadays, users can choose between one, two, or four cpu
cores. This example shows that constraint-based recommen-
dation systems have to be updated over time. While adding
a variable to the product might be easy to handle, adding
and editing constraints can be a time consuming and error
prone task. This problem occurs in complex constraint-based
recommendation systems with many existing constraints.

A lot of research has been done in the last years to tackle
this challenge. For example, recommendation techniques can
help to support knowledge engineers in their maintenance
tasks, via reducing the sets of constraints so that the engi-
neer can focus on the relevant constraints. Other examples
for the support of the maintenance tasks are anomaly de-
tection, dependency detection, and metrics measurement. An
example application for the maintenance of constraint-based
configuration systems is iCone (Intelligent Environment for
the Development and Maintenance of configuration knowl-
edge bases) [21, 26].1

Based on intelligent techniques to support knowledge engi-
neers in their maintenance tasks, this paper focuses on fur-
ther aspects in the maintenance of constraint-based configu-
ration systems and picks up four research aspects (see be-
low) for improving existing development and maintenance
environments for constraint-based configuration systems like
knowledge-based configuration and recommendation systems.

The paper is organized as follows: Section 2 (preliminaries)
gives an overview of constraint-based configuration systems
and a running example. Section 3 contains four aspects of the
context of constraint-based configuration system development
and maintenance. Section 3.1 is dealing with simulation tech-
niques for constraint-based configuration systems. Section 3.2
shows principles of test case generation based on software en-
gineering for constraint-based systems. An introduction for
assignment-based anomaly management is given in Section
3.3. Section 3.4 goes beyond maintaining constraint-based
configuration systems and takes a look into development pro-

1 http://ase-projects-studies.ist.tugraz.at:8080/iCone
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cesses for configuration systems. Section 4 summarizes this
paper.

2 Preliminaries

In this Section we will describe constraint-based configura-
tion systems, the terms assignment, consistency, and redun-
dancy, and introduce a short knowledge-based recommenda-
tion system for notebooks as an example for a constraint-
based configuration system.

We use the terminology of constraint satisfaction problems
(CSP) [25] to represent configuration systems. Constraint-
based configuration systems are defined as a triple KB =
{V,D, F}. V is a set of product and customer variables. All
variables have a selection strategy vsel which describes, if a
variable can have more than one value. vsel = singleselect
shows that the variable v can have zero or one assignment, e.g.
each product has one price, e.g. price = 399. If a variable can
have more than one value, we differ between multipleAND
and multipleOR. vsel = multipleAND points out that a vari-
able can have more than one assignment. For example, a note-
book can have two wireless connections like bluetooth AND
WLAN , s.t. wireless connectionsel = multipleAND. On the
other hand, a customer wants to have a notebook with two
OR four cpu cores. We denote such a selection strategy as
multipleOR, s.t. cpu coressel = multipleOR.

Each variable vi ∈ V has a domain dom(vi) ∈ D that
contains the set of all possible values (not only the assigned
values). Each variable can have zero to n finite assignments.
Products FP , customer requirements FR, and constraints
which are defining the relationship between product variables
and customer variables FC are in the filter set F .

Customer requirements represent the preferences of cus-
tomers in the recommendation / configuration process. The
set of customer preferences is denoted as FR. For example,
a customer can have the preference that a notebook should
be cheaper than 599 EUR, s.t. {price < 599} ∈ FR. Fur-
thermore, customers can be asked for their usage scenarios,
which might can be multimedia, office, gaming. If a user
has more than one usage scenario, we duplicate the vari-
able usage scenario for this user, s.t. usage scenario1 =
multimedia ∧ usage scenario2 = office.

Constraints which can also be denoted as filters in FC de-
fine the relationship between customer preferences and prod-
uct variables and are defined in the set FC ∈ F . For example,
the relationship between the customer’s usage scenario and
the product attributes is f1 := usage scenario = gaming →
cpu cores > 2. Additionally, constraint-based recommenda-
tion systems have a set of products. This set is denoted as
FP ∈ F and contains one disjunctive query with all products,
s.t. FP = {product0 ∨ product1 ∨ ... ∨ productn} and each
product is a conjunctive query of the product variables, s.t.
product0 = {price = 399 ∧ cpu cores = 2}. The aggregation
of customer requirements, constraints, and products represent
the filters, s.t. FR ∪ FC ∪ FP = F .

Each filter can be divided into assignments. An assign-
ment consists of a variable v, a relationship, and a value d
which is an element of the domain dom(v). The different types
of relationships depend on the values in the corresponding do-
main. If, for example, the domain consists only of numbers,
we can say that the types of relationships are <,≤,=, 6=,≥, >

whereas for domains with strings we reduce the different types
of relations to =, 6=.

To consider the selection strategy of variables within the
filters, we have to duplicate the variables. For example,
if a customer wants to have a notebook for gaming and
office, we replace the variable usage scenario ∈ V with
usage scenario1 ∈ V and usage scenario2 ∈ V with the
same domain in the knowledge base KB. We also have
to extend the affected filters in F , such that we have
to replace the affected assignments in the example con-
straint usage scenario = gaming → cpu cores > 2 ∈
FC with the assignments (usage scenario1 = Gaming ∨
usage scenario2 = Gaming)→ cpu cores > 2 ∈ FC .

To check if at least one product fits to the customer’s prefer-
ences, we do consistency checks, s.t. V ∪D∪F 6= ∅. If at least
one product in the constraint-based configuration system is
presented to the customer, we can say, that the knowledge
base is consistent. Otherwise, the knowledge base contains
inconsistencies. For dealing with inconsistencies, we refer the
reader to [3, 5, 10, 11, 12, 15].

If the knowledge base is consistent, we can further evalu-
ate whether the knowledge base contains redundancies. A
redundancy is given, if the removal of a constraint from FC

leads to the same semantics [15, 20].
In the following we describe a notebook domain. The

simplified domain is represented as a knowledge-based
recommendation system.

V = {price, cpu cores, usage scenario}
pricesel = singleselect
cpu coressel = singleselect
usage scenariossel = multipleAND

D = {
dom(price) = {399, 599, 799, 999},
dom(cpu cores) = {2, 4},
dom(usage scenario) = {office, multimedia,

gaming}
}

FC = {
f1 := usage scenario = office→ (price < 599∧

cpu cores = 2)
f2 := usage scenario = multimedia→ ((price <

999 ∧ cpu cores = 4) ∨ price < 799)
f3 := usage scenario = gaming → cpu cores = 4
}

FR = ∅

FP = {
(price = 399∧cpu cores = 2)∨ (p0)
(price = 599∧cpu cores = 4)∨ (p1)
(price = 799∧cpu cores = 2)∨ (p2)
(price = 999∧ cpu cores = 4) (p3)
}

F = FC ∪ FR ∪ FP

KB = V ∪D ∪ F
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3 Challenges in the Development and
Maintenance of Constraint-based
Configuration Systems

In the following, we describe basic approaches to increase
the maintainability, understandability, and functionality of
constraint-based configuration systems. Therefore we use sim-
ulation techniques (Section 3.1), automated test case gener-
ation (Section 3.2), assignment-based anomaly management
(Section 3.3), and the consideration of the development pro-
cess (Section 3.4).

3.1 Simulation

In the context of constraint-based configuration systems
we use simulation to approximate the number of consistent
constraint sets compared to the number of all possible con-
straint sets. This technique can be used to calculate metrics
- like the number of valid configurations - or to approximate
the dependency between variables [21]. On the one hand we
loose minimal accuracy when calculating the possible number
of consistent constraint sets whereas, on the other hand, it is
possible to approximate metrics which can not be calculated
in an efficient manner. In the following, we describe the basic
functionality of simulation for constraint-based configuration
systems and give an example simulation in Figure 1.

Figure 1. Example simulation for approximated consistency. We

assume that a high number of consistency checks leads to a repre-

sentative sample of the configuration knowledge base (Law of large

numbers). In this example the average number of consistent con-

figurations is approx. 50%.

Due to the huge complexity for calculating all possible in-
stances for all possible assignments in constraint-based con-
figuration systems, we use Gibbs’ simulation to estimate the
consistency rate coverage for a specific set of assignments A
[22]. An assignment is a filter constraint which contains one
variable av, one domain element ad, and a relationship be-
tween variable and domain element ar (see Section 2). Algo-
rithm 1 is divided into three functions and shows the basic
algorithm for estimating the consistency rate for a set of as-
signments.

The function Gibbs(KB,A) is the main function of this
algorithm. It has a knowledge base KB and a set of as-
signments A as input. The knowledge base contains sets of
variables V ∈ KB and filters C ∈ KB (see Section 2). The
set CC (checks) contains all results from consistency checks.

Algorithm 1 GibbsSampling

function Gibbs(KB, A): ∆
CC = ∅ . set of consistency check results {0, 1}
mincalls = 200 . constant
threshold = 0.01 . constant
consistent = 0
verify = Double.Max V alue
while n < mincalls ∨ verify > threshold do

randA = A ∪ generateRandAssign(KB)
F.addAll(randA) . F ∈ KB
if isConsistent(KB) then

consistent + +
CC.add(1)

else
CC.add(0)

end if
F.removeAll(randA)
verify = verifyChecks(CC)
n + +

end while
return consistent/n

end function
function generateRandAssign(KB):A

A = ∅ . A: set of assignments
n = Random(F ∈ KB): . generate n assignments
for i = 0; i < n; i + + do

av = Random(V ∈ KB) . V ∈ KB
ar = Random(Rel)
ad = Random(dom(av) ∈ D ∈ KB)
A.add(a)

end for
return A

end function
function verifyChecks(CC):∆

CC1 = CC.split(0, |CC|/2)
CC2 = CC.split((|CC|/2) + 1, |CC|)
mean1 = mean(CC1)
mean2 = mean(CC2)
if mean1 ≥ mean2 then

return mean1−mean2
else

return mean2−mean1
end if

end function

A consistency check is either consistent (1) or inconsistent
(0). The number of minimum calls is constant and given in
variable mincalls. The total number of consistent checks is
given in the programming variable consistent. threshold is
a constant and required to test if the current set of consis-
tency checks has a high accuracy. The variable verify con-
tains the result of the last verification returned by the function
V ERIFY CHECKS. If the variable verify is greater than
the threshold, we can not guarantee that the current result
is accurate. In that case we have to execute the loop again.
In the while-loop we first have to generate a new set of ran-
dom assignments. Since assignments are also special types of
constraints, we add the set randA to the set FC ∈ KB and
do a consistency check. If KB with the randomly generated
assignments is consistent, we add 1 to the set CC and incre-
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ment the variable consistent. Otherwise, we add 0 to the set
CC. Finally, we verify all previous consistency checks. If the
variable verify is lower than the variable threshold and we
have more consistency checks than mincalls, we can return
the number of consistent checks divided by the total number
of checks.

The function generateRandAssign(KB) is responsible for
the generation of new assignments. Random(F ) returns the
number of assignments which have to be generated ran-
domly. This number depends on the number of filters in the
knowledge base, the number of available variables and do-
main elements, since in small knowledge bases it can happen
that we can not generate more than mincalls assignments.
Random(V ) takes a variable from the knowledge base. If the
variable is already part of another assignment, the variable
won’t be used again except the selection strategy vsel is ei-
ther multipleAND or multipleOR. Random(R) selects a re-
lation between the variable and the domain elements. In our
case, variables can have textual domain elements (e.g. the
brand of a notebook) or numeric domain elements (e.g. the
price of a notebook). While the set of relations for textual
domain elements is Rel = {=, 6=}, the set is extended to
Rel = {=, 6=, <,≤, >,≥} for numerical domain elements (see
Section 2). Finally, Random(dom(av)) selects a domain ele-
ment from dom(av) randomly.

The function verifyChecks(CC) tests if the numbers of
consistent and inconsistent checks are normally distributed.
Therefore, we first divide the set with the consistency check
results CC into two parts. We evaluate the mean of both sets
CC1 and CC2 and test, if both mean values mean(CC1) and
mean(CC2) are close to each other. If they have nearly the

same values, (
√

(mean(CC1)−mean(CC2))2 ≤ threshold),
we can say that the consistent checks are normally dis-
tributed and return the difference between mean(CC1) and
mean(CC2).

In our iCone implementation we use the simulation tech-
nique in three different ways. First, we evaluate the coverage
metric which defines the number of consistent configurations
compared to the number of all possible configurations [22].
Second, we use this technique to generate random assign-
ments for test cases (see Section 3.2). Finally, we use this
technique to approximate the consistency rate coverage for at
least two variables and their domain elements. Figure 2 shows
the probability that the combination of two assignments is
consistent. For example, approximately 100% of the note-
book configurations are consistent, if the usage scenario =
multimedia ∧ cpu cores = 2.

3.2 Test Case generation

In this Section we want to describe a basic approach to gen-
erate test cases for constraint-based configuration systems.

In software engineering, boundary value analysis are those
situations directly on, above, and beneath the edges of input
equivalence classes [19]. To use this type of software test-
ing in the context of configuration systems, we can say that
the edges are within variable assignments. For example, if
price = 399 is consistent, price = 599 is consistent too, and
price = 799 is inconsistent, the boundary would be between
the domain elements 599 and 799. In Figure 2 we can see that,
under circumstances, some combinations are inconsistent (e.g.

Figure 2. Example simulation for approximated consistency

usage scenario = multimedia∧ cpu cores = 2) and some are
consistent (e.g. usage scenario = gaming ∧ cpu cores = 2 =
inconsistent). We can use the simulation technology (see Sec-
tion 3.1) to generate various sets of filter constraints to get
some boundaries. Table 1 shows a list of randomly generated
test cases. Note that the number of assignments in the test
case can be different (see Algorithm 1).

tc filterconstraint coverage

t0 cpu cores = 2∧ 0.50
usage scenario = office

t1 cpu cores = 2∧ 0.50
usage scenario = multimedia

t2 price = 799∧ 0.00
usage scenario = gaming

t3 price = 599∧ 0.50
usage scenario = gaming

t4 cpu cores = 4∧ 0.50
usage scenario = multimedia

t5 cpu cores = 4 ∼ 0.54

Table 1. An example for randomly generated test cases.

The next step is to evaluate these randomly generated
boundary test cases according to the domain experts’ knowl-
edge. Our example test cases show, that between the test cases
t2 and t3 is a boundary because the coverage is different.

After the randomly detected boundaries via simulation we
have to evaluate the boundary. Such evaluations have to be
done by stakeholders of the knowledge base and can be done
via micro tasks [7]. In this context, several stakeholders can
be asked if the results of randomly generated test cases are
valid or not. Such answers can be collected within a case base.
Table 2 gives an example case base.

87.5% of the stakeholders agree that t2 is correct, which
means that the test case should be inconsistent and the test
case currently leads to an inconsistency. On the other hand,
62.5% of the stakeholders think that t3 should not be consis-
tent. This example represents a conflict between the knowl-
edge engineers’ opinions of the knowledge base. For such sce-
narios we have to offer relevant information to the stakehold-
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stakeholder testcase correct?

s0 t2 yes
s1 t2 yes
s2 t2 yes
s3 t2 yes
s4 t2 yes
s5 t2 no
s6 t2 yes
s7 t2 yes
s0 t3 no
s1 t3 no
s2 t3 yes
s3 t3 yes
s4 t3 no
s5 t3 no
s6 t3 no
s7 t3 yes

Table 2. An example case base for evaluating randomly gener-

ated test cases.

ers such as mails, forum, and content-based recommendation
[16].

Finally, a result of the discussion leads to a consistent
knowledge base (filter constraints f ∈ FC have to be updated
or removed) which represents the real product domain. If the
knowledge base has to be maintained, intelligent techniques
like the detection of minimal conflicts and diagnoses [21] help
to detect the causes for the difference between the knowledge
base and the real world.

3.3 Assignment-based anomaly
management

The anomaly management research describes different ap-
proaches to detect and explain anomalies [21, 26]. For ex-
ample, QuickXplain can detect conflicts [17], FastDiag finds
minimal diagnoses for these conflicts [13], Sequential [20] and
CoreDiag [15] can remove maximal sets of filter constraints
without changing the semantics of the knowledge base (re-
dundancy detection). Well-formedness violations can detect
domain elements which can never be selected (deadelements)
or have to be selected (fullmandatories) or can only exit if
specific domain elements of other variables are selected as well
(unnecessaryrefinements) [21].

While all of these algorithms focus on filters, little at-
tention has been paid to the context of assignment-based
anomaly detection. Compared to constraint-based perspec-
tives, an assignment-based view can a) find out which assign-
ments within a filter lead to the anomaly and b) detect more
redundancies when one assignment within a filter constraint
with more than one assignment can not be detected with com-
mon algorithms.

Alternatively, we can check the assignments within a filter
instead of the filter itself for anomalies. Algorithm 2 gives an
example for an assignment-based algorithm. This algorithm
extends the Sequential algorithm introduced by Piette [20].
First of all, we have to generate the negation of all filter
constraints in the knowledge base. We denote the negation
F̄C and define a disjunctive query of the original knowledge
base ¬f1∨ 6 f2∨ 6 f3. If the negation of the knowledge base
in combination with the original knowledge base is inconsis-
tent, s.t. FC ∪ F̄C is inconsistent, the knowledge base has not
changed its semantics. If a filter will be removed from the

Algorithm 2 AssignmentSequential

function AssignmentSequential(KB): R
. KB: knowledge base

F̄C = ¬f1 ∨ ¬f2 ∨ ¬f3
R = ∅
for all f ∈ FC do

for all a ∈ A(f) do
A.remove(a)
if (FC ∪ F̄C)isinconsistent then

R.add(a)
else

A.add(a)
end if

end for
end for
return R

end function

knowledge base (but not from the negation of the knowledge
base) and the combination is still inconsistent, we can say that
the knowledge base has kept its semantics and the removed
filter constraint is redundant.

While the Sequential algorithm removes filter constraint
by filter constraint from FC , we divide the filter constraint
into its assignments and remove assignment by assignment.
Therefore, we introduce the set A(f) which describes the set
of assignments of filter constraint f ∈ FC . When we remove
an assignment from A(f), we next have to consider the rela-
tions between the assignments. Figure 3 shows the graphical
representation of all filter constraints and their assignments
in our example knowledge base in a conjunctive order. When
we remove an assignment a from A(f) we will further replace
the upper relation. For example, the removal of the assign-
ment usage scenario = office of filter f1 replaces the upper
implication→ with the top node of those elements which will
not be connected to the conjunctive constraint. In our case,
this is relation ’∧’.

Algorithm 2 introduces an approach to detect redundant as-
signments within a knowledge base. The approach is straight
forward: First, we have to generate the negation of F̄C . Then
we select filter by filter. For each filter we remove assignment
by assignment a. Finally, we check if the knowledge base with
the changed filter f is still inconsistent with F̄C . If it is incon-
sistent, we can say that the removed assignment a is redun-
dant.

Figure 4 shows the redundant assignments of our example
knowledge base. In the first row we see the original filters
and the result for the usage scenario variable (green box).
Then we remove assignment by assignment and see the re-
sult of the filter constraints in the column result. The yellow
boxes suggest that the adapted filter constraints lead to the
same semantics as the original knowledge base. We can re-
move cpu cores = 2 from filter constraint f1 and the assign-
ments price < 999 and cpu cores = 4 from filter constraint
f2 without changing the semantics of the knowledge base.

Similar adaptations can also be done e.g., for QuickXPlain
[17], FastDiag [14], and CoreDiag [15]. While these algorithms
use a divide and conquer approach based on filters, future
research can also consider assignments instead of filters to
calculate the anomalies.
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Figure 3. Conjunctive query of all filters f ∈ FC in our example knowledge base. In Algorithm 2 we remove assignment by assignment

from the knowledge base and check the consistency instead of the whole filter (f1, f2, f3).

Figure 4. Results for consistency checks. The columns f1, f2, and f3 show the filter constraints when one assignment will be removed.

The first row shows the results (green background) of the original filter constraints. The yellow background suggests, that the removal of

the assignments leads to the same results.

3.4 Constraint-based configuration system
development

A lot of research has been done in the maintenance of
constraint-based systems. For example, we can evaluate the
quality of knowledge bases [22] and check if the knowledge
base has anomalies [5, 21]. Therefore, we can evaluate if we
are doing the knowledge base maintenance efficiently.

Less work has been done in the context of knowledge

base development, a task which is crucial for an effective
constraint-based configuration system. Next, we want to sum-
marize previous work in the context of knowledge base devel-
opment processes and try to give hints for transferring re-
search results from the software engineering discipline into
the knowledge base development research area.
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Development processes for constraint-based
configuration systems

An overview of knowledge base engineering processes is
given in [9, 24].

Common-KADS focuses on different models (organiza-
tion, task, agent, communication, and expertise) of the knowl-
edge base. For example, the expertise model tries to describe
knowledge from a static, functional, and a dynamic view.
While this system tries to consider all stakeholders, it does
not prioritize the knowledge and does not try to solve con-
flicts in the knowledge before it will be transferred into a
constraint-based configuration system [23].

The MIKE engineering process can be seen as an iterative
process and is divided into the activities elicitation, interpre-
tation, formalization / operationalization, design, and imple-
mentation. The entire development process, i.e. the sequence
of knowledge acquisition, design, and implementation, is per-
formed in a cycle inspired by a spiral model as process model.
Every cycle produces a prototype as output which can be eval-
uated by tests in the real target environment. The evaluation
of each activity will be done by domain experts. While the
result of the implementation activity can be evaluated by do-
main experts, a deep understanding of modelling techniques is
required to evaluate the results of elicitation, interpretation,
and formalization activities [1].

Protege-II is used to model method and domain ontolo-
gies. A method ontology defines the concepts and relation-
ships that are used by a problem solving method for provid-
ing its functionality. Domain ontologies define a shared con-
ceptualization of a domain. Both ontologies can be reused in
other domains which may reduce the effort to build-up a new
knowledge base with similar elements [18].

Development in the Software Engineering Discipline

Compared to development processes for constraint-based
configuration systems we give an overview of actual trends
in the engineering of such systems and create a link to the
currently existing development processes for constraint-based
configuration systems.

A relevant task in software engineering is requirements
engineering. Transferring this aspect into the context of de-
veloping constraint-based configuration systems we can say
that products, product variables, questions to customers,
variable domains, and filters can be functional requirements
whereas interface development (e.g. to an ERP-system), per-
formance, and collaborative development are non-functional
requirements. When knowledge base engineering processes
have to be finalized with a given budget and time, we also have
to prioritize such requirements. Therefore, we have to rank the
requirements based on their necessity and effort (time and
budget) for a functional knowledge base. The prioritization
should be done by different stakeholders to include as many
knowledge as possible into the prioritization process.

While many different constraint-based configuration sys-
tems will be developed, each of them is developed from
scratch. Similar to requirements engineering, most of the as-
pects of a new knowledge base are new and reuse is not pos-
sible. On the other hand, several requirements are domain
independent. For such requirements, the implementation in a

software could be done with design patterns. Such patterns
can help to reduce the time effort for the realization of a re-
quirement in a knowledge engineering process. For example,
a notebook recommendation system contains products, ques-
tions to customers, and relationships between products and
customers (filter constraints). In this domain, products have
different prices and customers will be asked for their max-
imum price. While the product variable product price may
have hundreds of different prices (domain elements), the cus-
tomer will not choose e.g. between product price = 799.90 or
product price = 799.99 but wants to have for example ten dif-
ferent prices (e.g. customer price ≤ 400 or product price ≤
600 or ... or product price ≤ 2200). The relationship between
those variables can be denoted as mapping which could be a
design pattern.

4 Conclusion

In this paper we gave an overview of future research in
the context of developing and maintaining constraint-based
configuration systems. Such systems can be constraint-based
configuration, knowledge-based recommendation systems, or
feature models. We introduced a simulation technique in the
context of constraint-based configuration systems, show some
hints for automatic test case generation and gave an overview
of assignment-based anomaly detection instead of constraint-
based conflicts, redundancies, and well-formedness detection.
Finally, we showed how requirements engineering and design
patterns can be used for knowledge base engineering pro-
cesses.
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Coupling Two Constraint-Based Systems Into an On-line
Façade-layout Configurator

Andrés F. Barco1 and Élise Vareilles1 and Paul Gaborit1 and
Jean-Guillaume Fages2 and Michel Aldanondo1

Abstract.
We present the coupling of two constraint-based environments into

an on-line support system for façade-layout configuration in the con-
text of building renovation. The configuration consist on the defi-
nition and allocation of a set of rectangular parameterizable panels
over a façade surface. The coupling allows to solve two configura-
tion tasks while gaining efficiency and modularity. First, it allows
to configure a set of questions relating the renovation model needed
to determine limits for panels’ size and panels’ weight. Second, it
allows to configure a constraint satisfaction model for each of the
façades to renovate. Two constraint-based systems handle the filter-
ing of incompatible values and the generation of layout plans in a
web-service setup. The first service performs initial filtering to set
panels’ limits, based on the questionnaire, using a constraint filter-
ing engine called CoFiADe. The second service uses several façade-
layout configuration algorithms, using as underlying engine the con-
straint solver Choco, to generate compliant layout-plan solutions.
We show that by dividing filtering and search, and by coupling the
two constraint-based systems, we gain modularity and efficiently as
each service focuses on their own strengths. Services executing tasks
may be hosted in different network-nodes and thus may be seen as
independent communicating agents.

1 Preliminaries
Constraint-base façade-layout configuration. Product configu-

ration refers to the task of building a target product using predefined
components, respecting requirements from customers and following
some rules that shape a correct configuration [26, 29]. This task have
been increasingly supported by intelligent systems given the com-
plexity and size of relations within a single product. For instance,
configuring a computer from memories, buses, cards and so on, in-
volves a large number of possibilities and solutions for the user. The
possible numbers of outputs for a configuration is in relation to the
number of components and relations within the product, and is in-
versely proportional to the number of rules that restrict combinations.
We call these kind of problems combinatorial problems.

A particular scenario on product configuration arises from the con-
text of building thermal renovation as an effort to reduce current en-
ergetic consumption levels [5, 6, 19]. Here, the problem lies on the
configuration of rectangular parameterizable panels, and their attach-
ing devices called fasteners, that must be allocated over the façade
surface in order to provide an insulation envelope [8, 14, 28]. The

1 Université de Toulouse, Mines d’Albi, Route de Teillet Campus Jarlard,
81013 Albi Cedex 09, France, email: abarcosa@mines-albi.fr

2 COSLING S.A.S., 2 Rue Alfred Kastler, 44307 Nantes Cedex 03, France

problem is also known as layout synthesis or space planning. A con-
figuration solution is a plan which satisfies optimization criteria and
a set of constraints (such as geometrical, weight or resources con-
straints) provided by users and the façade itself. As part of the prod-
uct configuration family problems, an instance of façade-layout con-
figuration problem has a huge search space that depends on the size
of the panels and the elements on the façade, such as windows, doors
and supporting areas (see Figure 1). In consequence, to solve this
configuration problem, we choose to rely on a technique from artifi-
cial intelligence and operation research called constraint satisfaction
problems [15, 18].

Figure 1: A façade is a rectangular surface with supporting areas, windows
and doors. Layout-plans solutions made out configured rectangular panels.

Constraint satisfaction problems (CSPs) are conceived to allow the
end-user to state the logic of the computation rather than its flow. For
example, in the context of scheduling, instead stating a set of steps
to avoid tasks overlapping, the user declares “for any pair of tasks
they must not overlap”. The user may do so by stating a) variables
representing elements of the problem, b) a set of potential values as-
sociated to each variable and c) relations over the stated variables
also known as constraints [12, 18]. Variables may have different do-
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main representation such as integer or boolean, and relation among
variables may be expressed in different ways such as compatibility
tables and first order formulas. Solving a CSP means finding an as-
signment of values for each variable in such a way that all constraints
are satisfied.

It turns out that constraint technology fits neatly in the constrained
nature of product configuration and layout synthesis. On one hand,
the knowledge (constraints) that restrict possible configuration of ele-
ments (variables) is easily modeled under the declarative framework
of constraint satisfaction problems. On the other hand, constraint-
based configurators are able to presents different solutions to users,
often optimal, even when they do not provide all configuration pa-
rameters leaving their preferences unknown.

Now, for constraint-based implementations we differentiate be-
tween two related concepts: Solving a problem and filtering (narrow)
possibilities. Whereas solving a problem involves a robust inference
engine and search strategies, filtering algorithms work, in essence, on
how to efficiently remove variable values that are restricted by the es-
tablished relations, i.e., the constraints [2, 4]. In the problem at hand
both the filtering and the search take part; filtering to set panel’s size
and weight limits and, search in order to generate compliant layout
plans.

Related work. Layout configuration techniques have been used
within different contexts and scenarios. For instance, finding solu-
tions for room configurations [30], apartment layouts [16] and activ-
ities within a business office [13]. Also, some tools have been im-
plemented using different approaches, here we name a few of them.
For example, in [25] Shikder et al. present a prototype for the in-
teractive layout configuration of apartment buildings including de-
sign information and an iterative design process. In [3] is introduced
Wright, a constraint-based layout generation system that exploits dis-
junctions of constraints to manage the possibilities on positioning
two-dimensional objects in a two-dimensional space. Another sys-
tem, Loos [9], is able to configure spaces using rectangles that can
not be overlapped but that may have holes. It uses test rules applied
by steps to the rectangles in order to reach a good configuration based
on its orientation and relation with other rectangles. The same au-
thors have developed Seed [10, 11]: A system based on Loos used
for early stages on architectural design. The system Hegel [1] (for
Heuristic Generation of Layouts) is yet another space planning tool
that simulates human design based on experimental cases. Finally,
Medjdoub et al. presents in [17] the system Archiplan which inte-
grates geometrical and topological constraints to apartment layout
planning.

Regardless the considerable number of applications on layout con-
figuration, our problem include three characteristics never considered
simultaneously: Its deals with the allocation of an unfixed number
of rectangular panels that must not overlap, frames (existing win-
dows and doors) must be overlapped by one and only one panel,
and façades have specific areas providing certain load-bearing ca-
pabilities that allow to attach panels. Thus, as far as we know, no
support system nor design system is well-suited for addressing such
particularities. Also, most systems are desktop-oriented and not web-
oriented, making difficult to adapt new requirements and functional-
ities as they need new versions to be released.

Contribution and structure. Traditional general purpose con-
straint solvers, such as Gecode [24], Choco [20] and the finite do-
main module of Oz [23], make clear distinction between filtering
and search [21]. These environments provide methods for invoking

constraint propagation, i.e., executing the filtering algorithm of con-
straints, and methods for invoking search for one solution, several
solutions or optimal ones [22]. Nonetheless, to the best of our knowl-
edge, studies focusing on constraint-based configuration involving
filtering and search does not make clear distinction between these
concepts and their implementation focuses on the search. This means
that solutions exploits the capabilities of constraint solvers as black-
box environments, typically creating a dedicated search heuristic for
the problem.

Our goal is two-fold. First, we propose an architecture that divides
initial filtering and consequent search for constraint-based product
configuration. The architecture allow us to solve two configuration
tasks; configure a set of questions relating the renovation model
needed in the renovation process and needed to determine limits for
panels’ size and panels’ weight and; configure a constraint satisfac-
tion problem for each of the façades to renovate. In a second time,
we present an on-line support system, and formalize its behavior, for
the problem of façade-layout configuration. The architecture, imple-
mented in the on-line system, couples two different constraint-based
technological tools to gain efficiency and modularity. We use façade-
layout configuration to illustrate our method as it is the goal of the
project we are into, but our results can be adapted to deal with differ-
ent kind of products.

The paper is divided as follows. A brief description of the indus-
trial scenario and elements is presented in Section 2. In section 3,
we introduce details of the two configuration tasks performed by the
support system. The service oriented architecture, along with details
of the constraint-services’ behavior, is presented in Section 4. In Sec-
tion 5, we discuss the benefits of the tasks division and coupling of
the constraint systems. Some conclusions are drawn in Section 6. A
bibliography is provided at the end of the document.

2 Renovation Modus Operandi

The problem at hand deals with the configuration of rectangular pan-
els and their arrangement over a façade surface. In order to start the
configuration process, specific information have to be extracted from
a set of spatial entities. The renovation is carried out on façades that
are part of a given building, buildings that are part of a given block,
and blocks that are part of a given working site. Each of these spatial
entities have geometrical and structural properties and may have dif-
ferent environmental conditions that must be taken into account for
the layout-plan definition.

Information about spatial entities is acquired by the support sys-
tem by means of an (JSON) input file describing all geometrical and
structural properties, and by means of a web-based questionnaire for
each spatial entity in the input file. Thus, if the input file contains
information for one working site with two blocks, each block with
one building and three façades in each building, the user answers to
eleven questionnaires (one for the working site, two for the blocks,
two for the buildings and six for the façades). After questionnaire
completion, the lower bound and upper bound for panels’ size and
panel’s weight have been deduced. Also, given that several instances
for façades are need to be solve, at the end of the questioning stage
the systems creates a constraint satisfaction model for each façade
using the inputed information and the deduced limits for panels’ size
and weight. Here, each constraint satisfaction model instance is pa-
rameterized according with the façade information (e.g. environmen-
tal conditions) and the particular deduced panels’ limits.

Lets consider the information flow from the user perspective. Fig-
ure 2 presents the representative actions made by the user and the

Juha Tiihonen, Andreas Falkner and Tomas Axling, Editors
Proceedings of the 17th International Configuration Workshop
September 10-11, 2015, Vienna, Austria

48



responses by the on-line support system. It also illustrates the fact
that to the end-user should be transparent all the configuration pro-
cess. The complete sequence of the configuration goes as follows.

Step 1:- The user uploads a file containing the geometry and struc-
tural specification of spatial entities. The support system
stores information in a data base.

Step 2:- The filtering service presents a questionnaire for each of the
spatial entities in the input file.

Step 3:- The user answers the questions (leaving in blank the ques-
tions he does not know the answer).

Step 4:- Using the information about spatial entities (database) and
their environmental/user conditions (user answers) the sys-
tem deduce lower and upper bounds for panels’ size and
panels’ weight by using the filtering service.

Step 5:- If a manual configuration is desired, the user draws each
panel on the clients GUI. Each panel is assured to be consis-
tent with the problem requirements by sending its informa-
tion to validate into the solving service (the validator mod-
ule).

Step 6:- If a semi-automatic configuration is desired, the user draws
some panels and then asks the solving service to finish the
configuration.

Step 7:- If an automatic configuration is desired, the user asks the
solving service to provide compliant layout solutions.

Figure 2: Sequence diagram for on-line support system.

It is worth mentioning the consistency among the different steps:
Information at each level is propagated downwards and is never prop-
agated upwards (we will further study this along the document).
Also, of major importance is the fact that each façade may have its
own panels’ lower and upper bounds and thus solving a given façade
is done with a particular set of arguments.

3 Support System Configuration Tasks
In this section we present the two configuration tasks within the sup-
port system: The configuration of a questionnaire to be filled by the
end-user and, the configuration of a constraint satisfaction model for
each façade to renovate used as input for layout-plans generation.

3.1 The Questionnaire
The renovation includes four spatial entities, namely, working site,
block, building and façade, and some configurable components,
namely, panels and fasteners (fasteners are devices to attach panels
onto the façades). A hierarchical view is presented in Figure 3. Once
the input file has been read by the support system, it can proceed
by configuring a set of questions for each spatial entity in the file.
Then, after the user answer the questionnaires, the system config-
ures, i.e., deduces, the limits for panels’ size and panels’ weight for
each façade. The questionnaires ask the following information.

Working site. This is the bigger spatial division in the renovation.
It is commonly referred by a name and is well-know by the com-
munity. Values provided by the user are:

Figure 3: Spatial entities and arguments for renovation.

Juha Tiihonen, Andreas Falkner and Tomas Axling, Editors
Proceedings of the 17th International Configuration Workshop

September 10-11, 2015, Vienna, Austria

49



• Number of blocks in the working site? Number.

• Working site is in a windy region? {yes, no}
• Season in which the on-site work will take place? {summer,

fall, winter, spring}
• Target for cost? Euros.

• Target for performance? W.m−2.K−1

• Obstacles presence? {yes, no}
• Accessibility to the working site? {easy, medium, hard}
• Panel’s width (wws) and height (hws) lower bound? [0,∞]

• Panel’s width (wws) and height (hws) upper bound? [0,∞]

• Panel’s maximum weight (wews)? [0,∞]

Block. Is a set of buildings which are usually attached by a common
wall. Values provided by the user are:

• Number of buildings in the block? Number.

• Obstacles presence? {yes, no}
• Accessibility to the block? {easy, medium, hard}
• Panel’s width (wbl) and height (hbl) lower bound?

wbl ∈ [wws, wws] and hbl ∈ [hws, hws]

• Panel’s width (wbl) and height (hbl) upper bound?
wbl ∈ [wws, wws] and hbl ∈ [hws, hws]

• Panel’s maximum weight (webl)? [0, wews]

Building. Is the actual place where apartment are arranged and is
the host of several façades. Values provided by the user are:

• Number of façades in the building? Number.

• Obstacles presence? {yes, no}
• Accessibility to the block? {easy, medium, hard}
• Panel’s width (wbg) and height (hbg) lower bound?

wbg ∈ [wbl, wbl] and hbg ∈ [hbl, hbl]

• Panel’s width (wbl) and height (hbl) upper bound?
wbg ∈ [wbl, wbl] and hbg ∈ [hbl, hbl]

• Panel’s maximum weight (webg)? [0, webl]

Façade. Maybe seen as a big wall, but is in fact a composition of
apartment along with its doors, windows and so on. Values pro-
vided by the user are:

• Obstacles presence? {yes, no}
• Accessibility to the block? {easy, medium, hard}
• Type of attaching device: {bottom, top, lateral}
• Panel’s width (wfc) and height (hfc) lower bound?

wfc ∈ [wbg, wbg] and hfc ∈ [hbg, hbg]

• Panel’s width (wbl) and height (hbl) upper bound?
wfc ∈ [wbg, wbg] and hfc ∈ [hbg, hbg]

• Panel’s maximum weight (wefc)? [0, webg]

This information collection has two specific goals. On the one
hand, it will provide details about renovation aspects, such as the tar-
geted performance, that are needed in the configuration process. On
the second hand, it provides upper bound for panel’s size and panel’s
weight. Indeed, given the manufacturing, environmental, accessibil-
ity and even weather conditions, the size of panels composing the

layout plan are limited as well as their weight. Thus, the aforemen-
tioned inputs have direct impact over configurable components and
are defined by their compatibility relations.

3.2 One FaçAde One CSP

One critical aspect of the support system is the ability to configure
a constraint satisfaction model for each façade to renovate. This is
important because, first, each façade has (potentially) different size,
number of windows, supporting areas etc. Possible positions for pan-
els, for instance, must lie between zero and the façade width and
height. Simply put, each façade has its own configuration parameters
used in the constrain satisfaction model and in the layout genera-
tion process. And second, each façade may have different accessibil-
ity conditions, obstacles or even user preferences. Thus, panels’ size
limits, as well as their weight, are constrained by the specific condi-
tions of the façade and not only by the conditions of the working site,
block or building.

When configuring these CSP instances it is important to conserve
downwards consistency. Downwards consistency refers to the fact
that information on higher level of the renovation are is propagated
to the inferior levels, i.e., working site → blocks → buildings →
façades, but it can not propagate upwards. As an example consider
only accessibility conditions, obstacles presence and panels’ size
limits, for the specification in Figure 4.

Figure 4: Downwards consistency among entities.

Note that inferior entities on the hierarchy inherit values from su-
perior levels. But, it is not the case that information on superior levels
should be consistent with information on inferior levels. In Figure 4,
for instance, façade 1 has a hard accessibility condition and thus the
upper bound for panels’ size is reduced to a given Z. This upper
bound is not propagated upwards to the building 1; it conserves its
inherited value X . Consequently, façade 2 will inherit the value of
X as no further reduction is needed for their panels configuration.
Naturally, it is the case that Z ⊂ X ⊂ U . Using this information a
CSP is configured for each façade to renovate.

4 Support System Constraint Services

In order to divide configuration tasks we divide the support sys-
tem in two services that may be implemented in different servers.
In essence, information about the renovation, entered by means of
the input file and the questionnaire, is filtered by means of the first
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service called Filtering Service. Then, the second service called Solv-
ing Service, upon user request, uses its configuration algorithms to
provide complaint layout-plans solutions. Figure 5 presents the ar-
chitecture of the on-line support system.

Figure 5: Service-based architecture for on-line configurator.

In order to give a clear understanding on how the services works,
let us describe the input and output in a formal way. For each of
the services the input is a tuple of the form 〈SPEC,V,D(V), C(V )〉
with |V|= |D(V)| and

• SPEC = 〈WS,BK,BG,FAC〉; WS variables describing the
working site, BK variables describing blocks, BG variables de-
scribing buildings and FAC variables describing façades.

• V = 〈P,FA〉; P variables describing a single panel and FA
variables describing a single fastener.

• D(V) = 〈D(P),D(FA), 〉; domain for each one of the variables
in V .

• C(V) a set of constraints over variables in V .

Information in SPEC describes only properties of the spatial en-
tities such as the number, sizes, positions, etc. Variables in V and
D(V), on the other hand, are manufacturer depended and includes
size and position of panels and fasteners, and the initial domains
which depends on the manufacturing process. Constraint in C(V) are
extracted from the problem domain by an expert and are different in
each service.

4.1 Filtering Service

4.1.1 Mapping

The filtering service is in charge of removing domain values from
elements inD(V) that are not allowed by the established constraints.
Here, constraints C(V) describe valid combination among different
parameters in SPEC and variables in D(V). We denote this set of
constraints Cf (V) to distinguish them from the ones used on the solv-
ing service. These constraints are formalized as compatibility tables
(presented in next section). Formally, the filtering is a mapping M
from variables and domains to domains

M(SPEC,V,D(V), Cf (V))→ D′(V) (1)

The result D′(V) contains the new domain for panels and fasten-
ers, where D′(V) ⊆ D(V).

As stated previously, the initial filtering has as goal setting do-
mains for configurable components and takes spatial entities infor-
mation and constraints to do so. In our on-line support system we
use the CoFiADe [27] system to perform this filtering. Several rea-
sons support our choice. First, the system is already on-line, mak-
ing it usable in no time. Second, it is well conceived for supporting
decision-making processes. And third, it uses efficient compatibility
tables for domain pruning; applying a given compatibility table is
made in constant time O(1).

4.1.2 Compatibility Knowledge

Configurable components of the renovation are panels and fasteners
to attach panels.

Panels. Configurable by fixing their width, height, weight and posi-
tion over the façade.

Fasteners. Configurable by fixing its length and setting its type
{bottom, top, lateral}.

The following compatibility tables, presented from Table 1 to Ta-
ble 8, show the allowed combination between user’s input values and
configurable components values.

4.2 Solving Services

4.2.1 Search

The second service in the support system is in charge of layout-plans
generation. The system uses several algorithms to generate layout
plans but, although their behavior are quite different, their semantic
remains the same.

Now, while information of SPEC and V are the same as the fil-
tering services, it is not the case for domains and constraints. To dif-
ferentiate them lest call the input domainsDs(V) and the constraints
Cs(V). Intuitively, variable domainsDs(V) are provided by the map-
ping of the filtering service, i.e.,

M(SPEC,V,D(V), Cf (V)) = D′(V) = Ds(V) (2)

where D(V) is the initial variable domain of the problem. Con-
straints in Cs(V) are expressed as first order formulas and express,
not compatibility among elements but, requirements for valid layout
plans (see next section for a description of these constraints). Both
resolution approaches implemented at the solving service respect all
constraints; the first approach resolving conflicts at positioning each
panel (greedy fashion) whereas the second approach uses the open
constraint programming environment Choco [20] to explore the so-
lution space.

The output of the server’s process is a set of layout-plan solutions.
Formally, the server’s process is a function of the form

F(SPEC,V,Ds(V), Cs(V),H) = 〈X ,Y,DX ,DY〉 (3)

where X and Y represent the origin of coordinates for each panel
in the solution, and DX and DY the width and height, respectively,
for each panel in the solution. Additionally, the function is parameter-
ized by an heuristicH stating the way the solution space is explored.
Available strategies are greedy and depth-first search.
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Table 1: RelationC1 between environmental conditions of spatial entities and
panel’s size, where α and β are upper-bounds for panel’s width and height,
respectively, when constrained by environmental conditions.

C1

Wind Panel’s size
yes (wp ≤ α) ∧ (hp ≤ β)
no ∅

Table 2: Relation C2 season that on-site work will take place and and panel’s
size, where θ and τ are upper-bounds for panel’s width and height, respec-
tively, when constrained by the season.

C2

Season Panel’s size
Summer ∨ Spring ∅
Fall ∨Winter (wp ≤ θ) ∧ (hp ≤ τ)

Table 3: Relation C3 between obstacles in spatial entities and panel’s size,
where φ and σ are upper-bounds for panel’s width and height, respectively,
when constrained by the presence of obstacles.

C3

Obstacles Panel’s size
yes (wp ≤ φ) ∧ (hp ≤ σ)
no ∅

Table 4: RelationC4 between accessibility of spatial entities and panel’s size,
where λ and π are upper-bounds for panel’s width and height, respectively,
when constrained by medium level accessibility conditions, and Λ and Π are
upper-bounds for panel’s width and height, respectively, when constrained by
hard level accessibility conditions.

C4

Accessibility Panel’s dimensions
easy ∅
medium (wp ≤ λ) ∧ (hp ≤ π)
hard (wp ≤ Λ) ∧ (hp ≤ Π)

Table 5: Relation C5 between renovation cost and panel’s insulation: It illus-
trates the fact that the quality of the insulation depends on the user budget.

C5

Cost Panel’s insulation
< 50000 low
[50000,100000] medium
≥ 100000 high

Table 6: Relation C6 between desired performance and panel’s insulation:
It illustrates the fact that the quality of the insulation depends on the desired
final energetic performance.

C6

Performance Panel’s insulation
< 25 high
[25,50] medium
≥ 50 low

Table 7: Relation C7 between panel’s weight and fasteners’ positions.

C7

Weight Position Fasteners
< 500 ∅
[500,1000] {top,bottom}
>1000 bottom

Table 8: Relation C8 between fasteners’ position and number of fasteners.

C8

Position fasteners # fasteners
{top,bottom} [2,4,6]
laterals [4,6]

4.2.2 Layout knowledge

Let F denote the set of frames and S the set of supporting areas. Let
oe.d and le.d denote the origin and length, respectively, of a given
entity e in the dimension d, with d ∈ [1, 2]. For instance, ofr.1 de-
notes the origin in the horizontal axis and lfr.1 denotes the width of
frame fr. Additionally, lbd and ubd denote the length lower bound
and length upper bound, respectively, in dimension d for all panels.

Each panel is described by its origin point w.r.t. the façade origin
and its size. For convenience, lets assume that P is the set of panels
composing the layout-plan solution. Then, each p ∈ P is defined by
〈o, l〉 where

• op.d ∈ [0, ofac.d] is the origin of panel p in dimension d.
• lp.d ∈ [lbp.d, ubp.d] is the length of panel p in dimension d.

The following six constraints express the relations among panels,
and panels and façade that must respect a layout solution.

(a) Manufacturing and transportation limitations constrain panel’s
size with a give upper bound ub in one or both dimensions.

∀p ∈ P lp.d ≤ ubd

(b) (diffN) For two given panels p and q there is at least one dimension
where their projections do not overlap.

∀p ∈ P,∀q ∈ P, p 6= q,∃d ∈ [1, 2] |
op.d ≥ oq.d + lq.d ∨ oq.d ≥ op.d + lp.d

(c) A given panel p must either be at the façade edge or ensure that
enough space is left to fix another panel.

∀p ∈ P op.d + lp.d ≤ lfac.d − lbk ∨ op.d + lp.d = lfac.d

(d) Each frame over the façade must be completely overlapped by
one and only one panel. Additionally, frames’ borders and pan-
els’ borders must be separated by a minimum distance denoted by
∆.

∀f ∈ F,∃p ∈ P |
op.d + ∆ ≤ of.d ∧ of.d + lf.d ≤ op.d + lp.d + ∆

(e) The entire façade surface must be covered with panels.∑
i∈P

∏
d∈[1,2](oi.2 + li.2) =

∏
d∈[1,2] lfac.d

(f) Panels’ corners must be matched with supporting areas in order
to be properly attached onto the façade.

∀p ∈ P,∃s ∈ S | os.d ≤ op.d ∨ op.d + lp.d ≤ os.d + ls.d
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5 (De)Coupling Benefits
In order to efficiently couple two constraint-based systems it is nec-
essary to assign disjoint tasks for them. In our approach, we divide
initial filtering and solving in two different services. Benefits for this
tasks division are rather simple.

On the one hand we apply the well-known principle Divide and
conquer. In our on-line system this principle allow us to add or re-
move variables, domains and questions in the filtering service, i.e., by
means of adding or removing compatibility tables. In addition, as we
use CoFiADe, we may mix different variable representation as in-
teger domains, continuous domains and symbolic domains whereas
in most constraint systems mixing variable domains is not allowed
or is not efficient enough. For instance, given the reduced number
of constraints for continuous domains in Choco, the representation
have to be changed to integer domains which in consequence involve
additional and time consuming efforts.

On the other hand, as a benefit of tasks division, we improve per-
formance by avoiding the use of binary equalities and binary inequal-
ities constraints whose computational time is O(n ∗ m), where n
and m are the number of values in the domain of the two variables
involved in the constraint. Thus, at the moment of finding solutions,
the underlying constraint solver, in our case Choco, propagates and
applies search using only those constraints defining a layout plan.

Regarding the performance the two configuration tasks must be
studied separately. As commented before, applying a given compat-
ibility table in the filtering service is made in constant time. Thus,
the time involved in the filtering service depends on the question-
naire that depends on the number of buildings, facades and so on.
On the solving service, by contrast, the performance depends on the
underlying filtering and search provided by Choco. Execution over
façades with size 40×10 meters, 50×12 meters and 60×15 meters
takes between one and two seconds. The use of a dedicated heuristic
that exploits the problem structure allows to reach such good perfor-
mance.

The decoupling of tasks, and coupling of two constraint-based sys-
tems, is supported by the underlying declarative model. Indeed, the
monotonic properties of constraint-based systems make it possible
to add information (constraints) on one system without loosing any
solution on the other system. Thus, the declarative view of constraint
satisfaction make it possible to handle services as independent com-
munication agents.

6 Conclusions
The aim of this paper has been to introduce an architecture of
constraint-based product configuration that couples two constraint-
based systems. We have presented an architecture that divided initial
variable domain filtering and search space exploration. The method
divide and conquer allow us to make straightforward adaptations to
each service separately. Our approach have been applied to façade-
layout configuration and implemented in an on-line support system.
For this particular scenario we have

1. Formalize each service behavior and the relation among them.
2. Presented the constraints, expressed in compatibility tables and

carried out by the CoFiADe system, for initial filtering.
3. Presented the constraints, expressed as first order formulae and

carried out by Choco constraint programming environment, that
are used to generate compliant layout solutions.

4. Show how to solve the configuration tasks by coupling the two
constraint-based systems.

5. Show that consistency and integrity of solutions are straightfor-
ward modeled and implemented thanks to the monotonic proper-
ties of constraint satisfaction problems.

6. Show that the underlying coupling and communication methods
are transparent for the user (it only interacts with a friendly web-
based interface).

This work is part of a project on buildings thermal renovation as-
sisted by intelligent systems. A configuration problem arise in this
context: Configuring a specific set of rectangular panels with respect
to create a building envelope. As the industrial scenario evolves the
support system must be able to adapt to new requirements. Thus,
strategic directions for our work are three-fold. On the one hand, im-
prove each service by adding new constraints. On the second hand,
definition of an API that allow us to replace the underlying processes
in each service without loosing solutions. For instance, the solving
service may be replaced by the same implementation of the model
but using a different constraint solver (e.g., Gecode [24], ILOG
CPLEX CP [7]). We consider that a good support system must be
robust enough to allow such adaptations. Finally, a consistent bench-
mark must be carried on in order to compare the performance when
dividing configuration tasks and when they are executed by the same
service/constraint system.
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[19] L. Pérez-Lombard, J. Ortiz, and C. Pout, ‘A review on buildings en-
ergy consumption information’, Energy and Buildings, 40(3), 394 –
398, (2008).

[20] C. Prud’homme and JG. Fages, ‘An introduction to choco 3.0 an open
source java constraint programming library’, in CP Solvers: Modeling,
Applications, Integration, and Standardization. International work-
shop., Uppsala Sweden, (2013).

[21] Christian Schulte, Programming Constraint Services, volume 2302 of
Lecture Notes in Artificial Intelligence, Springer-Verlag, 2002.

[22] Christian Schulte and Mats Carlsson, ‘Finite domain constraint pro-
gramming systems’, Handbook of constraint programming, 495–526,
(2006).

[23] Christian Schulte and Gert Smolka. Finite domain constraint program-
ming in oz. a tutorial., 2000.

[24] Christian Schulte, Guido Tack, and Mikael Z. Lagerkvist. Modeling
and programming with gecode, 2010.

[25] S Shikder, A Price, and M Mourshed, ‘Interactive constraint-based
space layout planning’, W070-Special Track 18th CIB World Building
Congress May 2010 Salford, United Kingdom, 112, (2010).

[26] Timo Soininen, Juha Tiihonen, Tomi Männistö, and Reijo Sulonen, ‘To-
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Solving Combined Configuration Problems:
A Heuristic Approach1

Martin Gebser2 and Anna Ryabokon3 and Gottfried Schenner4

Abstract. This paper describes an abstract problem derived from
a combination of Siemens product configuration problems encoun-
tered in practice. Often isolated parts of configuration problems can
be solved by mapping them to well-studied problems for which ef-
ficient heuristics exist (graph coloring, bin-packing, etc.). Unfortu-
nately, these heuristics may fail to work when applied to a problem
that combines two or more subproblems. In the paper we show how
to formulate a combined configuration problem in Answer Set Pro-
gramming (ASP) and to solve it using heuristics à la hclasp. The
latter stands for heuristic clasp that is nowadays integrated in clasp
and enables the declaration of domain-specific heuristics in ASP. In
addition, we present a novel method for heuristic generation based
on a combination of greedy search with ASP that allows to improve
the performance of clasp.

1 Introduction
Researchers in academia and industry have tried different approaches
to configuration knowledge representation and reasoning, including
production rules, constraints languages, heuristic search, description
logics, etc.; see [16, 14, 9] for surveys. Although constraint-based
methods remain de facto standard, Answer Set Programming (ASP)
has gained much attention over the last years because of its expres-
sive high-level representation abilities.

As evaluation shows ASP is a compact and expressive method to
capture configuration problems [15, 18, 9], i.e. it can represent con-
figuration knowledge consisting of component types, associations,
attributes, and additional constraints. The declarative semantics of
ASP programs allows a knowledge engineer to choose the order in
which rules are written in a program, i.e. the knowledge about types,
attributes, etc. can be easily grouped in one place and modularized.
Sound and complete solving algorithms allow to check a configu-
ration model and support evolution tasks such as reconfiguration.
Generally, the results prove that ASP has limitations when applied
to large-scale product (re)configuration instances [1, 5]. The best re-
sults in terms of runtime and solution quality were achieved when
domain-specific heuristics were applied [17, 12].

In this paper we introduce a combined configuration problem
that reflects typical requirements frequently occurring in practice at
Siemens. The parts of this problem correspond (to some extent) to

1 This work was funded by COIN and AoF under grant 251170 as well as
by FFG under grant 840242. An extended version of this paper is to appear
in the proceedings of the 13th International Conference on Logic Program-
ming and Non-monotonic Reasoning.

2 Aalto University, HIIT, Finland and University of Potsdam, Germany,
email: martin.gebser@aalto.fi

3 Alpen-Adria-Universität Klagenfurt, Austria, email: anna.ryabokon@aau.at
4 Siemens AG Österreich, Austria, email: gottfried.schenner@siemens.com

classical computer science problems for which there already exist
some well-known heuristics and algorithms that can be applied to
speed up computations and/or improve the quality of solutions.

As the main contribution, we present a novel approach on how
heuristics generated by a greedy solver can be incorporated in an
ASP program to improve computation time (and obtain better so-
lutions). The application of domain-specific knowledge formulated
succinctly in an ASP heuristic language [8] allows for better solu-
tions within a shorter solving time, but it strongly deteriorates the
search process when some additional requirements (conflicting with
the formulated heuristics) are included. On the other hand, the for-
mulation of complex heuristics might be cumbersome using greedy
methods. Therefore, we exploit a combination of greedy methods
with ASP for the generation of heuristics and integrate them to ac-
celerate an ASP solver. We evaluate the method on a set of instances
derived from configuration scenarios encountered by us in practice
and in general. Our evaluation shows that for three different sets of
instances solutions can be computed an order of magnitude faster
than compared to a plain ASP encoding.

The remainder of this paper is structured as follows. Section 2 in-
troduces a combined configuration problem (CCP) which is exempli-
fied in Section 3. Section 4 discusses heuristics for solving the CCP.
We present our evaluation results in Section 5. Finally, in Section 6
we conclude and discuss future work.

2 Combined Configuration Problem
The Combined Configuration Problem (CCP) is an abstract prob-
lem derived from a combination of several problems encountered in
Siemens practice (railway interlocking systems, automation systems,
etc.). A CCP instance is defined by a directed acyclic graph, called
just graph later on in this paper for simplicity. Each vertex of the
graph has a type and each type of the vertices has a particular size.
In addition, each instance comprises two sets of vertices specifying
two vertex-disjoint paths in the graph. Furthermore, an instance con-
tains a set of areas, sets of vertices defining possible border elements
of each area and a maximal number of border elements per area. Fi-
nally, a number of available colors as well as a number of available
bins and their capacity are given.

Given a CCP instance, the goal is to find a solution that satisfies
a set of requirements. All system requirements are separated into
the corresponding subproblems which must be solved together or in
combinations:

• P1 Coloring Every vertex must have exactly one color.
• P2 Bin-Packing For every color a Bin-Packing problem must be

solved. For every color the same number of bins are available.
Every vertex must be assigned to exactly one bin of its color and
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for every bin it holds that the sum of sizes must be smaller or equal
to the bin capacity.

• P3 Disjoint Paths Vertices of different paths cannot be colored in
the same color.

• P4 Matching Each border element must be assigned to exactly
one area such that the number of selected border elements of an
area does not exceed the maximal number of border elements and
all selected border elements of an area have the same color.

• P5 Connectedness Two vertices with the same color must be con-
nected via a path that contains only vertices of that color.

Origin In the railway domain the given graph represents a track lay-
out of a railway line. A coloring P1 can then be thought as an assign-
ment of resources (e.g. computers) to the elements of the railway line.
In real-world scenarios different infrastructure elements may require
different amounts of a resource that is summarized in P2. This may
be hardware requirements (e.g. a signal requiring a certain number
of hardware parts) or software requirements (e.g. an infrastructural
element requiring a specific processing time). The requirements of
P1 and P2 are frequently used in configuration problems during an
assignment of entities of one type to entities of another type [11, 5].

The constraint of P3 increases availability, i.e. in case one resource
fails it should still be possible to get from a source vertex (no in-
coming edges) of the graph to a target vertex (no outgoing edges) of
the graph. In the general version of this problem one has to find n
paths that maximize availability. The CCP uses the simplified prob-
lem where 2 vertex-disjoint paths are given.

P4 stems from detecting which elements of the graph are occu-
pied. The border elements function as detectors for an object leaving
or entering an area. The Partner Units Problem [2, 1] is a more elab-
orate version of this problem. P5 arises in different scenarios, e.g. if
communication between elements controlled by different resources
is more costly, then neighboring elements should be assigned to the
same resource whenever possible.

3 Example
Figure 1 shows a sample input CCP graph. In this section we illus-
trate how particular requirements can influence a solution. Namely,
we add the constraints of each subproblem one by one. If only P1
is active, any graph corresponds to a trivial solution of P1 where all
vertices are colored white.

b1 s1 p1 b2 p2 b3 p3 s2 b4

b5 e1 b6

b7 s3 p4 b8 p5 b9 p6 s4 b10

b11 e2 b12

Figure 1: Input CCP graph and a trivial solution of Coloring (P1)

Let us consider the input graph as a Bin-Packing problem instance
with four colors and three bins per color of a capacity equal to five.
The vertices of type b, e, s and p have the sizes 1, 2, 3 and 4, respec-
tively. A solution of Coloring and Bin-Packing (P1-P2) is presented
in Figures 2 and 3.

Moreover, two vertex-disjoint paths are declared by
path1 = {b1, s1, p1, b2, p2, b3, p3, s2, b4} as well as
path2 = {b7, s3, p4, b8, p5, b9, p6, s4, b10}, and the Disjoint

Paths constraint (P3) is active. Consequently, in this case the
solution shown in Figure 2 violates this constraint and must be
modified as given in Figure 4 where the vertices of different paths
are colored with different colors (path1 with dark grey and grey, and
path2 with white and light grey).

b1 s1 p1 b2 p2 b3 p3 s2 b4

b5 e1 b6

b7 s3 p4 b8 p5 b9 p6 s4 b10

b11 e2 b12

Figure 2: Used colors in a solution of the Coloring and Bin-Packing
problems (P1-P2)

p2 p6 p3
s1

p4 p1

p5

b4

s4

b5

b10 b1

b9

b8

b3

b11

s3

b2

s2

b7

b12
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Figure 3: Used bins in a solution of the Coloring and Bin-Packing
problems (P1-P2)

b1 s1 p1 b2 p2 b3 p3 s2 b4

b5 e1 b6

b7 s3 p4 b8 p5 b9 p6 s4 b10

b11 e2 b12

Figure 4: Solution of the Coloring, Bin-Packing and Disjoint Paths
problems (P1-P3)

Figure 5 shows an example of Matching (P4). In this example
there are seven areas in the matching input graph, each correspond-
ing to a subgraph surrounded with border elements (Figure 1). For in-
stance, area a1 represents the subgraph {b1, s1, p1, b2, b5} and area
a2 the subgraph {b5, e1, b6}. The corresponding border elements,
{b1, b2, b5} and {b5, b6}, are displayed in Figure 5.

Assume that an area can have at most 2 border elements assigned
to it. In the resulting matching (Figure 5) b1, b2 are assigned to a1,
whereas b5, b6 are assigned to a2. Note that the sample selected
matching shown in Figure 5 is not valid with the coloring presented
previously, because, for example, b5 and b6 are assigned to the same
area a2 although they are colored differently.

In addition, the coloring solution shown in Figure 4 violates the
Connectedness constraint (P5). Therefore, the previous solutions
must be updated to take the new requirements into account. Figure 6
shows a valid coloring of the given graph that satisfies all problem
requirements (P1-P5).

4 Combining Heuristics for Configuration
Problems

We formulated the CCP using ASP and the corresponding encod-
ing can be found at http://isbi.aau.at/hint/problems.
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b1 b2 b5 b6 b4 b3 b8

Figure 5: A sample input and solution graphs for P4. The selected
edges of the input graph are highlighted with solid lines.

b1 s1 p1 b2 p2 b3 p3 s2 b4

b5 e1 b6

b7 s3 p4 b8 p5 b9 p6 s4 b10

b11 e2 b12

Figure 6: A valid solution for P1-P5

To formulate a heuristic within ASP we use the declarative heuris-
tic framework developed by Gebser et al. [8]. In this formalism the
heuristics are expressed using atoms heuristic(a,m, v, p), where
a denotes an atom for which a heuristic value is defined, m is one of
four modifiers (init, factor, level and sign), and v, p are integers de-
noting a value and a priority, respectively, of the definition. A num-
ber of shortcuts are available, e.g. heuristic(a, v, l), where a is an
atom, v is its truth value and l is a level. The heuristic atoms modify
the behavior of the VSIDS heuristic [10]. Thus, if a heuristic atom
is true in some interpretation, then the corresponding atom a might
be preferred by the ASP solver at the next decision point.

There are different ways to incorporate heuristic atoms in a pro-
gram. The standard approach [8] requires an implementation of a
heuristic at hand using a pure ASP encoding, whereas the idea of our
method is to delegate the (expensive) generation of a heuristic to an
external tool and then to extend the program with generated heuristic
atoms to accelerate the ASP search. Below we will exemplify how
both approaches can be applied.

4.1 Standard generation of heuristics in ASP
Several heuristics can be used for the problems that compose the
CCP. For instance, for the coloring of vertices (P1) we seek to use as
few colors as possible by the following rule:

1 _heuristic(vertex_color(V,C),true,MC-C) :-
vertex(V), color(C), nrofcolors(MC).

Listing 1: Heuristic for an assignment of colors to vertices

Roughly speaking, this rule means that the assignment of
colors to vertices must be done in an ascending order of
colors. Given a vertex (b1) and two colors nrofcolors(2)
encoded as color(1) and color(2), the solver can derive
two heuristic atoms heuristic(vertex color(b1, 1), true, 1) and
heuristic(vertex color(b1, 2), true, 0). These atoms indicate the

solver that the atom vertex color(b1, 1) must be assigned the truth
value true first since the atom with the higher level is preferred.

Additionally, we can apply the well-known Bin-Packing heuris-
tics for the placement of colored vertices into the bins of specified
capacity (P2). The Bin-Packing problem is known to be an NP-hard
combinatorial problem. However, there are a number of approxima-

tion algorithms (construction heuristics) that allow efficient computa-
tion of good approximations of a solution [6], e.g. Best/First/Next-Fit
heuristics. They can, of course, be used as heuristics for the CCP.

Let the Bin-Packing problem instance be encoded using a set of
predicates among which nrofbins/1 and order/2 denote a number
of bins in the instance and an ordered set of input vertices, respec-
tively. The predicate vertex bin/2 is used to encode a solution and
denotes an assignment of a vertex to a bin. As shown in Listing 2,
given a (decreasing) order of vertices, we can force the solver to
place vertex Vi into the lowest-indexed bin for which the size of al-
ready placed vertices does not exceed the capacity, i.e. in a first-fit
bin. The heuristic never uses a new bin until all the non-empty bins
are full and it can be expressed by rules that generate always a higher
level for the bins with smaller number:

1 binDomain(1..NB) :- nrofbins(NB).
2 offset(NB+1) :- nrofbins(NB).
3 _heuristic(vertex_bin(V,B),true,M+O*NB-B) :-

binDomain(B), nrofbins(NB), order(V,O),
offset(M).

Listing 2: First-Fit heuristic for an assignment of vertices to bins

It is also possible (with an intense effort) to express other heuristics
for P1-P5 that guide the search appropriately and allow to speed up
the computation of solutions if we solve these problems separately.
However, as our experiments show, the inclusion of heuristics for
different problems at the same time might drastically deteriorate the
performance for real-world CCP instances.

4.2 Greedy Search
From our observations in the context of product configuration, it is
relatively easy to devise a greedy algorithm to solve a part of a config-
uration problem. This is often the case in practice, because products
are typically designed to be easily configurable. The hard configu-
ration instances usually occur when new constraints arise due to the
combination of existing products and technologies.

The same can be said for the CCP. Whereas it is easy to develop
greedy search algorithms for the individual subproblems, it becomes
increasingly difficult to come up with an algorithm that solves the
combined problem. For instance, a greedy algorithm for the Match-
ing problem of the CCP (P4) can be formulated as follows: For every
vertex v find a related area a with the fewest assigned vertices so
far and match v with a. The algorithm assumes that all border ele-
ments are colored with one color, as it trivially satisfies the coloring
requirement of the matching problem. A greedy algorithm for solv-
ing the CCP wrt. Coloring, Bin-Packing and Connectedness (P1, P2
and P5) can be described as follows:

1. Select the first available color c and add the first vertex not as-
signed to any bin to a queue Q;

2. Get and remove from Q the first element v, label it with c and try
to assign it to a bin using some Bin-Packing heuristic, e.g. First-Fit
or Best-Fit [6];

3. If v is assigned to some bin, add neighbors of v to Q;
4. If Q 6= ∅, then goto 2;
5. Otherwise, if there are unassigned vertices, then make the color c

unavailable and goto 1.

Suppose one wants to combine these two algorithms. One strategy
would be to run greedy Matching and then solve the Bin-Packing
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Algorithm 1: Greedy & ASP
Input: A problem P , an ASP program Π solving the problem P
Output: A solution S

1 GreedySolution ← solveGreedy(P );
2 H ← generateHeuristic(GreedySolution);
3 return solveWithASP(Π, H);

problem taking matchings into account. Namely, the combined algo-
rithm preforms the following steps:

1. Call the matching greedy algorithm and get a set of matchings
M = {(v1, a1), . . . , (vn, am)};

2. For each vertex vi of the input graph G do:

(a) Assign a new color to vi, if vi has no assigned color;

(b) Put vi into a bin, as in the greedy Bin-Packing (steps 2-3);

(c) If vi is a border element, then retrieve an area aj that matches
vi in M and color all vertices of this area in the same color as
vi.

The combined algorithm might violate Connectedness, because it
colors all border vertices assigned to an area with the same color.
However, these vertices are not necessarily connected. That is, there
might be a solution with a different matching, but the greedy algo-
rithm tests only one of all possible matchings. Moreover, there is no
obvious way how to create an algorithm solving all three problems
efficiently. This is a clear disadvantage of using ad-hoc algorithms in
contrast to the usage of a logic-based formalism like ASP, where the
addition of constraints is just a matter of adding some rules to an en-
coding. On the other hand, domain-specific algorithms are typically
faster and scale better than ASP-based or SAT-based approaches that
cannot be used for large instances. For instance, the memory demand
of the greedy Bin-Packing algorithm is polynomial in graph size.

4.3 Combining Greedy Search and ASP

One way to let a complete ASP solver and a greedy search algo-
rithm benefit from each other is to use the greedy algorithm to com-
pute upper bounds for the problem to solve. The tighter upper bound
usually means smaller grounding size and shorter solving time, be-
cause the greedy solver being domain-specific usually outperforms
ASP for the relaxed version of the problem. For instance, running the
greedy algorithm for the Bin-Packing problem and Matching prob-
lem gives upper bounds for the maximal number of colors, i.e. num-
ber of different Bin-Packing problems to solve. The same applies to
the Matching problem. This kind of application of greedy algorithms
has a long tradition in branch and bound search algorithms, where
greedy algorithms are used to compute the upper bound of a problem.
For an example see [19], where a greedy coloring algorithm is used
to find an upper bound for the clique size in a graph for the computa-
tion of maximum cliques. In this paper we investigate a novel way to
combine greedy algorithms and ASP (Algortihm 1). Consequently,
in our approach we, first, use a greedy algorithm to find a solution of
a relaxed version of the problem. Next, this solution is converted into
a heuristic for an ASP solver which assigns the atoms of the greedy
solution a higher heuristic value.

As an example for solving the complete CCP problem, we can,
first, find an unconnected solution for the combination of Coloring,
Bin-Packing, Disjoint paths and Matching problems (P1-P4), and
then, use the ASP solver to fix the Connectedness property (P5). The

idea of combining local search with a complete solver is also found
in large neighborhood search [4].

5 Experimental results
Experiment1 In our evaluation we compared a plain ASP en-

coding of the CCP with an ASP encoding extended with domain-
specific knowledge. The Bin-Packing problem (P2) of the CCP cor-
responds to the classic Bin-Packing problem and the same heuristics
can be applied. We implemented several Bin-Packing heuristics such
as First/Best/Next-Fit (Decreasing) heuristics using ASP as shown in
Section 4.1. For the evaluation we took 37 publicly available Bin-
Packing problem instances5, for which the optimal number of bins
optnrofbins is known, and translated them to CCP instances. The
biggest instance of the set includes 500 vertices and 736 bins of the
capacity 100. In the experiment, the maximal number of colors was
set to 1 and the maximal number of bins was set to 2 · optnrofbins .
All instances were solved by both approaches6. For a plain ASP
encoding the solver required at most 27 seconds to find a solution
whereas for the heuristic ASP program solving took at most 6 sec-
onds, which is 4.5 times faster. The best results for the heuristic ap-
proach were obtained using the First-Fit heuristic with the decreasing
order of vertices. Corresponding solutions utilized less bins then the
ones obtained with the plain ASP program. Moreover, using First-Fit
heuristic, for 23 from 37 instances a solution with optimal number of
bins was found and for 13 other instances at most 4 bins more were
required. The plain ASP encoding resulted in solutions that used on
average 4 bins more than corresponding solutions of the heuristic
approach.

Experiment2 In the next experiment we tested the same Bin-
Packing heuristics implemented in ASP for the combined CCP, i.e.
when all subproblems P1-P5 are active, on 100 real-world test in-
stances of moderate size (maximally 500 vertices in an input). The
instances in this experiment were derived from a number of indus-
trial configuration tasks. Neither the plain program nor the heuristic
program were able to improve runtime/quality of solutions. More-
over, our greedy method described in Section 4.2 also failed to find a
connected solution, i.e. when P5 is active. For this reason, we inves-
tigated the combined approach (Greedy & ASP) described in Sec-
tion 4.3. This approach uses the greedy method to generate a partial
solution ignoring the Connectedness constraint and provides this so-
lution as heuristic atoms to the ASP solver. Our experiments show
(see Figure 7a) that the combined approach can solve all 100 bench-
marks from the mentioned set, whereas the plain encoding solves
only 54 instances (the time frame was set to 900 seconds in this
and the next experiment). Moreover, for those instances which were
solved using both approaches, the quality of solutions measured in
terms of used bins and colors was the same. However, the runtime of
the combined approach was 18 times faster on average and required
at most 24 seconds instead of 848 seconds needed for the plain ASP
encoding.

Experiment3 In addition, we tested more complex real-world in-
stances (maximally 1004 vertices in an input)7 which we have also
submitted to the ASP competition 2015. Similarly to Experiment2

5 http://www.wiwi.uni-jena.de/Entscheidung/binpp/index.htm
6 The evaluation was performed using clingo version 4.3.0 from the Potassco

ASP collection [7] on a system with Intel i7-3030K CPU (3.20 GHz) and
64 GB of RAM, running Ubuntu 11.10.

7 The instances are available at: http://isbi.aau.at/hint/problems
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Figure 7: Evaluation results using Plain ASP and Greedy & ASP

we compared the plain ASP encoding to the combined approach
from Section 4.3. Again, regarding the quality of solutions, both ap-
proaches are comparable, i.e. they use on average the same number
of colors and bins, with the combined approach having a slight edge.
Generally, from 48 instances considered in this experiment, 36/38 in-
stances were solved using the plain/combined encoding, respectively.
On average/maximally the plain encoding needed 69/887 seconds to
find a solution whereas the combined method took 14/196 seconds,
respectively, which is about 5 times faster. Figure 7b shows the in-
fluence of heuristics on the performance for the instances from Ex-
periment3 that were solved by both approaches within 900 seconds.
Although the grounding time is not presented for both experiments,
we note that it requires about 10 seconds using both approaches for
the biggest instance when all subproblems P1-P5 are active.

6 Discussion
Choosing the right domain-specific heuristics for simple backtrack-
based solvers is essential for finding a solution at all, especially for
large and/or complex problems. The role of domain-specific heuris-
tics in a conflict-driven nogood learning ASP solver seems to be less
important when it comes to solving time. Here the size of the ground-
ing and finding the right encoding is often the limiting factor. Never-
theless, domain-specific heuristics are very important to control the
order in which answer sets are found and are an alternative to opti-
mization statements. As we have shown, domain-specific heuristics
also provide a mechanism to combine greedy algorithms with ASP
solvers, which opens up the possibility to use ASP in a meta-heuristic
setting. However, the possible applications go beyond this. The same
approach could be used to repair an infeasible assignment using an
ASP solver. This is currently a field of active research for us and has
applications in the context of product reconfiguration. Reconfigura-
tion occurs when a configuration problem is not solved from scratch,
but some parts of an existing configuration have to be taken into ac-
count.

An open question is how to combine heuristics for different sub-
problems in a modular manner without the adaptation of every
domain-specific heuristic. Here approaches like search combinators
[13] from the constraint programming community might be useful.
Another interesting topic for future research would be how to learn
heuristics from an ASP solver, i.e. to investigate the variable/value
order chosen by an ASP solver for medium size problem instances
and use heuristics in a backtrack solver for larger instances that are
out of scope of an ASP solver due to the grounding size. Some as-
pects of this topic were discussed in [3].
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Abstract. Computer science community is always interested 
in « benchmarks », e.g. standard problems, by which per-
formance of optimization approaches can be measured and 
characterized. This article aims at present our research per-
spectives to achieve a benchmark for concurrent configura-
tion and planning optimization problems. A benchmark is a 
set of reference models that represents a particular kind of 
problem. Product configuration and project planning are 
classic problems abundantly handled in the literature. Their 
coupling in an integrated model is a more and more handled 
complex problem; but there is a lack of benchmark in spite 
of the need expressed by the community during last configu-
ration workshops [config, 2013/2014]]. Two approaches 
may be combined to obtain a benchmark: (i) generalization 
of existing real applications (for example, automotive, tele-
communication or computer industry), (ii) or using a struc-
tural analysis of theoretical model of the problem. In this 
article, we propose a meta-model of concurrent configura-
tion and planning problem using these two approaches. It 
shall allow us to supply a representative and complete 
benchmark, in order to accurately estimate the contribution 
of existing optimization methods.  

1 Introduction  

Benchmarking of optimization approaches is crucial to 
assess performance quantitatively and to understand their 
weaknesses and strengths. There are numerous academic 
benchmarks associate with various classes of optimization 
problem (linear / nonlinear problems, constrained problems, 
integer or mixed integer programming, etc.). Studies, reports 
and websites of [Shcherbina, 2009] [Domes et al., 2014] 
[Mittelmann , 2009] [Gilbert and Jonsson, 2009] are particu-
larly accomplished examples of existing optimization 
benchmark with a multitude of articles and algorithms 
benchmarked on great variety of test functions (see for ex-
ample [Shcherbina et al., 2003], [Pál et al., 2012] or [Auger 
and Ros, 2009]).  
 
More than an academic tool, a benchmark should also be 
representative of real-world problems. For a specific do-
main, a benchmark represents a reference which should be 
used by company’s decision-makers to select an approach or 
an algorithm. But it is not always easy for them to know of 
which theoretical cases cover their practical cases. Bench-
mark on configuration field could illustrate this aspect with 

various industrial cases: automotive [Amilhastre et al., 
2002], [Kaiser et al., 2003], [Sinz et al., 2003], power sup-
ply [Jensen, 2005], train design [Han and Lee, 2011], etc. A 
data-base of industrials cases was started on [Subbarayan, 
2006] but it is not any more maintained. 
 
Our previous research projects [Pitiot et al., 2013] aim at 

producing decision aiding tools for a specific problem sub-

ject to a growing interest in mass customization communi-

ty: the coupling between product and project environments. 

Numerous authors [Baxter, D. et al., 2007] [Zhang et al. 

2013] [Hong et al., 2010] or [Li et al., 2006], [Huang and 

Gu, 2006] showed the interest to take into account simulta-

neously the product and project dimensions in a decision 

aiding tool. This concurrent process has two main interests: 

i) Allowing to model, and thus to take into account, interac-

tions between product and project (for example, a specific 

product configuration forbids using certain resources for 

project tasks), ii) Avoid the traditional sequence: configure 

product then plan its production which is the source of 

multiple iterations when selected product can’t be obtained 

in satisfying conditions (mainly in terms of cost and cycle 

time). 

In spite of the growing interest of the community and in-

dustrialists, there is no standard (benchmark) for this con-

current problem.  

 

In this article, we propose a meta-model of the whole prob-

lem (configuration, planning and coupling) which will be 

used for a theoretical investigation. We also propose to 

generate representative instances of the problem. By repre-

sentative, we mean both: 

- Representative of the diversity that could be obtained by 

theoretical investigation of the meta-model 

- Representative of the diversity of industrial existing 

cases (models and decision aiding process); especially for 

the configuration part due to its diversity. 

 

Therefore, the paper is organized as follow. The next sec-

tion details the problem and its combinatorial aspect. The 

third section proposes first elements relevant to a meta-

model of the benchmark tool. Some elements associated 

with cases diversity are discussed.  

Towards a benchmark for configuration and planning optimization problems 
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2 Addressed problem  

For our benchmark, the addressed problem is limited to the 
coupling between product configuration and project plan-
ning. We will describe both environments and the coupling 
of them in next sub-sections. 

2.1 Concurrent configuration and planning 

Product configuration problem is a multi-domain, multidis-

ciplinary, multiobjective problem [Viswanathan and Linsey, 

2014], [Tumer and Lewis, 2014]. That generates a wide 

diversity of possible models to represent. We will try to 

define a classification of existing product models and mod-

elize it in the proposed meta-model. Planning problems are 

generally more framed (e.g. temporal precedence, resources 

consumption, cycle time or delay, etc.). To generate various 

problem instances we can act on the shape of the project 

graph and on the dispersal of the values assigned for the 

resources of tasks (cost, cycle time, etc.).  Thus, we need to 

define in our meta-model of the product / project a kind of 

generic model for each part and for the coupling. The aim of 

the next step of our study will be to analyze industrial cases 

and to define this generic model. 

 

Many authors, since [Mittal and Frayman, 1989], [Soininen 

et al., 1998], [Aldanondo et al., 2008] or [Hofstedt and 

Schneeweiss, 2011] have defined configuration as the task 

of deriving the definition of a specific or customized prod-

uct (through a set of properties, sub-assemblies or bill of 

materials, etc…) from a generic product or a product family, 

while taking into account specific customer requirements. 

Some authors, like [Schierholt 2001], [Bartak et al., 2010] 

or [Zhang et al. 2013] have shown that the same kind of 

reasoning process can be considered for production process 

planning. They therefore consider that deriving a specific 

production plan (operations, resources to be used, etc...) 

from some kind of generic process plan while respecting 

product characteristics and customer requirements, can 

define production planning. More and more studies tackle 

the coupling of both environment [Baxter, D. et al., 2007] 

[Zhang et al. 2013] [Hong et al., 2010] or [Li et al., 

2006], [Huang and Gu, 2006]. Many configuration and 

planning studies (see for example [Junker, 2006] or [La-

borie, 2003]) have shown that each problem could be suc-

cessfully considered as a constraint satisfaction problem 

(CSP). CSP’s are also widely used by industrials [Kaiser et 

al., 2000]. Considering that using a CSP representation, we 

could both represent constrained and unconstrained prob-

lems, we will use it to represent each environment and the 

coupling. 

2.2 Combinatorial optimization problem 

In previous concurrent model, some variables represent 

decisions of the user (customer or decision-maker on prod-

uct or project environment). We assume that those decision 

variables are all discrete variables, so that an instantiation of 

all these decisions variables corresponds to a particular 

product / project. Indeed in reality and regardless of the 

environment, decisions correspond to choices between vari-

ous combinations. In product environment, decisions corre-

spond to architectural choices between various combina-

tions of sub-systems, or to a choice among various variants 

for every sub-system. In project environment, decisions 

correspond to resources choices between various variants. 

Combinatorial constrained optimization problems consist in 

a search of a combination of all decision variables that re-

spects constraints of the problem [Mezura-Montes and 

Coello Coello, 2011]. Instantiation of every decision varia-

ble in CSP model corresponds to a specific product/project 

which could be analyzed and scored according user’s multi-

ple preferences or objectives (cost, delay, etc.). As those 

objectives could be antagonist, algorithm has to find in a 

short time a set of approximately efficient solutions that will 

allow the decision maker to choose a good compromise 

solution. Using Pareto dominance concept, the optimal set 

of solutions searched is called the optimal Pareto front.   

This allows us to define a multiobjective combinatorial 

constrained optimization problem: a search between various 

combinations to find a selection of solutions which are the 

closest possible of the optimal Pareto front. 

3 Meta-model description 

This part aims at present the first elements relevant to a 
meta-model of a concurrent configuration and planning 
problem which will be used to generate data on benchmark.  

3.1 Constrained optimization problem 

The constrained optimization problem (O-CSP) is defined 
by the quadruplet <V, D, C, f > where V is the set of deci-
sion variables, D the set of domains linked to the variables 
of V, C the set of constraints on variables of V and f the 
multi-valued fitness function. The set V gathers: the product 
variables and the process variables (we assume that duration 
process variables are deduced from product and resource). 
In our meta-model, we define two kind of variable: descrip-
tion variables and decision variables. The first ones could be 
discrete or continuous and allow description of the problem 
in each environment. On other hand, the decision variables 
are all discrete, that thus define the combinatorial optimiza-
tion problem to solve. Those variables, linked by various 
constraints, describe product and project. In product side, 
we consider that a generic product can be described by a set 
of properties or a set of components or a mix of both as 
proposed in [Aldanondo et al., 2008]. Product description 
variables can be associated with product properties or com-
ponent type. The definition domains of these variables are 
either symbols (for example: type of finish…) or discrete 
numbers (for example: flight range…). The configuration 
constraints that link these variables show the allowed com-
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binations of variable values. On figure 1, we represent vari-
ous groups of variables. It illustrates both the fact that a 
system is composed of multiple sub-systems, and also that 
the system and its components are analyzed according to 
several points of view from various disciplines. Finally, 
each description variable can have an influence on the prod-
uct cost and can be therefore associated with a cost variable 
defined on a real domain. 
 

Figure 1 – Meta-model of the Constrained optimization problem 

 

On project side, we consider that a generic production pro-
cess can be described with a set of planning operations 
(supplying, manufacturing, assembling…) linked with ante-
riority constraints. Each operation is defined with: 

• Three operation temporal variables: possible starting 

time, possible finish time, possible duration, defined on a 

real domain, 
• Two operation resource variables: required resource, 

defined on a symbolic domain, quantity of resource, defined 

on integer domain. 
Planning constraints link temporal variables in order to 
represent temporal precedence. Resources description varia-
bles can influence the production process cost and thus are 
linked to cost variable. 
  
The coupling materializes by some coupling constraints that 
link at least one variable of the configuration model with at 
least one variable of the planning model. In terms of objec-
tive variable, the global cost can be defined as the sum of all 
product cost and operation cost variables. The global cycle 
time corresponds with the earliest possible finishing time of 
the last operation of the production process. The definition 
of these coupling constraints completes the model and al-
lows the representation in figure 1 of the global constraint 
model associating configuration and planning. 

3.2 Structural analysis 

To be able to generate various problems, we analyze the 
meta-model structure, e.g. relations between variables. It is 
necessary to describe the types of relations ("pattern") exist-
ing between variables in every environment (product / pro-
ject / coupling). Each of these environments corresponds to 

a subset of continuous or discrete variables connected by 
constraints. To generate various models, we can act on the 
number of variables, on theirs domains or on their relations 
(constraints). Every variable possesses a domain gathering 
the set of the values or the possible intervals for this varia-
ble. Combinatorial problems stem from cartesian product of 
every domain of decision variables. A first variation would 
be obviously the number of variables and the average num-
ber of states by variable.  For a given complexity, we could 
also evaluate impact of a few number of variables with large 
domains or the opposite.  
 
We can also generate diversity by acting on constraints: 
constraints density, number and kind of constraints. These 
variations will allow generating models more or less diffi-
cult to solve, especially because they define the ratio be-
tween feasible and unfeasible solutions and thus the difficul-
ty of the search.  
 
Finally, we can act on distribution of the values affected to 
each state for each variable involved in evaluation of objec-
tives. For example, it concerns acting on the costs and the 
performances of components or on the costs and durations 
of project tasks. This will allow us to act on the density of 
solutions in the search space. 

3.3 Problem specific analysis 

3.3.1 Product environment 

Product environment is a multi-domain, multidisciplinary 
and thus multiobjective context. In meta-model, product 
configuration model corresponds to a description of relation 
between architectural or components choices represented by 
decision variables. Each domain or discipline describes its 
own point of view of the product and its decomposition 
using constraints. Their analysis could take into account 
some context description variables. The result  is a frag-
mented model stemming from the aggregation of these 
analyses all connected with the decision variables. 
 
For the objective aspect, every configuration model takes 
into account cost dimension. Other objective could also 
appear like technical performance, environmental impact, 
etc. For cost aspect, we expect that at least a cost variable is 
linked (directly or not) to each component choice.  
 
Concerning the distribution of values that allows to calcu-
late objective satisfaction, we assume that the model has to 
be balanced in order: (i) to be an interesting optimization 
problem to solve and (ii) to be representative of real prob-
lems. For the optimization aspect, if an option is systemati-
cally better than others, the optimization problem will not be 
very hard to solve. Furthermore, it corresponds to a better 
description of the reality where that kind of option will not 
be conserved in the catalog.  
 
Relations between variables and distribution of values are 
generally consistent at elemental level, e.g. considering and 
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analyzing only few variables using a specific point of view. 
Indeed in realty, option choices are generally coherent; in 
the sense that existence of each option is justified by differ-
ences with other options and those differences generally 
correspond to an application of some basic relations or be-
haviors. We identify four kind of basic behavior between 
two variables:  

- Positively correlated: the increase of the one leads 
to the increase of other one. For example, perform-
ing components will be more expansive. 

- Negatively correlated: the increase of the one leads 
to the decrease of other one. For example, compo-
nents with low environmental impact will be more 
expansive. 

- Aggregation: values of a variable are summation of 
values of some others variable. For example, global 
product cost is summation of every component 
costs. 

- Compatibility/incompatibility of some combina-
tions of values: some values of different variables 
will be incompatible. 

 
Effects of a positive or a negative correlation aren’t neces-
sarily linear but this study will be limited to linear interac-
tions. Figure 2 shows possible linear correlations between 
two variables. Of course, extension dealing with three, four 
or five variables will be considerate as for example flight 
range, flying speed, seat capacity and cost. 

Figure 2 – Negative (a) and positive (b) correlations with three 

possible case: (1) reducer, (2) linear, (3) amplifier. 
 
It is the accumulation of a large number of simple and 
sometimes conflicting elementary behaviors that gives its 
complexity to the problem. Furthermore, real problems also 
show some additional singularities on elementary level (for 
example, a high performing solution for a component) or at 
system level (for example, the choice of a standard configu-
ration, e.g. a selection of standard components, could lead to 
an important discount). 

3.3.2   Project environment 

On project side, meta-model is more framed on its diversity:  
- project is a set of task to achieve, 
- tasks are linked by chronological and precedence 

constraints, 
- tasks are described by some temporal description 

variable (duration, beginning, end) and  some vari-
ables that represent resource choices. 

 
On this side, decision variable are the resource choices 
(make, buy or make by subcontract decision). In this same 
way as in product side, the different options for each re-
source choice are going to differ with regard to the objec-
tives. For example considering cost and duration objective, 
a cost and duration could be assigned to each resource 
choice, then total cost is obtained by a summation and pro-
ject cycle time by a constraint propagation on temporal 
constraints.  
As in product side, values distribution between various 
resource choices has to be balanced and consistent in order 
to represent real problems. We must unsure there is no use-
less or dominant option and value distributions must repre-
sent accumulation of some basic behavior. Here for exam-
ple, we expect that there is a positive correlation between 
cost and quantity/quality of resources or a negative correla-
tion between duration and quantity/quality of resources. 
Except these particular aspects, project environment can 
contain other description variables and other objectives 
connected with decision variables. 

4 Conclusion  

The goal of this paper was to present our research perspec-
tives for a benchmark on concurrent configuration and plan-
ning. This problem is more and more studied. Although 
there are a lot of cases of Knowledge-based configuration 
systems applied on the industrial practice and project plan-
ning, there is a real lack of real-word inspired benchmark. In 
this study, we propose the first elements of a meta-model 
that can represent this diversity and that will allow to gener-
ate various test models for our benchmark goal. 
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Different Solving Strategies on PBO Problems from
Automotive Industry

Thore Kübart 1 and Rouven Walter 2 and Wolfgang Küchlin2

Abstract. SAT solvers have proved to be very efficient in verifying
the correctness of automotive product documentations. However, in
many applications a car configuration has to be optimized with re-
spect to a given objective function prioritizing the selectable product
components. Typical applications include the generation of predic-
tive configurations for production planning and the reconfiguration of
non-constructible customer orders. So far, the successful application
of core guided MaxSAT solvers and ILP-based solvers like CPLEX
have been described in literature. In this paper, we consider the linear
search performed by DPLL-based PBO solvers as a third solution ap-
proach. The aim is to understand the capabilities of each of the three
approaches and to identify the most suitable approach for different
application cases. Therefore we investigate real-world benchmarks
which we derived from the product description of a major German
premium car manufacturer. Results show that under certain circum-
stances DPLL-based PBO solvers are clearly the better alternative to
the two other approaches.

1 Introduction

An already well-established approach in the automotive industry is
to describe the set M of technically feasible vehicle configurations
by a propositional formula ϕ such that M = {τ | τ(ϕ) = 1} holds,
where τ is a satisfying assignment of formula ϕ [11, 19], i.e. every
model of ϕ is a feasible configuration. SAT solvers are the method
of choice for calculating configurations that comprise certain options
o1, . . . , om: A model has to be determined that satisfies the formula
ϕ ∧

∧m
i=1 oi. If there is no such model of the desired configuration,

the user is often interested in an alternative model of optimal config-
ured options oi with respect to given priorities wi. To reach a best
possible configuration, a model of the formula ϕ has to be calculated
that optimizes the target function

∑m
i=1 wioi.

In the literature of the last few years different applications of this
optimization problem are described as well as several approaches to
solve it. Similar optimization problems arise for example from the
task to minimize or maximize product properties such as price or
weight [21]. Another example is the task of optimal reconfiguration,
e.g., the selected options for a car are not feasible with the constraint
set [21]. Furthermore valid configurations that optimize linear objec-
tive functions play an important role in demand forecasts [18]. We
compare the underlying solving approaches by analyzing real-world
instances of a major German premium car manufacturer.

This work is organized as follows: Section 2 introduces the basics

1 Steinbeis-Transferzentrum Objekt- und Internet-Technologien, Sand 13,
72076 Tübingen, Germany

2 Symbolic Computation Group, WSI Informatics, Universität Tübingen,
Germany, www-sr.informatik.uni-tuebingen.de

of Propositional Logic, Maximum Satisfiability (MaxSAT), Pseudo-
Boolean Optimization (PBO) and Integer Linear Programming (ILP)
and their respective algorithmic solving techniques. Section 3 points
out related work. Section 4 describes different optimization problems
in automotive configuration. Section 5 presents a detailed evaluation
of the different introduced optimization approaches for these prob-
lems including a discussion of the results. Finally, Section 6 con-
cludes this work.

2 Preliminaries
In this work, we focus on propositional logic with the standard logi-
cal operators ¬,∧,∨,→,↔ over the set of Boolean variables X and
with the constants⊥ and>, representing false and true, respectively.
The set of variables of a formula ϕ is denoted by var(ϕ). A formula
ϕ is called satisfiable, if and only if there is an assignment τ , a map-
ping from the set of Boolean variables var(ϕ) to {0, 1}, under which
the formula ϕ evaluates to 1. The evaluation of a formula under an
assignment τ is the standard evaluation procedure for propositional
logic, denoted by τ(ϕ). The values 0 and 1 are also referred to as
false and true. The well-known NP-complete SAT problem asks the
question whether a formula is satisfiable or not [6].

The established input format of a SAT solver nowadays is a con-
junctive normal form (CNF) of a formula ϕ, where ϕ is transformed
into a conjunction of clauses and each clause is a disjunction of lit-
erals (variables or negated variables). The variable of a literal l is de-
noted by var(l). For a formula ϕ =

∧k
i=1

∨mi
j=1 li,j in CNF we also

make use of the notation of ϕ as a set of clauses where each clause
is a set of literals: ϕ = {{l1,1, . . . , l1,m1}, . . . , {lk,1, . . . , lk,mk}}.
The transformation of an arbitrary formula ϕ into a CNF is done by a
Tseitin- or Plaisted-Greenbaum-Transformation [16, 20] (denoted as
Tseitin(ϕ)). The resulting formula is not semantically equivalent,
but equisatisfiable. Also, the models of ϕ and Tseitin(ϕ) are the
same when restricted to the original variables var(ϕ).

2.1 MaxSAT
For a given clause set ϕ = {c1, . . . , cm}, m ∈ N, the MaxSAT
problem [13] asks for the maximum number of clauses which can be
simultaneously satisfied:

MaxSAT(ϕ) = max

{
m∑
i=1

τ(ci)
∣∣ τ ∈ {0, 1}|var(ϕ)|} (1)

The corresponding problem of finding the minimum num-
ber of clauses which can be simultaneously unsatisfied is called
MinUNSAT.
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The partial weighted MaxSAT problem is an extended version
where: (i) An additional clause set ϕhard of hard clauses is taken
into account, which has to be satisfied, and (ii) weights wi ∈ N are
assigned to the soft clauses ofϕ = {c1, . . . , cm}. The resulting prob-
lem, PWMaxSAT(ϕhard, ϕ), consists of finding the maximal sum
of weights of satisfied clauses of ϕ while satisfying ϕhard. To sim-
plify reading we refer to partial weighted MaxSAT just as MaxSAT
in the rest of this work.

MaxSAT can be solved by using a SAT solver as a black box,
e.g. by linear search or binary search. Firstly, a fresh variable bi,
called blocking variable, is added to each soft clause, which serves
to enable or disable the clause. Linear search iteratively checks the
SAT instance ϕhard and ϕ with an additional constraint

CNF

(
m∑
i=1

wi · ¬bi > k

)
, (2)

where initially k = 0. With this check we search for a model with a
sum of weights of at least 1. The constraint

∑m
i=1 wi · ¬bi > k is

a Pseudo-Boolean constraint (see Subsection 2.2 for details), which
can be transformed to a CNF, see for example [4, 8]. The degree k is
increased to the sum of weights of the last model plus one in order
to check if we can find a better model. Binary search, in contrast,
follows the same scheme but restricts the search space with a lower
and an upper bound simultaneously. Linear search requires m SAT
calls in the worst case, whereas binary search requires only log2(m)
SAT calls in the worst case.

Another approach is the usage of unsatisfiable cores delivered by a
SAT solver for the unsatisfiable case, which was introduced in [3, 9].
The idea is to iteratively call the SAT solver and relax the soft clauses
contained in the unsatisfiable core by introducing blocking variables
until the formula becomes satisfiable. Solvers using an unsatisfi-
able core approach performed well on industrial instances in recent
MaxSAT competitions3.

The OPEN-WBO framework [15] is based on using MiniSat-like
solvers [7] and was one of the best performing MaxSAT algorithms
on industrial instances in the recent MaxSAT competition. Both
linear search and unsatisfiable-core guided solvers are included in
different variations within the OPEN-WBO framework. The default
solver, called WBO, is an unsatisfiable-core guided modification
of [3] which partitions the soft clauses [2, 14]. Therefore, only a sub-
set of the soft clauses are given to the SAT solver to make the SAT
solver focus on relevant clauses. On the other hand, this can lead to
additional SAT calls in the case where a model is found but not all
soft clauses were considered. We used this solver for our evaluations,
see Section 5.

2.2 DPLL-based PBO
In addition to clauses we consider linear pseudo-Boolean (LPB) con-
straints, which are linear inequalities of the form

k∑
i=1

aili . b, . ∈
{
<,≤, >,≥,=

}
, (3)

where ai ∈ Z and li are literals of Boolean variables. Under some
assignment τ , the left side is the sum over the coefficients of the
satisfied literals and the LPB constraint is satisfied iff the respective
inequality holds. For example, clauses

∨m
i=1 li can be generalized as

LPB constraints
∑m
i=1 li ≥ 1.

3 http://www.maxsat.udl.cat/

Pseudo-Boolean solving (PBS) is the decision problem whether a
set of LPB constraints can be satisfied by an assignment τ . Hence,
PBS is a generalization of SAT. Like SAT solvers, most PBS solvers
which prove satisfiability are able to provide a satisfying assignment
τ to the user.

Given a satisfiable set of LPB constraints another problem is to
identify a best possible assignment τ with respect to a linear objec-
tive function:

min
∑
i cili

s.t. ∧
j

[∑
i aj,ilj,i . bj

] (4)

This problem is called pseudo-Boolean optimization (PBO) [17].
In order to solve the satisifiability problem PBS, DPLL-style al-

gorithms can be used to benefit from recent progress of modern SAT
solvers. One approach is to transform the LPB-constraints into CNF
and to apply SAT solvers to the resulting formula. Another approach
is based on generalized constraint propagation and conflict-based
learning, i. e. DPLL-based SAT solvers are enabled to handle LPB
constraints directly. Generally learning methods analyze the conflict
and learn a new constraint which is falsified on the conflict level and
which propagates a new assignment on a higher decision level.

Given a PBS solver, the PBO problem of Formula (4) itself can be
solved by iteratively applying the solver to perform a linear search or
a binary search. Both approaches proceed analogously to the linear
and binary search approaches for MaxSAT using a SAT solver.

In the linear search approach, models of the formula ϕ are cal-
culated in order to gradually approach the optimal objective value.
Through an extra LPB constraint, a model providing a better objec-
tive value is enforced. If the extra LPB constraint leads to an unsat-
isfiable PBS instance, the model last calculated is the optimal one.

In the binary search approach the search space is bisected by every
single PBS-instance. If the optimal objective value lies inside the
interval [L,U ], a model with the objective value≤M = (L+U)/2
is searched for. If such a model exists, the minimal objective value
lies inside [L,M ]. If no such model exists, the minimal objective
value lies inside [M,U ].

For the calculations in Section 5 we used the Sat4j library. The li-
brary is based on a Java version of MiniSat, which was expanded by
generalized constraint propagation and conflict-based learning. The
PBO solver contained therein realizes a simple linear search. The
PBS solver called for this linear search is able to perform the follow-
ing two learning methods.

The clause-based learning method calculates so-called UIPs
(unique implications points) by means of propositional resolution
just like in modern SAT solvers. SAT solvers such as MiniSat de-
rive a UIP on the basis of the conflict clause and the reason clauses
which were propagating the assignments of the conflict clause. If a
conflict constraint occurs in the form of a LPB constraint, Sat4j first
reduces this constraint to a conflict clause

K =
∨

l∈ωC , β(l)=0

l, (5)

where β is the partial assignment, that leads to the conflict in the LPB
constraint ωC . Analogously, reasons given by LPB constraints are
reduced to reason clauses: If ω is a LPB constraint, that propagates l̃
under the partial assignment β, the clause

R(l̃) =
∨

l∈ω, β(l)=0

l ∨ l̃, ω |= R(l̃), (6)
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is an implication of ω and also propagates the literal l̃ under β.
In a second learning method that is implemented in Sat4j more

expressive LPB constraints instead of clauses are learned. For this
purpose the principle of propositional resolutions in forms of Hook-
ers cutting planes [10] is directly applied to the LBP constraints [5].

2.3 Integer Linear Programming

Like linear programming, integer linear programming deals with the
optimization of linear objective functions over a set which is limited
by linear equations and inequations. The difference is that while in
linear optimizations any real values can be taken on, in integer opti-
mization some or all variables are restricted to whole-number values.

min
∑
i cixi

s.t. ∧
j

[∑
i aj,ixj,i . bj

]
xj,i ∈ Z

(7)

Pseudo-Boolean Optimization, see Formula (4), can be easily
transformed into 0-1 integer linear programming (ILP): Negative lit-
erals ¬x are replaced by (1− x) and Boolean variables become de-
cision variables x ∈ {0, 1}. Consequently, commercially available
state-of-the-art ILP solvers such as CPLEX [1] can be used to solve
PBO. Usually, they are based on the branch and cut strategy.

3 Related Work

Sinz et al. suggest a SAT-based procedure to check consistency of the
product documentation of a German car manufacturer [19]. There-
fore, they consider vehicle configurations as assignments to propo-
sitional variables and define a propositional formula, called product
overview formula (POF), which evaluates to true iff the vehicle con-
figuration is technically feasible. Their work also lays the foundation
for formulating the restrictions of the product documentation as a
constraint in mathematical models.

Tilak Singh et al. make use of such a product overview formula
in [18]. They describe a mathematical model to calculate car config-
urations aimed at providing the production planning with test vari-
ants before actual sales orders are received. Their configurations are
calculated on the basis of PBO problems that are solved by CPLEX.
This approach is described in greater detail in Section 4.

Walter et al. [21] describe the possible usage of MaxSAT in au-
tomotive configuration by pointing out various use cases. Whenever
faced with an over-constrained configuration, MaxSAT can be used
to reconfigure the invalid configuration by providing an optimal solu-
tion, e.g. giving a repair suggestion of the (possibly prioritized) over-
constrained selections of a user by a minimal number of changes.

4 Optimization Problems from Automotive
Configuration

The product overview defines the set of valid product configurations
and is usually describable as a set of propositional constraints. This
means a configuration is only valid if it satisfies the conjunction of all
constraints, which is also called the product overview formula (POF).
The physical demand of building components for a valid configura-
tion is determined by the bill of materials (BOM). The combination
of the product overview and the bill of material is referred to as the
product documentation.

Reconfiguration of invalid configurations, as described in [21], is
an important issue in automotive configuration. Several practical rel-
evant use cases exist, such as the reconfiguration of customer orders,
the reconfiguration of constraints for a given fixed order or the com-
putation of a maximal/minimal car w.r.t. to an assigned value of the
options like weights (kg).

Another major task is the prognosis of future part demands in pro-
duction planning. However, historical demands cannot easily be ex-
trapolated because planning situations in the automotive industry are
constantly changing. A typical planning state used for making a fore-
cast comprises

• the product documentation (option A is only available, if option B
is selected; part x is needed exactly iff the order satisfies the part
rule ϕx; etc.),

• estimated customer buying behavior (option C is selected by 30%
of the customers; etc.),

• capacity restrictions (only 5000 units of part X are available; etc.),
• production plans that fix the total number of planned vehicles.

From a mathematical point of view a planning state consists of two
parts:

1. The Boolean formula POF, whose models describe the technically
feasible configurations,

2. the statistical frequency of certain atoms of the product formula.

A common approach to evaluate the planning state is to calculate
an amount of N technically feasible variations that approximates
the statistical guidelines as good as possible. Eventually, for indi-
cating the future unit demand, the calculated variations are analyzed
by means of the BOM.

Singh et al. [18] propose a linear optimization model for finding
such a set of N technically feasible variations. A solution of their
model is calculated by column generation: In every iteration a tech-
nically feasible variation is determined which further improves the
solution set. For this, a PBO problem is solved. Its objective function
is given by the dual variables of the current approximation and its
constraints are given by the restrictions of the product overview.

In column generation, calculated configurations of previous itera-
tions are partially replaced by new configurations. Thus, solved PBO
instances do not necessarily result in a configuration also contained
in the final solution. Therefore, it is particularly important to ensure
an efficient calculation of the individual PBO instances.
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Figure 1. Typical approximation to the optimum using column generation

The typical approximation to the planning state when using col-
umn generation is shown in Figure 1. As one can see on the left side,
the majority of iterations is used to overcome the last small step to-
wards the optimum. Yet, illustrated by the graph on the right side,
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approximation is accompanied by increasingly complex target func-
tions of the PBO instances: the number of non-zero dual variables is
increasing. It must be noted that the maximum number of non-zero
dual variables is usually proportional to the number of statistical re-
quirements of the planning state.

Concerning implementations of column generation described in
the literature, integer linear programming is the method of choice
for producing columns. This approach is also taken in [18] us-
ing CPLEX. An important objective of this paper is to investigate
whether DPLL-based methods are suitable alternatives to CPLEX
for calculating predictive configurations.

5 Experimental Evaluation
In this section we present our main contribution by evaluating the dif-
ferent previously described methods on optimization problems from
automotive configuration.

As test environment for the experimental evaluations we used
Windows 7 Professional 64 Bit on an Intel(R) Core(TM) i7-4800MQ
CPU with 2.70 GHz and 2 GB main memory.

5.1 Benchmark Statistics
We evaluate several test series, each of which is composed of a
real-world product overview and of randomly generated linear ob-
jective functions. We looked at product overviews of two different

Type Fixed Attributes #Clauses
A market, model, body type, en-

gine, steering type
1200-5900

B market, model, body type 19100-137700

Table 1. Characteristics of type A and B

types, see A and B in Table 1. Both types of product overviews dif-
fer in the extent to which attributes are fixed. Additionally, Table 1
shows the minimum and maximum number of clauses for the prod-
uct overviews of one type. For generating objective functions, n vari-
ables were randomly selected (by using Java’s Random class with the
default constructor) and each was assigned to a random integer coef-
ficient from a range between −10, 000, 000 and 10, 000, 000. That
way, 10 objective functions were generated for different numbers of
variables (n = 10, 20, . . . , 200) so that one test series contains a
total of 200 PBO instances. Corresponding test series were gener-
ated for 13 different product overviews of type A and for 6 different
product overviews of type B.

5.2 Results
The test series from the previous section were solved by 3 solvers:

1. OPENWBO as a core guided MaxSat solver [15].
2. Sat4j as an implementation of the DPLL-based linear search [12].
3. CPLEX as an ILP solver [1].

For solving the PBO instances a timeout of 60 seconds was set. In or-
der to set up the linear search correctly, two different learning meth-
ods of the underlying PBS solver of Sat4j were tested. Concerning
the test series of type A, Figure 2 shows the average running time for
learning of
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1. clauses
2. cutting planes

depending on the complexity of the objective function. Based on
these results, Sat4j was limited to learning clauses when comparing
the 3 solvers.
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Figure 5. Average number of timeouts for OPENWBO

In Figure 3 the running times of OPENWBO, Sat4j and CPLEX
are compared. The upper graph shows the average running times of
the test series of type A concerning objective functions of differ-
ent complexity. Accordingly the bottom graph displays the results
of the test series of type B. Time was limited in both subfigures
(200ms, 1400ms). In average, for all test series of type A and B,
the DPLL-based solvers OPENWBO and Sat4j perform significantly
better than CPLEX with regard to objective functions of low com-
plexity. In test series of type A the solver Sat4j performs better than
CPLEX concerning objective functions of up to N = 170 variables.
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Figure 6. Average number of DPLL-calls for OPENWBO and Sat4j

The MaxSAT solver OPENWBO, however, produces reliable run-
ning times for up to N = 70 variables.
In contrast to the DPLL-based solvers, there was only a slight in-
crease in the running times for CPLEX with a growing number of
variables in the objective function. Hence, once a certain length of
the target function has been reached, CPLEX leads to better results.

Across all test series of type B, Sat4j performed on average better
than CPLEX (Figure 3, bottom graph). Compared to CPLEX how-
ever, OPENWBO leads to slower running times for objective func-
tions of only N = 30 variables. This observation is especially il-
lustrated by the most extensive product overview of type B (137700
clauses) as demonstrated in Figure 4, where the time-domain is re-
stricted to 3400 ms.

Timeouts were observed exclusively for the MaxSAT solver
OPENWBO. Complementary to the results of running times, Fig-
ure 5 shows the average number of timeouts when solving 10 in-
stances.

For a better understanding of the observed difference in running
times of both DPLL-based approaches, Figure 6 shows the average
number of DPLL-calls. The graphs refer exclusively to the test se-
ries of type A and represent the numbers of SAT/UNSAT-calls for
OPENWBO or, in case of Sat4j, the numbers of PBS-calls.

5.3 Discussion
The test instances described in Section 5.1 differ with respect to the
following aspects:

• the complexity of the objective function (number of variables
N = 10, 20, . . . , 200)

• the size of the product overview (number of models and number
of clauses; type A and B)

The findings of the previous section lead us to the following conclu-
sions:

• Using DPLL allows the quick calculation of a model of a formula
- in that way DPLL-based solvers are superior to ILP solvers.

• Yet, when objective functions become more and more complex,
the particular suitability of CPLEX in solving 0-1-optimization
problems dominates.
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The latter point is evident in the strong increase of running times for
the DPLL-based methods once a certain length of objective functions
has been reached.

In comparison with OPENWBO, Sat4j leads to significantly bet-
ter running times. This is also due to the special suitability of the
examined instances for a linear search (see Figure 6). The number
of iterations for a linear search increases only linearly with the num-
bers of variables in the objective function - this is a surprising result.
Hence, the nonlinear increase of running times can only be explained
by the growing complexity of PBS instances in linear search.

Concerning product overviews of type A, the critical length of the
objective function for Sat4j is betweenN = 160 andN = 200. With
increasing scale of the product overview, this critical value shifts up-
wards. In some cases of the product overviews of type B, the critical
value is greater than N = 200, such as seen in Figure 4.

In order to optimally configure customer orders, an optimal subset
of about 20 options has to be determined. For this purpose the linear
search implemented in Sat4j and the core guided MaxSAT solver
OPENWBO are more than sufficient.

For calculating predictive configurations for the product planning
(see Figure 1) Sat4j can be far more effective than the other tested
methods, at least for the first iterations of a column generation based
process. Yet it is possible that the critical area of linear search is
reached depending on the given number of statistical requirements in
the planning state. In such a case configurations should be calculated
by CPLEX just like in [18].

6 Conclusion

We compared current state-of-the-art solvers to calculate optimal
product configurations of a major German car manufacturer. So far,
the use of core guided MaxSAT solvers and ILP solvers like CPLEX
for PBO-instances of automotive industry was described in the litera-
ture. For the purpose of comparison we additionally applied a DPLL-
based linear search.

Results were analyzed with respect to the granularity of the prod-
uct overview and with respect to complexity of the objective func-
tions. The results show that the investigated approaches have dif-
ferent suitability for different application cases. For reconfiguration
the linear search performed by a PBS-Solver is a stronger alternative
compared to core guided MaxSAT. For calculating predictive config-
urations – up to a certain amount of given frequency restrictions –
the DPLL-based linear search is even more suitable than CPLEX.

An important result is the small number of iterations observed in
linear search. The approach of linear search thus appears to be es-
pecially suitable for PBO-instances whose constraints are given by
a product overview. For reliable usage of the DPLL-based linear
search, also for instances of long objective functions, a customized
PBS solver needs to be developed. Such a solver must be able to
more efficiently solve PBS instances that are characterized by a set
of product overview clauses and one extensive LPB constraint.
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A Heuristic, Replay-based Approach for Reconfiguration
Alois Haselböck and Gottfried Schenner 1

Abstract. Reconfiguration is an important aspect of industrial prod-
uct configuration. Once an industrial artefact has been built according
to an initial configuration, constant reconfigurations are necessary
during its lifetime due to changed requirements or a changed prod-
uct specification. This reconfigurations should affect as few parts of
the running system as possible. Due to the large number of involved
components, approaches based on optimization are often not usable
in practice. This paper introduces a novel approach for reconfigura-
tion based on a replay heuristic (the product is rebuilt from scratch
while trying to use as many decisions from the legacy configuration
as possible) and describes its realisation using the standard solving
technologies Constraint Satisfaction and Answer Set Programming.

1 INTRODUCTION
Configuration is the task of deriving a valid, complete and purposeful
system structure assembled from a set of components [14]. For non-
trivial configuration problems, like product configuration, we distin-
guish the following levels of models (cf. Table 1): the language used
to represent and solve the configuration problem (M4), the problem
domain model (M3), the problem instance model (M2), and the con-
figuration model (M1).

Table 1. Different levels of models in a configuration application.

M4 Modelling Lan-
guage

e.g. UML class diagrams and OCL,
CSP, ASP, ...

M3 Problem Domain
Model

Generic specification of the compo-
nent catalogue

M2 Problem Instance
Model

Requirements specification of a
concrete configuration problem

M1 Configuration
Model

Solution to M2: a configuration ob-
ject network

M3 is a generic specification of the problem domain. In an object-
oriented environment, this would be the class model. Constraints are
usually used to describe the different dependencies and restrictions
between the different objects. Such a model M3 defines the space
of all the technically feasible configuration solutions. Model M2 is
a concrete problem instance, containing specific requirement defi-
nitions which are usually formalized in terms of constraints, initial
configuration objects and requirement and resource parameters. M2
is based on M3 and uses its language and concepts (M4). Finally, M1
- a configuration - consists of all the instances, their properties and

1 Siemens AG Österreich, Corporated Technology, Vienna, Austria,
{alois.haselboeck, gottfried.schenner}@siemens.com

Figure 1. Reconfiguration scenarios.

relationships realizing a final system. If this configuration is com-
plete and consistent w.r.t. M3 and M2, M1 is said to be a solution of
the given configuration problem.

Reconfiguration is the task of changing a given configuration. Var-
ious scenarios are possible why a (partial) configuration becomes in-
consistent and reconfiguration is necessary (cf. Figure 1):

(a) The problem domain M3 has been changed. Reasons could be
changes in the product catalogue, changes in the structure of the
product line, regulation changes, etc. A legacy configuration al-
ready installed in the field may be inconsistent now to the new
problem domain description and must be reconfigured.

(b) The requirements in M2 has been changed or extended. Again, a
legacy configuration which is inconsistent now w.r.t. the changed
requirements must be adapted.

(c) A configuration (M1) has been changed by an external process
(e.g. by a manual user input or by reading a configuration from an
external repository) and is now inconsistent. Again, reconfigura-
tion must find a consistent modification of the configuration.

In all these cases, a crucial demand is that the reconfigured solu-
tion is as close as possible to the original configuration. The defini-
tion of the quality of a reconfiguration (How close is the new configu-
ration to the legacy configuration?) could get quite subtle. [Friedrich
et al., 2011], e.g., use cost functions for the different change opera-
tors. Reconfiguration is then the problem of minimizing the overall
modification costs. In this paper, we are using a more light-weight
approach: We don’t define cost functions but use a rather heuristic
and simple definition of minimality: the number of differences be-
tween the original and the reconfigured solution should be as small
as possible. This corresponds to equal cost values for all types of
modifications.
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We present methods how such reconfiguration problems can be
modelled and solved by variations of standard, complete solving
techniques (like SAT solving or backtracking). A challenge here is
that reconfiguration starts with an inconsistent configuration frag-
ment and standard solving (e.g. backtracking) would immediately re-
turn a failure result. Our idea is to start solving from scratch, but
trying to re-build the search tree following the decisions of a given
(inconsistent) legacy configuration. That’s why we call it replay-
based reconfiguration. The composition of a reconfiguration will de-
viate from the legacy configuration in cases where inconsistencies
are to be avoided.

Our main contributions in this work are: (1) An Answer Set Pro-
gramming (ASP) encoding of the reconfiguration problem using the
special predicate heuristic of clingo (Potassco [12]). (2) A
CSP encoding of the reconfiguration problem using a novel value
ordering heuristic which prefers value assignments from a legacy
configuration. (3) Experimental evaluation and indications of up to
which problem sizes these methods are applicable.

The rest of the paper is organized as follows: Section 2 sketches a
small hardware configuration problem which will serve as example
for the subsequent sections. Section 3 describes how the task of re-
configuration can be modelled and solved in 2 different frameworks:
ASP and standard CSP. We compare and evaluated these techniques
in Section 4 and conclude the work with a discussion of related works
and a conclusion.

2 EXAMPLE
A small example from the domain of railway interlocking hardware
should demonstrate the dynamics of the configuration problems we
want to model and solve. Of course, real-world problems are much
larger and the object network and dependencies between the objects
are more complex and varied.

Figure 2 shows the UML diagram and represents the problem do-
main M3 (cf. Table 1). A part of configuring an interlocking system is
to create appropriate control modules for each outdoor element (e.g.,
a signal or a switch point) and to place them into the right slots of a
frame, which in turn must be inserted into a rack. At the beginning,
only the outdoor elements are known. Racks, frames and modules
must be created during solving. In our example tracks require mod-
ules of type ’ModuleA’ and signals require modules of type ’Mod-
uleB’.

A concrete problem instance is defined by a set of outdoor ele-
ments of different kinds (model level M2). The goal is to find the
right set and constellation of racks, frames, and modules, such that
each element is connected to exactly one module. Of course, we aim
for a minimal set of hardware. Additionally, various types of con-
straints restrict the allowed constellations. Typical examples of such
constraints are: Some types of models should not be mixed within a
frame. Certain types of modules must not be mounted on neighbour-
ing places in the frame.

It shall be noted that for a concrete problem instance on model
level M2, it is not known beforehand how many racks, frames, and
modules are needed for a valid solution on model level M1. This is
why such kinds of problems are called dynamic problems in contrast
to static problems.

3 Approach
According to Fig. 1, inputs to the reconfiguration solver are the prob-
lem descriptions M3’ and M2’, and the legacy configuration M1’.

Figure 2. Problem domain model (M3) of a hardware configuration
problem example.

Output is M1” which should be consistent w.r.t. M3’ and M2’ and as
close as possible to M1’.

The basic of idea of our reconfiguration approach is to influence
a solver to search in the neighbourhood of the legacy configuration.
This is achieved by defining a heuristic for the solver to choose for
every decision the same value that has been used in the legacy con-
figuration, whenever possible. In a way this reconstruct the search
tree which was built creating the legacy configuration. Deviations
from that search tree should only happen when previously consistent
choices are inconsistent now.

Our approach will perform poorly, if there is no consistent con-
figuration close to an inconsistent legacy configuration. But the ap-
proach will perform well if only a small percentage of the overall
configuration is modified during reconfiguarion, which is the case in
most reconfiguration scenarios in practice especially for large con-
figurations. E.g., from our experience in the rail automation domain,
most system modifications are only very local changes in the outdoor
installation.

To show that our approach is applicable to different solving
paradigms we implemented it in two standard AI technologies, an-
swer set programming (ASP) and constraint satisfaction (CSP).

For the ASP implementation we used Potassco’s clingo which
allows to define domain specific heuristics within ASP with a special
predicate heuristic. With this predicate the solver can be influ-
enced to prefer certain atoms during solving. By giving the legacy
configuration as preferred heuristic facts we achieve a kind of replay
of the original configuration. Details are described in Chap. 3.1.

CSP systems often are more open to adaptations of the search pro-
cedure than ASP solvers. For our experiments, we used Choco which
allows to plug in your own variable and value ordering heuristics
used during backtrack search. We wrote variable and value ordering
heuristics which prefer the decisions of the legacy configuration. De-
tails are described in Chap. 3.2.

We chose Potassco and Choco for our experimental implemen-
tations because they are well recognized implementations of ASP
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and CSP technology. Potassco is very fast and regularly wins com-
petitions. Choco is a standard constraint solver in Java. Most likely
there are CSP systems with better performance, but we belief that all
solvers based on a backtracking scheme suffer from the same funda-
mental behaviour of sometimes running into heavy backtracking as
shown in our evaluation (cf. Sec. 4).

3.1 Answer set programming
ASP is a declarative problem solving approach, which originated in
the area of knowledge representation and reasoning [10]. To imple-
ment our approach we used the Potassco ASP implementation [12]
and our OOASP framework [16]. OOASP provides special predicates
for describing object-oriented knowledge bases in ASP. Our running
example can be declared in OOASP as follows:

ooasp_class("hw","Rack").
ooasp_class("hw","Frame").
ooasp_class("hw","Module").
ooasp_class("hw","ModuleA").
ooasp_class("hw","ModuleB").
ooasp_class("hw","Element").
ooasp_class("hw","Track").
ooasp_class("hw","Signal").

ooasp_subclass("hw","ModuleA","Module").
ooasp_subclass("hw","ModuleB","Module").
ooasp_subclass("hw","Track","Element").
ooasp_subclass("hw","Signal","Element").

ooasp_assoc("hw","Frame_modules",
"Frame",1,1,
"Module",0,5).

ooasp_attribute("hw","Module",
"position","integer").

ooasp_attribute_minInclusive("hw","Module",
"position",1).

ooasp_attribute_maxInclusive("hw","Module",
"position",5).

ooasp_assoc("hw","Module_element",
"Module",1,1,
"Element",1,1).

ooasp_assoc("hw","Rack_frames",
"Rack",1,1,
"Frame",0,4).

In a similar manner the predicates ooasp isa,
ooasp attribute value and ooasp associated are used to
define (partial) configurations i.e. instantiations of the object-model.

One standard reasoning task of OOASP is to complete a partial
configuration i.e. to add components to the partial configuration until
all constraints of the knowledge base are satisfied. For example given
a partial configuration consisting only of one track (represented by
the fact ooasp isa(”c”, ”Track”, ”A1”)), completing a configura-
tion will return all configurations containing one track, with at least
one module of type A, one frame and one rack.

3.1.1 Heuristic reconfiguration

Given an inconsistent legacy configuration the default reconfigura-
tion reasoning task in OOASP finds a valid configuration that is
cheapest in terms of some user defined cost function. The costs can

be either domain-specific or cardinality based. The cardinality based
cost function simply counts the difference (in number of facts) of the
legacy configuration and the reconfigured configuration. This default
reconfiguration task in OOASP is implemented using ASP optimiza-
tion statements. Unfortunately it has a bad performance for large
problem sizes due to the large number of possible configurations.
This was one of the motivations for developing a novel approach to
reconfiguration with OOASP based on heuristics.

Heuristic reconfiguration for OOASP de-
scribed in this paper uses the special predicates
heuristic(ATOM,TRUTHV ALUE,LEV EL) from

[11] to express heuristics in ASP . If during search
heuristic(ATOM,TRUTHV ALUE,LEV EL) can be

derived and LEVEL > 0 then the ASP solver will prefer setting
atom ATOM to TRUTHVALUE, if given a choice. With the heuristic
predicates the order in which solutions (answer sets) are found can
be influenced. It does not affect the set of found solutions.

To implement our heuristic approach we add the facts
describing the legacy configuration as heuristics facts
heuristic(FACTFROMLEGACY, true, 1) to the ASP

program and run the default OOASP configuration task with this
heuristic information. This way the ASP solver is expected to
find configurations that are close (cardinality based) to the legacy
configuration first.

For example given the heuristic information below the ASP solver
will try to assign track A1 first to the module M1 and set its position
to 4.

% user supplied fact
ooasp_isa("c","Track","A1")
% legacy configuration converted to heuristic
_heuristic(
ooasp_isa("c","ModuleA","M1"),
true,1).

_heuristic(
ooasp_attribute_value(

"c",
"position",
"M1",4),

true,1).
_heuristic(
ooasp_associated(

"c",
"Module_element",
"M1","A1"),

true,1).
...

3.2 Constraint satisfaction
The encoding of a dynamic problem with a standard constraint for-
malism (like MiniZinc2 or Choco3) makes it necessary to define a
maximum number of instances of each object type. If, e.g., we allow
at most 5 racks for our example problem in Section 2, the maximum
numbers of instances for the other types can be computed by cardi-
nality propagation: 20 frames, 320 modules and 320 elements. For
complex networks of classes, this cardinality propagation is not triv-
ial [4].

We briefly sketch here the CSP encoding of configuration prob-
lems we used in our implementation. We use a pseudo code notation,

2 http://www.minizinc.org/
3 http://choco-solver.org/
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which could directly be translated to a concrete CSP notation (e.g.
Choco). To represent the instances of a class, we use an array of
boolean variables representing which element is actually used in a
solution and which not. E.g., let r be that variable array for the class
Rack. nr be the maximum number of racks.

ri ∈ {0, 1}, ∀i ∈ {1, ..., nr}

The following symmetry breaking constraints states that unused
instances are always in the rear part of the array:

ri = 0→ rj = 0, ∀i,j ∈ {1, ..., nr}, i < j

Attribute encoding is straight-forward. For each possible in-
stance of a class, a CSP attribute variable is used. E.g., attribute
modulePos of modules is represented by the variable array mp
(let nm be the maximum number of modules):

mpi ∈ {−1, 1, ..., 16}, ∀i ∈ {1, ..., nm}

We provide a special attribute value (-1 for mp) for attributes
of unused components. The following constraint states that unused
components must have this special value, and used components must
have a value from the regular domain of the attribute.

mi = 0↔ mpi = −1, ∀i ∈ {1, ..., nm}

The interesting part of the model is the encoding of associations.
A very general approach is to represent each association by a ma-
trix of boolean variables on the instances of the two involved classes.
A matrix entry mij = 1 means that object with index i is associ-
ated to object with index j. This representation needs a lot of CSP
variables and makes the formulation of consistency constraints on
associations quite intricate, causing low solving performance. An-
other approach [7] models association links as ports; an object has
n association variables, where n is the maximum cardinality of the
association.

We use a simpler representation: For a 1:n-association, we use a
variable array on the n side of the association. Each such variable
points to the associated object, or has value -1, if not connected. Ex-
ample: The association

Rack Frame
1

0..4

is represented as an integer variable fr for each frame:

fri ∈ {−1, 1, ..., nr}, ∀i ∈ {1, ..., nf}

The special value -1 is used if a frame is not associated to a rack
at all. This special value is also used for unused frames.

fi = 0→ fri = −1, ∀i ∈ {1, ..., nf}

Additional consistency constraints are needed to rule out invalid
association constellations. Each used frame must be connected to a
rack:

fi = 1→ fri ∈ {1, ..., nr}, ∀i ∈ {1, ..., nf}

Frames can only be connected to used racks:

fri ≥ 1→ rfri = 1, ∀i ∈ {1, ..., nf}

Only up to 4 frames are allowed in a rack:

| {frj | j ∈ {1, ..., nf }, frj = i } | ≤ 4, ∀i ∈ {1, ..., nr}

Example for a constraint on attributes and associations: All mod-
ules in a frame must have different module positions:

mfi = mfj∧mfi ≥ 1→ mpi 6= mpj , ∀i,j ∈ {1, ..., nm}, i < j

It should be noted that such object-constraint mapping on dy-
namic problems (where the number of instances in a solution is not
known beforehand) has many disadvantages: (1) The representation
of objects as a flat set of constraint variables is very unnatural and
hard to read, debug, and maintain. This can be mitigated by an
automatic translation from objects to constraints. (2) A maximal set
of possible object instances must already be provided at problem
formulation. Decisions on maximum values are in general not easy;
too few objects could rule out possible solutions; too many objects
blows up the problem size. (3) Current constraint solvers (mainly
based on backtracking) are very sensitive to changes. Small changes
in the variable structure or of the constraints could hugely influence
solving performance, which makes a repeated tuning of the variable
and value ordering heuristics necessary. (4) The representation of
associations is crucial. A simple representation, as described above,
does not directly support n:m associations and ordered associations.
More elaborate encodings are difficult to handle in terms of con-
straint formulations, and often impair performance. (5) Modelling
of inheritance additionally increases representation complexity. (6)
Attributes of more complex types, like reals, multi-valued variables,
or strings, are often not supported at all in constraint systems.

To formalize reconfiguration in terms of standard CSP, we first
need to define a metric to have a notion of the distance between
a legacy configuration and a reconfigured solution. Let (V,D,C)
be a CSP with variables V , their domains D, and constraints C.
An assignment is a tuple (v, d), v ∈ V , d ∈ Dv , represent-
ing the assignment of value d to variable v. Let A be a set of
assignments. vars(A) is the set of variables in A: vars(A) =
{v | (v, d) ∈ A}. vars(A1, A2) is the set of variables both in A1
and A2: vars(A1, A2) = {v | v ∈ vars(A1), v ∈ vars(A2)}.
diff(A1, A2) is the number of assignments with different values on
the common variables in A1 and A2:

diff(A1, A2) = | {v | v ∈ vars(A1, A2),

(v, d1) ∈ A1, (v, d2) ∈ A2, d1 6= d2} |

diff defines a simple metric on the space of all assignment sets of
a CSP. The CSP reconfiguration problem can now be simply defined
as follows: Let (V,D,C) be a CSP. Let A be an assignment on V
or a subset on V . A is potentially inconsistent w.r.t. the constraints
C. A reconfiguration A′ is a consistent assignment on the variables
V (i.e., A′ is a solution of the corresponding CSP) which minimizes
diff(A,A′).

Reconfiguration can be simply implemented by slightly changing
the backtracking search procedure. We can’t start with the legacy
configuration (a variable assignment), because it is potentially incon-
sistent and standard backtracking would stop with output failure
immediately. But we could solve the problem from scratch and use
the legacy configuration to guide expanding the search tree. Each
time when a value for the current variable is selected, the value of
the legacy configuration - if an assignment tuple for that variable is
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part of the legacy configuration - is preferably chosen. Of course, if
that value is inconsistent with the current constellation, an alternative
value is taken. But basically, the legacy configuration is replayed, and
changes are made only because of inconsistent states. The result is a
consistent configuration which is very similar to the legacy configu-
ration, which is exactly what we want - we want minimal reconstruc-
tion of the system in the field.

A brief note on our implementation: We used the constraint solver
Choco V3.2.2 to represent and solve configuration problems (as de-
scribed in the first part of this subsection) and replay-based reconfig-
uration. Choco allows to plug in your own value selector by imple-
menting the interface IntValueSelector. With only a few lines
of code, we extended the standard value selector of Choco by pre-
ferring the values stored in a given legacy configuration. If a legacy
value for the current variable is not available or inconsistent, standard
Choco value selection is used.

Advantages: (1) This method is light-weight, i.e., no additional
modelling concepts (like cost functions) are needed. Changes in the
existing backtracking search procedures are minimal. (2) Most of the
existing backtracking algorithms (intelligent backtracking, etc.) and
variable and value ordering heuristics can still be used with only min-
imal adaptations. (3) Replay-based reconfiguration can be applied
to inconsistent configuration fragments, which is not the case for
standard backtracking and consistency algorithms. (4) The method
is complete (a solution is found, if one exists).

Disadvantages: (1) It is not guaranteed, that a solution with mini-
mal changes is found. The quality of the solution depends on the vari-
able/value ordering heuristics used. Nevertheless, results of our pro-
totypical implementation have shown, that the reconfiguration solu-
tions are often the optimum or very close to the optimum. (2) Replay-
ing an inconsistent configuration may lead search into inconsistent
branches which may heavily impair performance. (3) The approach
is suited only for domains where a cardinality based cost function is
applicable, e.g. homogeneous hardware configuration problems.

4 EVALUATION

We did experimental evaluations on our ASP (cf. Section 3.1) and
CSP (cf. Section 3.2) implementations using randomly generated
problem instances for the example problem domain sketched in
Fig. 2. We ran the tests on a standard Windows 7 machine with a
Intel dual-core i5 CPU and 8 GB RAM. We used clingo V4.4.0 from
the Potassco suite for the ASP implementation, and Choco V3.2.2
for the CSP implementation.

It should be mentioned that we intentionally didn’t use a high-
performance hardware setting and we did not do any coding opti-
mizations. Of course, ASP and CSP experts could find encodings
which would perform better, but we wanted to test if AI techniques
like ASP and CSP could be used by engineers with just standard
skills in these techniques.

The input values for our HW configuration problem are the num-
ber and types of Elements. We generated randomly a set of in-
put problem instances, solved them, made random changes to the
solutions and applied the heuristic replay-based solvers (both ASP
and CSP) to solve the reconfiguration problem. We measured solv-
ing time, memory consumption, and quality of the reconfiguration
solution (i.e., how close is the result to the original configuration).

It should be mentioned that integration of reasoning functionality
into our configuration infrastructure – an object-oriented data model
and environment implemented in Java – was easier with Choco than
with clingo, because Choco provides a Java API.

4.1 Performance: Time
Figures 3 and 4 show the solving time results for our ASP and CSP
implementations. The x-axis shows the different problem sizes in
terms of number of Elements. Note that the number of objects
in a configuration solution is far higher than these values, because all
the HW elements (racks, frames, modules) and internal variables are
created during solving. The y-axis shows the solving execution time
in seconds. For ASP, this is the sum of grounding and SAT solving
time.

We incremented the problem size, i.e. the number of Elements,
in steps of 10. We generated 40 different configurations per problem
size, modified them randomly and solved the reconfiguration prob-
lem. Black circles in the plots are the measured times for each run.
Blue squares are the mean runtime values for that problem size. Red
triangles indicate timeouts (time > 2 minutes).
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Figure 3. ASP solving times.
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Figure 4. CSP solving times.

We made the following interesting observations:

• ASP is much more robust than CSP. For problems up to a size of
ca. 90 Elements ASP finds a solution in a well predictable time.
In contrast, CSP often needs a lot of time even for small problems
and very often runs into timeout.

• Consequently, the sizes of problems where ASP finds a solution in
acceptable time is also well predictable. In our test environment,
ca. 100 Elements are the upper limit for ASP.

• CSP is much more sensitive to the input problem constellation. If
the backtracking procedure makes invalid choices in the first part
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of the search tree, backtracking gets out of hand. This is why CSP
runs very often into timeout even for small problem sizes. In cases
without or with little backtracking, CSP is very fast, even for large
problems.
If one is willing to tune the variable and value ordering heuristics
for her/his specific problem instance, CSP can solve much bigger
problems than ASP very efficiently. The key is to avoid backtrack-
ing.

• The variance of runtime continuously grows with problem size
for ASP. This is not the case for CSP. If CSP manages to solve the
problem, it can do it most of the time very quickly. For the solvable
problem sizes, there is rarely a difference in the CSP runtimes
depending on the size of the input variables.

4.2 Performance: Memory
For all the test cases, we also measured indicators for memory con-
sumption (cf. Fig. 5). For ASP, we used grounding size in MBytes.
For CSP, we counted the number of CSP variables used. Note that,
aside from user-defined variables (cf. Section 3.2), Choco creates a
lot of additional, internal variables. Of course, grounding memory
size for ASP and numbers of variables in CSP cannot be compared
directly, but they give good indicators about the memory growth rate
depending on the input configuration size.
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Figure 5. (a) ASP grounding memory size. (b) CSP number of variables.

Not surprisingly, memory of both ASP and CSP grows with ac-
celerated speed depending on the problem size. ASP grows with a
slightly higher rate. Not only in the context of reconfiguration, ASP
often shows its limits at grounding. Most of the execution time and a
big amount of memory is used for grounding.

To give estimations of consumed memory for CSP is a bit more
subtle. As shown in Fig. 5(b), we used the number of variables as
memory indicator. A rough memory profile using Choco’s statistics
functionality has shown, that for 100,000 variables ca. 20 MByte
RAM is consumed (for the cases without heavy backtracking). This
means that CSP’s footprint is roughly 20 times smaller than ASP’s
footprint.

4.3 Performance: Quality
To evaluate the quality of a reconfiguration we measured the distance
of the original, legacy configuration to the reconfigured solution. We
used a graph-based difference metric counting the differences in the
rack/frame/module constellation of the legacy configuration to the
reconfiguration.

The first and simplest case is to provide a legacy configuration
which is already consistent. This means that a reconfiguration should

reproduce the legacy configuration without any changes. Both ASP
and CSP did this in many test cases of various sizes.

The more interesting case is a legacy configuration which is in-
consistent to the problem description. For each problem size (start-
ing from 10 Elements up to 80 Elements in steps of 10), we ran-
domly modified up to 20% of a valid configuration. For each problem
size, we did 40 different tests.
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Figure 6. ASP and CSP reconfiguration quality.

The results are shown in Fig. 6. ASP most of the time finds so-
lutions of high quality. In fact, for smaller problem sizes we could
manually verify that ASP nearly all the times finds the optimal solu-
tion. With CSP, the mean distance to the legacy configuration is a bit
higher than with ASP, but has an acceptable quality on most of the
cases.

4.4 Evaluation Summary

Table 2 gives a summarized comparison of our ASP and CSP re-
configuration encodings and the results of our experimental evalua-
tions. For solving placement problems like our hardware example,
there is no clear winner. If the problem is of moderate size, ASP
provides a sound, predictable and easy-to-use reasoning functional-
ity. For larger problem, CSP may be better, but probably additional
coding is needed for tuning search.

5 RELATED WORKS

Related to our work presented in this paper are all techniques for
finding a valid reconfiguration for a given, possibly inconsistent con-
figuration (fragment). The main research approaches are:

Repair-based approaches. Repair-based approaches aim for find-
ing diagnoses and repairs to conflicting requirements or con-
straints [5]. Usually, methods from model-based diagnosis are used
(e.g., minimal hitting sets). Repair-based approaches are mainly stud-
ied in the context of recommender systems [6]. These approaches are
complete, they are based on a clean, formal theory, and they typically
take user needs into account. Those repairs are in favour which may
be of most usefulness for the user. When applied in a configuration
context based on consistency and search algorithms, repair-based
methods introduce additional reasoning techniques which must be in-
tegrated into the configurator framework. Our heuristic, replay-based
approach uses conventional solving techniques with slight modifica-
tions for reconfiguration.
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Minimization of modification costs. The basis of these approaches
is the definition of cost functions for the different modification op-
erations [9]. Reconfiguration is then finding a valid modification
of the configuration which minimizes the sum of all modification
costs. Such techniques have been, e.g., intensively studied in the re-
search project RECONCILE4. The possibility of defining elaborate
cost functions for configuration modifications along with a complete
optimization search procedure (in [9], based on ASP) is a great ad-
vantage for applications where modifications in the field are expen-
sive. But this comes at the price of considerable additional modelling
concepts for cost functions and often declined solving performance.
Compared to that, our approach is light-weight in the sense that no
additional modelling is necessary, and most of the advanced back-
tracking algorithms with only minimal adaptations are applicable.

Table 2. Comparison of ASP and CSP reconfiguration modelling and
behaviour.

ASP CSP

Robustness High
Predictable

Low
Very sensitive to input con-
stellation and problem for-
mulation

Performance Good for small problem
sizes
Does not scale for larger
problems

Very good, if no or little
backtracking, else timeout
Probability of timeout
grows with problem size

Memory
footprint

High (grounding!) Low

Solution
quality

Very good
Most of the time the opti-
mum or close to the opti-
mum

Never better than ASP, but
most of the time acceptable

Integrability Typically, ASP systems are
not as easy to integrate into
a Java environment as CSP
systems.
The ASP solvers Potassco5

and Smodels6 provide C++
libraries, DLV7 recently
provided a Java interface
(JDLV8).

Many CSP solvers sup-
port APIs to programming
languages like Java (e.g.
Choco9, JaCoP10) or C++
(e.g. Gecode11, Minion12).

Problem
encoding

Favoured is an automatic
transformation from the
object-oriented problem
description to ASP. Direct
ASP encoding is also
possible, because ASP has
a compact syntax and is
readable.

Direct encoding of an
object-oriented data model
with a CSP system is quite
intricate and error-prone.
Automatic transformation
is highly recommended.

Local search methods. The main alternatives to backtracking-like
search are so-called heuristic (or local) search strategies which try

4 http://isbi.aau.at/reconcile/
5 http://potassco.sourceforge.net/
6 http://www.tcs.hut.fi/Software/smodels/
7 http://www.dlvsystem.com/
8 http://www.dlvsystem.com/jdlv/
9 http://choco-solver.org/
10 http://www.jacop.eu/
11 http://www.gecode.org/
12 http://minion.sourceforge.net/

to find solutions in a hill-climbing manner (e.g. greedy search algo-
rithms, genetic algorithms). In the context of product configuration,
Generative CSP (GCSP) is an extension of standard CSP and has
been introduced in [8] for large, dynamic configuration problems. In
GCSP, mainly local search techniques - repair-based local search -
are used because no fast complete search methods are available yet
for dynamic systems. Repair-based local search tries to find local
modifications of an inconsistent or incomplete configuration. Thus,
this technique intrinsically can deal with inconsistent configuration
(fragments). Complex, dynamic problems can be modelled in a very
natural way using object-oriented concepts. The main disadvantage
of local search methods is that they are incomplete – they may get
stuck in a local optimum during search and may not find a solution,
even if one exists. Compared to that, our approach is complete, be-
cause it is based on an exhaustive tree search (backtracking).

Rule-based approaches. Especially in model-driven engineering,
a lot of research in model synchronization has been done and is still
on-going. Correspondences between two models are defined as trans-
formation rules, describing how values from one model are mapped
to another model. Examples of such systems are triple graph gram-
mars [13] or JTL [2]. Model synchronization (corresponding to re-
configuration in our definition) is done by triggering the transforma-
tion rules. Applying such methods to a reconfiguration problem in
product configuration means that all necessary types of modification
operations for transforming an invalid configuration to a valid one
must be specified explicitly. Our heuristic, replay-based approach
does not need any additional knowledge like transformation rules.
Reconfiguration is guided by a legacy configuration and a declara-
tive problem specification (models M3 and M2 in Tab. 1).

Common to all these approaches – at least to a certain degree –
is that reconfiguration actions are modelled on a declarative level.
The specification of potential modification operations and reconfig-
uration reasoning are separated. Another approach used in industry
(e.g. in factory facilities, steel plants) is to offer upgrade or modern-
ization packages. There the focus lies on finding and recommending
modernization packages which are appropriate to add functionalities
to a system in the field.

6 CONCLUSION AND FUTURE WORK

There is no standard way of doing reconfiguration for product con-
figuration especially for large problem sizes. In this paper we showed
the implementation of a heuristic approach to reconfiguration us-
ing standard solving techniques and the applicability up to moder-
ate problem sizes. The main challenge for using these techniques in
an industrial setting are grounding size and solving time. Ground-
ing size typically can be influenced by finding a better encoding or
by problem decomposition. Solving time is also influences by the
encoding of the problem and by finding the right heuristic for the
domain.

Because of the heterogeneous nature of the constraints in prod-
uct configuration coming up with a good encoding and heuristics for
a problem is currently as much an art as a science and requires an
experienced knowledge engineer. Also it requires experiments with
different solving paradigms as SAT, ASP, CSP, MIP etc. Therefore
we welcome the further integration of AI and OR solving techniques
that have taken place in the last years as we believe there will not be
THE solving technique for product (re-)configuration in the foresee-
able future.

For the future we plan to further study and improve heuristic re-
configuration solving techniques and to apply them to fields beyond
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product configuration. As we have seen in our experiments, CSP
solving – though it is very fast and produces good results if it doesn’t
fall into a heavy backtracking trap – currently isn’t robust enough to
be applied in an industrial environment. We believe that the integra-
tion of additional heuristics which are automatically derived from the
problem domain or techniques like lazy clause generation [17] will
fix this problem of poor robustness. Also the integration of CSP and
ASP (CASP [1]) looks promising.

Interesting fields beyond product configuration, where reconfigu-
ration methods could be applied, are:

• Production configuration: With the increasing demand for indi-
vidualized products, the need for flexible production processes,
modular factories and intelligent production infrastructures is also
increasing. Factories of the future are generic production facili-
ties, that can be easily adapted to the needs of the product to be
manufactured [3]. This means, before the factory can manufacture
products of a product line, it has to be physically reconfigured for
the specific production setting. This includes reconfiguration of
the cyber-physical components of the factory [15], and therefore
the need for fast, flexible and robust reconfiguration technologies.

• Model synchronization: In model-driven engineering, model syn-
chronization is the task of finding a mapping between overlap-
ping concepts of two different models. Typically, the overlaps of
the two models are described as a correspondence model, includ-
ing constraints which define the dependencies and interactions be-
tween the models. This situation can be seen as a reconfiguration
problem: Given are two models (e.g., configuration instances of
two different configuators) which have been changed in the course
of a new system version, and a correspondence model. The recon-
figuration problem is now to find changes in the two evolved mod-
els which are (a) consistent to their domain model, (b) consistent
to the correspondence model, and (c) as close as possible to the
original models.

• Case-based reasoning: In case-based reasoning, a database of so-
lutions from previous problems are used to find a solution to a new
problem [18]. Usually, no perfectly fitting solution could be found,
but one which solved a similar problem. We think that our heuris-
tic, replay-based reconfiguration procedures could be applied to
the reuse/revise phase of case-based reasoning: To solve a new
problem try to rebuild the configuration of a solved problem.
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Arc Consistency with Negative Variant Tables
Albert Haag1

Abstract. In this paper I discuss a fundamental difference between
positive and negative variant tables (tables listing excluded combi-
nations) from the viewpoint of a modeler. I provide an approach to
achieving arc consistency with negative tables that can be integrated
into an existing configurator that already implements methods for
arc consistency. I also provide a simple necessary condition to test
whether a further restriction of given domains is possible using a neg-
ative table. As a positive table is equivalent to a negative table repre-
senting the complement, this condition test also applies for positive
tables that have a small complement. I refer to this process as double
negation. A prototypical implementation in Java exists that covers
the work described both here and in [6]. I present aggregated results
of applying double negation to variant tables from real product test
data in [6]. This also validates the overall functional correctness of
the entire approach.

1 Introduction
Tabular data are an important element of product configuration mod-
els. In the context of the SAP Variant Configurator - SAP VC [3] a
table that lists valid combinations of product properties is referred to
as a variant table. The number of columns of a variant table is called
its arity. Each column of the table is mapped to a product property,
e.g., Color.

The simplest form of a product model is just as one single variant
table. The term variant table derives from this. Table 1, below is
an example of a variant table that completely describes the model
of a configurable t-shirt by listing all variants. The t-shirt has three
properties Color, Size, and Print2. Given the values that appear in
the table3 it is evident that 11 of possible 24 combinations have been
selected as valid for configuration. I expand on this model in Section
3.

Now, SAP customers have long requested the ability to also main-
tain tables of disallowed (excluded) combinations of product proper-
ties. These would be called negative variant tables.

Whereas, a positive table implicitly defines a bound on the overall
(global) domains of the associated properties4, this is different for a
negative variant table. There are at least two interpretations of the
motivation for maintaining a negative table:

1. The persons maintaining a negative table are aware of overall
(global) domains for the affected product properties. The negative
form of the table is merely chosen as shorthand for maintaining
the complement of an otherwise very large positive table.

1 SAP SE, Germany, email: albert.haag@t-online.de
2 The example is taken from [1]. I use and extend it both here and in [6]
3 I have kept the shorthand codes of MIB (for “Men in Black”) and STW

(for “Save the Whales”) used in [1]
4 That is to say, for a positive table a value that does not occur in a particular

table column can be removed from the domain of the property associated
with that column

Table 1. Variant table for a simple configurable t-shirt

Color Size Print
Black Small MIB
Black Medium MIB
Black Large MIB
Black Medium STW
Black Large STW
Red Medium STW
Red Large STW
White Medium STW
White Large STW
Blue Medium STW
Blue Large STW

2. The persons maintaining the table are expressing exclusions com-
pletely independently of any thought of what the affected property
domains might be.

One obvious way of dealing with negative variant tables that per-
tains to the first case is to provide support for complementing the ta-
ble with respect to global domains of the product properties at main-
tenance time5. Note that it is not possible to calculate the complement
to the global domains if these are unconstrained6.

I shall focus on the second case as requests by SAP customers
clearly indicate this setting. Then, it is not legal to complement a
negative table at maintenance time with regard to the global domains
even if these are finite, because they may change after the table was
maintained. The table may have its own update cycle and should,
therefore, not need to be touched each time a global domain changes.

In knowledge-based configuration variant tables function as table
constraints. The extensional form of a table constraint (explicitly list-
ing all tuples of values implied by the table) closely corresponds to
the relational form of a variant table (directly storing the variant ta-
ble transparently in a relational database7). Each value aij (where i
is the index of the row, and j is the index of the column) that occurs
in a table cell states a Boolean proposition pij that the corresponding
mapped property vj is assigned to that value (pij |= (vj = aij)).
In this case, a row ri in the variant table directly maps to a tuple
of propositions τi in the associated table constraint representing the

5 If the challenge lies in the large size of the positive variant table, offering
maintenance of the table directly in a compressed format is another option.
Compressions of Table 1 are depicted in [6]. For the SAP VC some support
is provided for complementing tables at maintenance time and maintain-
ing tables in non-extensional form, i.e., with cells containing non-atomic
entities such as real-valued intervals or sets of values

6 Unconstrained domains are not that common in traditional business settings,
but they do occur. For real-valued numeric properties the global domains
may often be (bounded/unbounded) continuous intervals

7 In this case, the table cells will contain only atomic values (Strings or num-
bers)
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conjunction of its elements, i.e., for fixed row index i and arity k
ri = (ai1, . . . , aik) and τi = (pi1, . . . , pik) |= pi1 ∧ . . . ∧ pik.

A central form of constraint evaluation is propagation to achieve
arc consistency, which removes any values from the current domains
of the properties constrained by the variant table that are not sup-
ported in the intersection of the table with these domains. This is a
proven way in practice to limit the choices available to the user in
interactive configuration. I refer to this simply as constraint propaga-
tion in the sequel8.

In this paper, I do not propose an own algorithm for constraint
propagation with negative tables9. Rather, I assume that a configura-
tor will already implement constraint propagation for positive tables,
but it may not implement a corresponding algorithm (such as [9]) for
negative table constraints10.

A tuple representing a disallowed combination of propositions
(p1, . . . , pk) in a negative variant table of arity k allows k obvious
inferences:

pj1 ∧ . . . ∧ pjk−1 → ¬pjk (1)

These could be applied at run-time if and where the configurator sup-
ports it, e.g., where it is possible to remove a value from a domain in
a way that can be represented in the configurator11.

In this paper, I characterize what can be achieved using pre-
existing means of constraint propagation beyond (1) with negative
tables that are maintained independently from the global domains
for the mapped properties. I give a condition that can be tested during
evaluation to determine if further restrictions via constraint propaga-
tion are possible (Section 4). The condition states that at least all but
one of the domains must be sufficiently restricted in order to achieve
further filtering with the negative variant table. In a way, this general-
izes (1), which states that an inference is possible if all but one value
assignments are known.

The condition test rests on the fact that the solution set of a nega-
tive variant table with arity k can be easily decomposed at run-time
into k + 1 disjoint parts, of which k are in the form of Cartesian
products (referred to as c-tuples in Section 2.2). This decomposition
is one of the results presented in this paper and applies independently
and on top of the methods implemented in the configurator for arc
consistency.

A positive variant table can be transformed into a negative one by
negating (complementing) it. When processing this negative table the
table is logically negated again, yielding an identical solution set, but
not an identical structure to the original table. I refer to this as double
negation, and discuss it as one possible approach to compression in
Section 5. Otherwise, compression of variant tables is a topic I deal
with in [6].

I distinguish between information known to the modeler at the
time the variant table is maintained (maintenance-time) from infor-
mation known when configuring the product (run-time). Some cal-
culations can already be performed at maintenance-time, others best

8 I am only concerned with the propagation on each table constraint individ-
ually. The question of how to achieve overall arc consistency and how to
resolve inconsistencies is up to the methods pre-implemented in the con-
figurator. The SAP VC, for example, does not backtrack, but performs con-
straint propagation via forward filtering

9 The implementation is part of a prototype for exploring the compression
approach in [6]. This also handles negative variant tables, and thus an own
approach is implicit in that context

10 If it does implement such an algorithm, then the algorithm itself implicitly
involves calculating the complement to the domains known at run-time

11 This will not be the case when the run-time domain is unconstrained,
but then all methods of dealing with negative tables referred to cannot be
meaningfully applied

at run-time. It is important that run-time operations do not impede
the overall performance of the configurator. Maintenance-time oper-
ations should be performant as well, but this is less critical.

In Section 2, I introduce the notation and some formalisms. Sec-
tion 3 uses the product model of a t-shirt taken from [1] (Table 1) to
illustrate the concepts. As already mentioned, Sections 4 and 5 deal
with deriving the necessary condition test and with double negation,
respectively. In Section 6, I comment on the status of the implemen-
tation. I conclude with some further observations in Section 7.

Finally, a disclaimer: While the motivation for this work lies in my
past at SAP and is based on insights and experiences with the prod-
uct configurators there [3, 5], all work on this paper was performed
privately during the last two years after transition into partial retire-
ment. The implementation is neither endorsed by SAP nor does it
reflect ongoing SAP development.

2 Framework

My scope here is restricted to the problem of constraint propagation
with negative tables. I construct a framework for this that is based on
operations with sets. After an overview of the basic framework, I de-
fine the relevant sets in Section 2.1, and present the actual framework
I use for negative variant tables in Section 2.2.

A variant table T is characterized as follows: its arity expresses
how many columns it has. The columns are indexed with j : 1 ≤
j ≤ k, where k is the arity. Each column is mapped to a product
property, vj . I assume T to be in relational form, i.e., each table
cell contains an atomic value (a string or number). Variant tables that
allow intervals or wild cards in cells are not directly representable in
relational form. Many of the results here could be extended to cover
this case, but I consider it out of scope here.

I view a variant table T in its role as a constraint only12. In the
language of constraints the product properties mapped to the columns
of the variant table are the constraint variables. I continue to refer
to them as product properties. The assumed relational form of the
variant table simplifies the correspondence between a table cell aij
(where i is the index of the row, and j is the index of the column) and
a value assignment vj = aij . Thus each row directly corresponds
to a value assignment tuple (v1 = a1, . . . , vk = ak). In its role
as a constraint, each row in T expresses a k-tuple of valid value
assignments.

Each product property, vj , has a domain. The domain known at
maintenance-time for vj is called the global domain, Ωj , which
may be unconstrained (infinite) if unknown (or otherwise infinite
as would be the case for a continuous interval). For negative vari-
ant tables, I treat global domains as unconstrained, as discussed in
Section 1. I refer to a domain known at run-time for vj as a run-time
restriction, Rj , even if it also unconstrained or infinite.

I assume that the configurator already implements constraint prop-
agation methods for arc consistency, e.g., implements some form of
a GAC algorithm [2, 8]. As a consequence, I do not delve into the
details of any particular GAC algorithms here13.

The following example illustrates the concepts introduced so far,
albeit for a positive variant table. Examples for negative variant tables
are constructed in Section 3.

12 In the SAP VC configurator variant tables are also used in procedural
fashion, e.g., in “rules”

13 If the configurator also already implements some form of arc consistency
with negative table constraints such as [9], the basic approach will still
apply. I shall indicate what differences must then be observed in the appro-
priate places, below
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Example 1 Table 1 is a positive variant table of t-shirt variants.
Looking at this table, the global domains are

• {Black,Blue,Red,White} for the product property “Color”,
denoted by v1

• {Large,Medium, Small} for the product property “Size”, de-
noted by v2

• {MIB,STW} for the product property “Print”, denoted by v3

If the customer wants a red t-shirt, but specifies nothing else, then
the run-time restrictions are

• R1 = {Red} for the product property “Color”
• R2 = {Large,Medium, Small} for the product property

“Size”
• R3 = {MIB,STW} for the product property “Print”

A GAC algorithm can then further restrict the domains of the prop-
erty “Size” to {Large,Medium} and of the property “Print” to
{STW}. (There are only two rows in the table involving the color
“Red”.)

2.1 Definitions and Notation of Relevant Sets
Let T denote a variant table of arity k for product properties
v1 . . . vk. These are the product properties that are related via T as a
constraint, and the only properties to consider when looking at T in
isolation, but their existence is not directly tied to T . Let Ω1 . . .Ωk
be known global domains of v1 . . . vk. I define the solution space, Ω,
as

Ω := Ω1 × . . .× Ωk (2)

Any subset of the solutions space consisting of valid tuples defines
a constraint relation on v1 . . . vk. In particular, ST , the set of valid
tuples defined by T , is a subset of Ω. If T is in relational (extensive)
form, then ST = T for a positive table, and ST = Ω \ T for a
negative table. I refer to ST as the solution set of T . Generally, a
solution set as defined above may not be finite.

Let τ = (τ1, . . . , τk) ∈ Ω denote a tuple in the solution space.
Given any X ⊆ Ω, I define the j-th column domain of X as

πj(X) :=
⋃
τ∈X

{τj} (3)

I call πj(X) the projection of X onto the j-th component, and define
the projection or constraint propagation operator π as:

π(X) := π1(X)× . . .× πk(X) (4)

The complement of a column domain πj(X) with respect to a
run-time restriction Rj plays a central role in the decomposition in
Section 2.2. Hence, I find it convenient to abbreviate its notation as:

πj(X)
R

:= Rj \ πj(X) (5)

For notational convenience I refer to any set C ⊆ Ω that is a
Cartesian product C = C1 × . . . × Ck as a c-tuple. All of the fol-
lowing are c-tuples

• Ω itself
• π(X) the tuple of column domains for in (4)
• the tuple of run-time restrictions, denoted by

R = R1 × . . .×Rk

I refer to R as a whole as as a run-time restriction tuple

In Example 1 it can be seen that it is possible to eliminate
{Small} and {MIB} after deciding on a red t-shirt. This is the ba-
sic inference of arc consistency, which I refer to as constraint propa-
gation: filtering out values that are no-longer part of any valid tuple.

Given a run-time restriction tuple R and a variant table T with
solution set ST , then the set of remaining valid tuples is R ∩ ST .
I abbreviate the solution set SR∩S

T
by ST ,R. If T is positive, then

ST ,R = T ∩R. If T is negative, then ST ,R = R \ T .
Constraint propagation restricts the run-time restrictions Rj to

πj(R ∩ ST ).

2.2 Negative Variant Tables
For clarity, I denote a negative variant table by U . I take U to be
in relational form and have arity k. The complement of U with re-
spect to π(U) is a positive table constraint that can be calculated at
maintenance-time and depends only on U itself. I denote this com-
plement by U

U = π(U) \ U (6)

Note that U = ∅ by construction if U has only a single line, be-
cause then π(U) = U .

Given a run-time restriction tuple R, the solution set of U ∧ R
is SU,R = R \ U . This can be decomposed into two disjoint parts
(either of which may be empty, see Section 3 for examples):

SU,R = (R \ π(U)) ∪· (U ∩R) (7)

The first part (R \ π(U)) is just R with the c-tuple spanning all
values that occur in U removed. The second part then re-adds all
tuples in π(U) that occur both in U and R.

The second part (U ∩R) is just the solution set of U ∧R. As U is
a positive variant table, this can be processed by the means available
to the configurator14.

The first part (R \ π(U)) can be decomposed into k disjoint c-
tuples CU,Rj as follows (see Proposition 2):

CU,R1 = π1(U)
R
×R2 ×R3 × . . .×Rk

CU,R2 = π1(U)× π2(U)
R
×R3 × . . .×Rk

· · ·

CU,Rk = π1(U)× π2(U)× π3(U)× . . .× πk(U)
R

(8)

or more explicitly for the omitted rows 2 < j < k:

CU,Rj = (π1(U)× . . .×πj−1(U))×πj(U)
R
× (Rj+1× . . .×Rk)

Proposition 2 (R\π(U)) in (7) can be decomposed into the disjoint
union15 (8) for an arbitrary ordering of the columns.

Proof
Each CU,Rj is a subset of R by construction.

The j-th component of CU,Rj is πj(U)
R

. This is disjoint to πj(U).
So CU,Rj is disjoint to all CU,Rp ∀j < p ≤ k.
No tuple x ∈ π(U) is in any CU,Rj , because x ∈ CU,Rj ⇒ xj ∈
πj(U)

R
⇒ xj /∈ πj(U)⇒ x /∈ π(U).

14 If the configurator implements an algorithm for negative GAC such as [9],
then U need not be explicitly calculated. Processing would not be affected
for this part

15 I exclusively use the term disjoint union to refer to a union of disjoint sets
[4]. I denote the disjoint union of two sets A and B by A ∪· B, which
implies that A ∩B = ∅

83 Juha Tiihonen, Andreas Falkner, and Tomas Axling, Editors
Proceedings of the 17th International Configuration Workshop

September 10-11, 2015, Vienna, Austria



For all other tuples y ∈ R, there is at least one component with
yj /∈ πj(U). Let j∗ denote the smallest such index. Then, it follows
by construction that y ∈ CU,Rj∗ , because ∀p < j∗ : yp ∈ πp(U),

yj∗ ∈ πj∗(U)
R

, and ∀p > j∗ : yp ∈ Rp.

The decomposition (8) is meaningful, because if (R \ π(U)), the
first part in (7), does not allow further constraint propagation, then
the GAC algorithm need not be applied for U ∩R in the second part
at all. (All values in R are allowed by the first part.) I give a simple
criteria for when this is the case in Section 4. This is a necessary
precondition for a further reduction. Generally, it is easy to perform
constraint propagation on a constraint that is a c-tuple16.

3 Examples
I base my examples on the t-shirt model I introduced in Table 1. The
global domains are listed in Example 1. In a real application setting,
Table 1 would be used as the product model as is. For purposes of ex-
position here, I assume that the model evolves over time and further
colors, sizes, and prints might be added in later model updates along
with associated constraints. The restriction to the initial 11 valid tu-
ples in Table 1 implements constraints to the effect thatMIB implies
Black and STW implies ¬Small.

In this section, I use U to denote a negative variant table, and T to
denote a positive one.

3.1 T-Shirt Example: STW
The constraint STW → ¬Small in the t-shirt example can be for-
mulated as a single exclusion, yielding a negative variant table U
with one row, k = 2, v1 = Print, and v2 = Size

U =
(
STW small

)
As noted, U = ∅.
Assume that the restricted domains at run-time are just the global

domains, i.e., R1 = Ω1 (property Print) and R2 = Ω2 (Prop-
erty Size). Then, the solution set SU,R is directly given by the de-
composition (8) of the first term in (7)17. This means that π1(U) =
{STW}, π2(U) = {Small} and:

CU,R1 r = {MIB} × {Large,Medium, Small}

CU,R2 = {STW} × {Large,Medium}
(9)

The solution set is the five tuples in (9):

(MIB,Large), (MIB,Medium), (MIB,Small),

(STW,Large), (STW,Medium)

Constraint propagation does not produce a domain reduction (ver-
ifiable by inspection).

If, instead, the domain restriction for v2 at run-time is R2 =
{Small} (but still R1 = Ω1), then

CU,R1 = {MIB} × {Small}

CU,R2 = ∅ (= {STW} × ({Small} \ {Small}))

The solution set is now the tuple (MIB,Small). Constraint prop-
agation produces a domain reduction of R1 to {MIB}.
16 Constraint propagation on a solution set in the form of a c-tuple means

intersecting the c-tuple with the given run-time restriction tuple R. In a
product configuration context the values will most often be ordered. Hence,
set operations can use binary search and are relatively efficient

17 The unaffected property Color could take any value. I take this up in Sec-
tion 3.5

3.2 T-Shirt Example: MIB

The constraint MIB → Black in the t-shirt example could be for-
mulated as three exclusions against the original global domain of
the property Color yielding a negative variant table with three rows,
k = 2, v1 = Print, and v2 = Color:

U =

MIB Red
MIB White
MIB Blue


Using the global domains given in Example 1, this means that

π1(U) = {MIB} and π2(U) = {Red,White,Blue}:

CU,R1 = {STW} × {Black,Red,White,Blue}

CU,R2 = {MIB} × {Black}
(10)

It still holds that U = ∅. So the solution set is still directly given
by the first component in (7) and its decomposition in (8), and it
follows from (10) that there are five tuples in the solution set. Again,
constraint propagation does not produce a domain reduction.

If, instead, the domain restriction for v2 at run-time is R2 =
{Red,Blue} (but still R1 = Ω1), then

CU,R1 = {STW} × {Red,Blue}

CU,R2 = ∅ (= {MIB} × ({Red,Blue} \ π2(U)))

The solution set SU,R is now two tuples (STW,Red) and
(STW,Blue). Constraint propagation produces a domain reduction
of R1 to {STW}

3.3 Original T-Shirt Example in a Single Negative
Table U

In the sequel, the order of the complete set of constraint variables is
v1 = Color, v2 = Size, v3 = Print.

Let T be the variant table of the t-shirt in its original positive form
given in Table 1. T has 11 solutions out of a possible 24. Thus com-
plementing the table with respect to the global domains in Example
1 yields a negative table U with thirteen rows, k = 3, and

U =



Black Small STW
Red Small MIB
Red Medium MIB
Red Large MIB
Red Small STW
White Small MIB
White Medium MIB
White Large MIB
White Small STW
Blue Small MIB
Blue Medium MIB
Blue Large MIB
Blue Small STW


Let R1 = Ω1 (Color), R2 = Ω2 (Size), and R3 = Ω3 (Print).

πj(U) = Rj for every j, therefore all πj(U)
R

= ∅, and all CU,Rj =

∅. In this case, T = U , and the tuples in Table 1 are just the solution
set.
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3.4 Extending the T-Shirt Model
3.4.1 Extending the Global Domains

First, assume that after U in Section 3.3 has been maintained, the
global domains of the properties are extended − without adding any
exclusions (U remains unchanged)18 − as follows:

• Y ellow and DarkPurple are added to Ω1 (Color)

Ω1 = {Black,Red,White,Blue, Y ellow,DarkPurple}

• XL and XXL are added to Ω2 (Size)

Ω2 = {Large,Medium, Small,XL,XXL}

• none is added to Ω3 (Print)

Ω3 = {MIB,STW,none}

Let the run-time domain restrictions reflect the changed global do-
mains R1 = Ω1, R2 = Ω2, and R3 = Ω3. Since U is not changed,
π(U) does not change either. It still holds that

π1(U) = {Black,Red,White,Blue}
π2(U) = {Large,Medium, Small}
π3(U) = {MIB,STW}

Hence, U is not changed either (still equal to Table 1), and with

π1(U)
R

= {Y ellow,DarkPurple}

π2(U)
R

= {XL,XXL}

π3(U)
R

= {none}

(8) now yields

CU,R1 = {Y ellow,DarkPurple} ×R2 ×R3

CU,R2 = π1(U)× {XXL,XL} ×R3

CU,R3 = π1(U)× π2(U)× {none}

(11)

In this example, both components R \ π(U) and U ∩ R in (7) are
non-empty and contribute to the solution set SU,R.

Note that |R| = 6 × 5 × 3 = 90, and (looking at (11)) the total
number of solutions s for U is

s = |CU,R1 |+ |CU,R2 |+ |CU,R3 |+ |U| = 30 + 24 + 12 + 11 = 77

3.4.2 Extending the Constraints

If product management notices that Y ellow does not go with MIB,
then corresponding exclusions must be added to U . This can be done
in several ways. In this example, I assume that Y ellow and the cor-
responding exclusions are added before any of the other changes to
the domains are made19. Then, the global domain given in Example 1
for the product property Color, denoted by Ω1, is augmented by the

18 Leaving U unchanged implicitly changes the underlying positive con-
straints. It now no-longer holds that MIB → black, This is taken to
be an intended consequence of using a negative variant table in a product
model

19 This assumption is made to keep the example simple. The general problem
of achieving a good compression directly from a positive table is addressed
in [6]

value Y ellow, and Ω2 (Size) and Ω3 (Print) remain unchanged.
The following exclusions must be added to U in 3.3:

¬(Y ellow, Small,MIB)

¬(Y ellow,Medium,MIB)

¬(Y ellow, Large,MIB)

¬(Y ellow, Small, STW )

In this situation

π1(U) = {Y ellow,Black,Red,White,Blue}

changes, and U changes accordingly. Two values are added to allow
the color of Y ellow in sizes Large and Medium with the print
STW . So |U| = 13. (11) holds with the modified version of π1(U).
Again, both components in (7) contribute to the solution set SU,R,
and after adding all remaining new values

CU,R1 = {DarkPurple} ×R2 ×R3

CU,R2 = π1(U)× {XXL,XL} ×R3

CU,R3 = π1(U)× π2(U)× {none}

(12)

As above, |R| = 6×5×3 = 90. Looking at (12), the total number
of solutions s for U is now

s = 15 + 30 + 15 + 13 = 73

(The four new exclusions are subtracted from the solutions in Section
3.4.1)

3.5 Excursion on Table Compression

From Sections 3.1 and 3.2 it is clear that the t-shirt table can be ex-
pressed in much more compact form by looking at the two constraints
in two individual negative variant tables than at the single table in
Section 3.3. In both Sections 3.1 and 3.2, the solution set is defined
only by the decomposition of (R \ π(U)) into c-tuples. An overall
solution set can be obtained by expanding these solution sets to ac-
count for the respective unconstrained property, and then intersecting
the resulting two expanded solution sets.

Let the properties be ordered as v1 = Color, v2 = Size, and
v3 = Print, and the solution space Ω given by the global do-
mains in Example 1. In Section 3.1 the property v1 = Color is
unconstrained. Set π1(U) = Ω1 (which implies π1(U)

R
= ∅ for all

R ⊂ Ω). Then, the decomposition of R \ π(U) in (9) now results in
three c-tuples C′j(STW ) (one of them empty by construction):

C′1(STW ) := ∅ (= π1(U)
R
× Ω2 × Ω3)

C′2(STW ) := Ω1 × {Large,Medium} × Ω3

C′3(STW ) := Ω1 × {Small} × {MIB}
(13)

Similarly, for Section 3.2 (10) can be replaced by:

C′1(MIB) := {Black} × Ω2 × Ω3)

C′2(MIB) := ∅ (= {Black} × π2(U)
R
× Ω3)

C′3(MIB) := {Red,White,Blue} × Ω2 × {STW}

(14)

The solution set ST of the original positive T given in Table 1 is
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the intersection of the solution sets given by (13) and (14):

ST = C′2(STW ) ∩ C′1(MIB) ∪
C′2(STW ) ∩ C′3(MIB) ∪
C′3(STW ) ∩ C′1(MIB) ∪
C′3(STW ) ∩ C′3(MIB)

= {Black} × {Large,Medium} × Ω3 ∪
{Red,White,Blue} × {Large,Medium} × {STW} ∪
{Black} × {Small} × {MIB} ∪
∅ (= {Red,White,Blue} × {Small} × ∅)

The 11 tuples of T are represented as 3 c-tuples. The complexity
of this compares favorably with the MDD representation in [1] for
the same example. The representation also compares favorably with
the compression of the table to c-nodes introduced in [7] if a suit-
able heuristic is applied. Thus, it should be possible to recover this
compact representation from the full table. This is a topic of [6].

4 Arc Consistency for Negative Variant Tables

Let a negative table U of arity k and a finite run-time restriction tu-
ple R be given. (I assume in the sequel that πj(U)

R
is finite for all

columns.)
One approach at arc consistency with U is to use (7) directly at

run-time to discard any tuples in U from R constructing π(SU,R) at
the same time. The STR-Negative algorithm [9] is such an algorithm.

Here, I propose an alternative approach based on (7) and the de-
composition (8). As already noted, a further restriction of R is only
possible if the c-tuples in (8) allow a restriction. The lemma and its
corollary below provide a simple necessary condition for this.

Lemma 3 If πp(U)
R
6= ∅ for some column with index p, then ∀j 6=

p : πj(R ∩ SU ) = Rj , i.e., no further reduction of any of the other
domains is possible by constraint propagation using U .

Proof Suppose that the premise of the lemma holds. Without loss of
generality, sort the columns such that p = 1. Then,

CU,R1 = π1(U)
R
×R2 ×R3 × . . .×Rk

Any value in π1(U)
R
6= ∅ supports all values in Rj for j ≥ 2.

This has a trivial but important consequence:

Corollary 4 If πj(U)
R
6= ∅ for more than one column, then no re-

duction of domains is possible by constraint propagation using U .

Lemma 3 and Corollary 4 generalize (1) to state that a reduction
via constraint propagation is possible, if at least all but one of the
domains are sufficiently restricted at run-time so that they lie within
the range of π(U), i.e., πj(U)

R
= ∅.

Recall that π(U) is determined when maintaining the variant table,
whereas R is only known at run-time.

The examples in Section 3 illustrate that either both or only one
of the components in (7) need to be considered at run-time. Let a
negative table U of arity k and a run-time restriction tupleR be given.
Then, three cases can happen:

1. U = ∅. In this case, arc consistency is obtained solely by com-
puting the decomposition (8) of k c-tuples at run-time. Constraint
propagation is achieved through directly intersecting these with
R in a way that quickly tests the precondition of Lemma 3 and
Corollary 4.

2. R \ π(U) = ∅. In this case, the GAC algorithm implemented in
the configurator is applied to U (or a GAC-negative algorithm is
applied to U if this seems better).

3. Both components (R \ π(U)) and U are non-empty. In this case,
the component (R\π(U)) is decomposed and processed as in the
first case, testing the pre-conditions in Lemma 3 and Corollary
4 at the same time. The constraint propagation methods of the
configurator need to be applied to U , if this is still indicated after
processing the first part.

5 Double Negation of a Positive Variant Table T
In the sequel, I take T to be a positive table. I denote the negation of
T as the negative table ¬T := π(T ) \ T . Trimming any run-time
restrictions to π(T ), ¬T (as a negative table) and T have the same
solution space, and constraint propagation on T can be replaced by
constraint propagation on ¬T . The approach seems advantageous,
if ¬T has a decomposition of the solution set (7) with a non-empty
first part (8), i.e., if ¬T is smaller than T . I refer to this approach as
double negation.

As an example, consider the extended model of the t-shirt as spec-
ified in Section 3.4.2. A representation as a positive table T has 73
tuples (rows) as inidicated there. Negating T against the extended
global domains yields a table ¬T with 17 rows. ¬T is just the table
U of Section 3.4.2 (and thus U there corresponds to ¬T here). Thus,
as outlined there, ¬T has a decomposition as in (7). It has 13 rows
and the c-tuples indicated in (12).

Double negation is not only an approach at compression for a table
with a small complement, but also allows applying Lemma 3 and
Corollary 4 as a simple test, before actually evaluating the remaining
doubly negated table ¬T . The process could be iterated, i.e., ¬T
could be doubly negated in turn. A fixed point occurs if T = ¬T .

6 Implementation/Work in Progress
I have implemented the approach for treating negative tables I de-
scribe here, including double negation, within a Java prototype ad-
dressing the greater context of compressing and compiling variant
tables [6].

As customers so far have not had the opportunity of maintaining
negative tables directly in product configuration models, I have no
real data to evaluate this approach. Experiences are currently limited
to testing for functional correctness. Besides testing with exemplary
tables such as variations of the t-shirt, I have applied the double nega-
tion approach to 238 SAP VC variant tables. These tables are also the
basis for the evaluation of the approach at compression in [6].

Complementing a sparse table is not feasible if the solution space
is large. The implementation performs complementation on a repre-
sentation I term a Variant Decision Diagram − VDD, and produces
a result in a compressed form (see [6]). I have so far limited attempts
at double negation to those of the 238 tables where the number of
tuples of the complement is smaller than the number of rows (tuples)
in the original (relational) table. The result is given in Table 2. All
tables where this criterium does not apply are counted as Skipped.
Of the remaining tables where double negation was attempted, those
where a reduction was realized (i.e., the VDD of T was larger than
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that of ¬T ) are counted as Reduced. The total number of tables in
the model and the number of those neither skipped nor reduced are
given for completeness.

I give more detailed results of tests with the implementation in
[6]. As pointed out there, it is not yet clear whether double negation
yields a gain over the general compression approach.

Table 2. Tables amenable to double negation

Number of tables
Total Skipped Reduced Not reduced
238 181 39 18

7 Conclusion
I presented an approach to handling configuration constraints defined
by negative variant tables that can be integrated as an add-on to an
existing configurator, such as the SAP VC, with little risk. The origi-
nal mechanisms and architecture of the configurator are not touched.

SAP customers specifically request that a constraint for a negative
table not be sensitive to subsequent changes to the global domains
of the affected product properties. This approach meets that require-
ment. As the footnote to the example in Section 3.4.1 points out,
this may mean that some implicit positive constraints, valid before a
change to the global domains, may no-longer be valid afterwards.

This emphasizes a modeling aspect of the problem: Is it feasible
and beneficial to offer the option of negative variant tables as part
of the modeling environment in this fashion? This may be a tricky
question. The implemented prototype offers a means for experiment-
ing with the functionality, and thus a basis for discussing the merits
and demerits of negative variant tables.

One main idea, implicit in the approach, is to make use of the
distinction between information known at maintenance-time to the
modeler (the table content) and information known at run-time to the
configurator (the current domain restrictions). For a negative table U
the finite column domains πj(U) can be determined at maintenance
time. For a given run-time restriction of the domains R the comple-
ments of the column domains to R (denoted by πj(U)

R
) must be

calculated at run-time. This calculation is efficient, as the required
set-operations can make use of the natural order imposed on the do-
main values by the business context.

If more than one πj(U)
R

is non-empty at run-time, constraint
propagation does not yield a further restriction of the run-time do-
mains. If one πj(U)

R
is non-empty, then only the run-time restric-

tion for that column can be further restricted. When a restriction is
possible by constraint propagation, the GAC algorithm only needs
to be applied to the positive table U , the complement of U to π(U).
The remaining part of the solution set of U is the set-difference be-
tween two c-tuples (Cartesian products). I showed in Proposition 2
that such a set-difference can be decomposed into k disjoint c-tuples,
where k is the arity of U . Constraint propagation on c-tuples is again
based on set operations that are assumed to be efficient, given the
value ordering on the domains.

Of course, the approach also applies to the general case that neg-
ative tables are merely meant as a short-cut to maintaining an other-
wise lengthy positive variant table.

The approach can also be applied to a positive variant table T by
negating it, and treating its complement ¬T as a negative table. In

this process ¬T is negated again (¬T ), which I refer to as double
negation. The purpose of double negation is that it may yield a ben-
eficial (partial) compression of the table, i.e., the table ¬T may be
smaller than T , with the remaining part of the solution set being a
set of k c-tuples that additionally allows testing whether constraint
propagation is possible at all for a given run-time restriction R.
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Column Oriented Compilation of Variant Tables
Albert Haag1

Abstract. The objective of this work is to improve variant table
evaluation in a configurator by compiling/compressing the tables in-
dividually to reduce both processing time and space. The main re-
sult is a proposed simple heuristic for decomposing the variant table
into subtables and a representation linking these subtables in a di-
rected acyclic graph (DAG). The size of the compression obtained
by this heuristic for examples used in [2, 10] is comparable to that
achieved there. However, a formal analysis of complexity has not
yet been completed. A prototype implemented in Java exists. Objec-
tives in designing it were to keep it completely decoupled from any
particular configurator, while using little machinery in order to keep
software maintenance costs low. Testing both on abstract examples
and on tables that resemble real customer data is ongoing and looks
promising. Non-atomic table cells (such as real intervals, or value
sets) are supported. My approach to negative variant tables [8] has
been incorporated into the implementation.

1 Preamble
Following the usage of the SAP Variant Configurator - SAP VC [4] I
term a table that lists all valid combinations of properties of a product
as a variant table. One use of a variant table in configuration is as a
table constraint. However, variant tables and their maintenance by
modelers entail some special considerations that have implications
beyond what is formally captured by that concept:

• The product properties and the values referred to have a business
meaning outside of configuration. Value domains for a product
property are naturally maintained in a defined sort order

• Variant tables may be stored in a database table outside the model.
A data definition in a database management system (DBMS) may
exist that defines database keys etc.

• Tables will often be relational, i.e., table cells will be atomic val-
ues (strings or numbers), but non-atomic entries may occur 2

• Customers have the tendency to maintain large wide tables, i.e.,
normalization is often sacrificed in favor of fewer tables. In such
cases, compression techniques seem particularly advantageous

• A variant tables can have its own individual update cycle. The
overall model should not need to be compiled or otherwise pro-
cessed each time a change is made to a table

The relevant functionality a configurator has to provide regarding
variant tables is to

• restrict domains via contraint propagation (general arc consistency
GAC (see [3])), treating the variant table as a constraint relation.

1 SAP SE, Germany, email: albert.haag@t-online.de
2 The SAP VC allows real-valued intervals and and sets of values in table

cells. Such a table cannot be transparently stored as a relation table in a
DBMS

• query the table using a key defined in the DBMS
• iterate over the current solution set of the table given domain re-

strictions for the associated product properties

I assume that an existing (legacy) configurator has already imple-
mented this functionality. This will include means for efficiently test-
ing membership in a domain (memberp), testing if domains intersect
(intersectsp), and for calculating the intersection of domains (inter-
section).

2 Introduction and Notation
In [8] I look at tables that list excluded combinations of product prop-
erties. I term these negative variant tables. The techniques and the
associated prototypical implementation I present here cover that ap-
proach as well. Here, except in Section 7, I limit the exposition to
positive tables.

For simplicity, I take a positive variant table T to be given as a
relational table of values (atoms). I relax the assumption about T
being relational later in Section 3.3. If T has k columns and r rows
it is an r × k array of values: T =

(
aij
)

; i = 1 . . . r; j = 1 . . . k. k
is the arity of T . Each column is mapped to a product property such
as Color, Size, . . . . The product properties are denoted by vj : j =
1 . . . k.

Following notation in [8], I define the column domains πj(T ) as
the set of all values occurring in the j-th column of T :3

πj(T ) :=

r⋃
i=1

{aij ∈ T } (1)

I define sj as the number of elements in πj(T ):

sj := |πj(T )| (2)

I call
π(T ) := π1(T )× . . .× πk(T )

the global domain tuple for v1, . . . , vk and I denote a run-time do-
main restriction for the product property vj as Rj ⊆ πj(T ).

For ease of notation, I refer to any subset of π(T ) that is a Carte-
sian product as a c-tuple. Both π(T ) itself and the tuple of run-time
restrictions R := R1 × . . .×Rk are c-tuples.
T can be seen as a set of value tuples and, as such, T ⊆ π(T ),

but T is not necessarily a c-tuple. In the special case that T itself is
a c-tuple4, i.e., T = π1(T )× . . .× πj(T ), then

s :=
k∑
j=1

sj (3)

3 πj(T ) can be seen as the projection of T for the j-th column
4 In this case, it holds that for any given c- tuple (run-time restriction) R

π(T ∩R) = T ∩R
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values suffice to represent the N := (
∏k
j=1 sj) tuples in T . In this

case, the c-tuple π(T ) is a compressed way of representing the ar-
ray aij . This observation is central to attempts to compress a given
table into a disjoint union5 of as few as possible c-tuples. It has been
utilized in various other work. Notably, I cite [10, 6] in this context.

When T is viewed as a constraint relation, v1 . . . vk are just the
constraint variables, and each value x ∈ πj(T ) maps to a propo-
sition p(vj , x) that states that vj can be consistently assigned to x:
p(vj , x) |= (vj = x). In this case, a row (tuple) ri in T directly maps
to a conjunction of such propositions: ri = (ai1, . . . , aik) |= τi :=
p(v1, ai1)∧ . . .∧ p(vk, aik), and T itself represents the disjunction:

T |=
r∨
i=1

τi.

Given the definition of s in (3), there are s distinct propositions
associated with T , one for each value in each πj(T ). Hence, given
any value assignment to these s propositions, T , seen as a logical
expression implementing the constraint relation, will evaluate to 1
(>/true) or 0 (⊥/false), and T defines a Boolean function:

F : 2π1(T )×...πk(T ) → {0, 1} (4)

F can be represented by a BDD (Ordered Binary Decision Diagram)
or one of its cousins [12]. BDDs have the enticing property that find-
ing the right ordering of their Boolean variables (the propositions
p(vj , x)) can lead to a very compact representation. Furthermore,
this representation can potentially be found by existing agnostic op-
timization algorithms. The complexity of this optimization is high,
and heuristics are employed in practice. The construction of an op-
timal BDD is not suitable for configuration run-time, but must be
performed in advance. Hence, this approach is referred to as a compi-
lation approach. For configuration, this has been pursued in [9]. The
approach using multi-valued decision diagrams (MDD) [2] is related
to the BDD approach. Zero-Suppressed decision diagrams (ZDDs)
[12] are another flavor of BDD, which I refer to again below.

From a database point of view, approaches based on compression
that allow fast reading but slow writing have been developed, among
them column-oriented databases [14]. The SAP HANA database sup-
ports column orientation as well. My work, here, is not directly based
on database techniques, although thinking about column-orientation
was the trigger for the heuristics detailed in Section 46.

Both the BDD approaches and the database approaches entail a
maintenance-time transformation into a compact representation that
facilitates run-time evaluation, and both strive for a compact repre-
sentation (“hard to write, easy to read”). This would also apply to
various approaches at identifying c-tuple subsets of T whether with
the explicit notion of achieving compression [10] or of simply speed-
ing up constraint propagation (GAC) algorithms [6].

Thus, all these approaches could be termed as compression or
compilation or as both. Indeed, I conjecture that the ultimately
achievable results to be more or less identical, up to differences
forced by the respective formalism, which may be unfavorable in
some circumstances. For example, my experiences suggest that a
BDD may be less suitable than a ZDD for compiling a single table
constraint, because in the latter propositions need only be represented
where they occur in positive form (see [12]). The approach I follow
here is motivated by looking at ways of decomposing a table into

5 I exclusively use the term disjoint union to refer to a union of disjoint sets
[5]. I denote the disjoint union of two setsA andB byA∪· B which implies
that A ∩B = ∅

6 It would be interesting to investigate whether a column-oriented database
could in itself be beneficially employed in this context. This was proposed
by colleague at SAP some time ago, but has not been followed up on

disjoint subtables based on a particular heuristic.
In Section 3, I introduce the basic approach to decomposing a ta-

ble. In Section 4, I discuss the heuristic. My running example is a
(single) variant table listing all variants of a t-shirt. The example is
taken and adapted further from [2]. The t-shirt has three properties
Color (v1), Size (v2), and Print (v3) with global domains:

• π1(T ) := {Black,Blue,Red,White}
• π2(T ) := {Large,Medium, Small}
• π3(T ) := {MIB(Men in Black), STW (Save the Whales)}

Of the 24 possible t-shirts only 11 are valid due to constraints that
state that MIB implies black and STW implies ¬small as de-
picted in table (1). In Section 5, I extend this example to be slightly
more complex.

I have implemented a prototype in Java that meets the functionality
requirements listed above. Here, I refer to it as the VDD prototype. It
functions standalone, independent of any particular configurator. A
feature of this implementation is that it can be selectively applied to
some tables, while processing others with the existing means of the
configurator. Results obtained using this prototype validate the ap-
proach (see Section 6). In Section 7, I comment on results for double
negation of variant tables, an approach I develop in [8]. Real run-
time performance evaluations have not been done, but in Section 8
I discuss what results I have. I close this paper with an outlook and
conclusions (Section 9).

Finally, a disclaimer: While the motivation for this work lies in my
past at SAP and is based on insights and experiences with the prod-
uct configurators there [4, 7], all work on this paper was performed
privately during the last two years after transition into partial retire-
ment. The implementation is neither endorsed by SAP nor does it
reflect ongoing SAP development.

3 Decomposition

3.1 Column Oriented Decomposition

Let s be defined as in (3). Given a table T of arity k with r rows
ri = (ai1, . . . , aik) and selecting one of the s propositions p(vj , x)
associated with T , then T can be decomposed into those rows in
which x occurs in column j and those where it doesn’t. Define
L(T , j, x) as the sub-table of T consisting of those rows that do
not reference p(vj , x):

L(T , j, x) := {ri = (ai1, . . . , aik) ∈ T | aij 6= x} (5)

L(T , j, x) has the same arity k as T . In the complementary sub-
table T \ L(T , j, x) all values in the j-th column are equal to x
by construction. Define R(T , j, x) as the sub-table of arity (k − 1)
obtained by removing the j-th column from T \ L(T , j, x):

R(T , j, x) := {(aih) ⊂ (T \ L(T , j, x)) | h 6= j} (6)

Given a table T and a proposition p(vj , x) associated with T , then
I call L(T , j, x) defined in (5) the left sub-table of T andR(T , j, x)
defined in (6) the right sub-table of T . Either L(T , j, x) and/or
R(T , j, x) may be empty.

The variant table of the 11 variants of the t-shirt example is shown
in Table 1. It illustrates a decomposition of this table table based
on the proposition p(v2,Medium). L(T , 2,Medium) is in bold-
face, andR(T , 2,Medium) is underlined. (The value block of cells
{ai2 ∈ T | ai2 = Medium} is in italics.)
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Table 1. Basic decomposition of a table

Color Size Print
Black Small MIB
Black Medium MIB
Black Large MIB
Black Medium STW
Black Large STW
White Medium STW
White Large STW
Red Medium STW
Red Large STW
Blue Medium STW
Blue Large STW
Blue Small STW

The decomposition process can be continued until only empty sub-
tables remain. The question, which propostion (value block) to de-
compose on next at each non-empty subtable will depend a suitable
heuristic (see Section 4).

3.2 Variant Decision Diagram - VDD

A variant table can be represented as a decomposition tree. The root
represents the entire table. It is labeled with a first chosen proposition
p(vj1 , x1). It has two children. One, termed the left child, represents
the left sub-tableL(T , j1, x1). The other, termed the right child, rep-
resents the right sub-table R(T , j1, x1). Each of these children can
in turn have children if it can be decomposed further. An empty left
child is labeled by a special symbol ⊥. An empty right child is la-
beled by a special symbol >. (All leaves of a decomposition tree are
labeled either by ⊥ or >.) Figure 1 shows a graphic depiction7. It
also shows the further decomposition of R(T , j1, x1), here indicat-
ing that it has two empty children.

B(T,j,x)

Left child: L(T,j, x) Right child: R(T,j,x)

⊥ ⊤

Figure 1. Basic scheme of a decomposition

Identical subtables may arise at different points in the decompo-
sition tree. A goal of minimal representation is to represent these
multiple occurrences only once by transforming the decomposition
tree into a directed acyclic graph (DAG), which I call a VDD or vari-
ant decision diagram. All leaves can be identified with one of two
predefined nodes also labeled ⊥ and >. Subsequently, all nodes la-
beled by the same proposition p(vj , x) that have identical children
are represented by re-using one shared node. This reduction can be
accomplished by an algorithm in the spirit of Algorithm R in [12].

7 For simplicity in creating the graph, the label of the root node is given as
B(T, j, x) for p(vj1 , x1)

Figure 2 shows an entire VDD8.9

⊥⊤

1:(2, Small)

2:(1, White)

4:(1, Black)

3:(3, STW)

3:(3, STW)

6:(3, MIB)

4:(1, Black)

4:(1, Black)

5:(2, Medium)

7:(2, Large)

5:(2, Medium)

5:(2, Medium)

7:(2, Large)

8:(1, Red) 6:(3, MIB)

9:(1, Blue)

Figure 2. VDD of t-shirt using heuristic h1 (Section 4)

In Figure 2 each node is labeled in the form 〈p : (j, val)〉,
where (j, val) is the column/value pair that denotes the proposition
p(vj , x), and p is a unique identifier for the node/proposition. The
identifiers are contiguously numbered. Thus, the set of propositions
for T can be seen as totally ordered according to this numbering. The
ordering underlying the graph in Figure 2 is

p(v2, Small), p(v1, x)White, p(v3, x)STW, p(v1, Black),

p(v2,Medium), p(v3,MIB), p(v2, Large), p(v1, Red),

p(v1, Blue)

Given that such a total ordering can be identified in the decompo-
sition, the resulting VDD may be seen as a ZDD (zero-suppressed
decision diagram) [12]. The gist of the algorithms for evaluation of
BDDs and their cousins given in [12], such as Algorithm C and Al-
gorithm B would apply. However, I have not made any verbatim use
of these so far.10

VDDs have certain special characteristics beyond ZDDs. A termi-
nal HI-link always leads to >, and a terminal LO-link always leads
to⊥. This and further characteristics that are ensured by the heuristic
h2 given in Algorithm 1 allow certain short-cuts in the implementa-
tion (see Sections 4 and 6).

8 By conventions established in [12], I term a link to the left child as a LO-
link, drawn with a dotted line, preferably to the left, and a link to the right
child as a HI-link, drawn with a filled line, preferably to the right. A LO-
link is followed when the proposition in the node label is disbelieved. A
HI-link is followed when it is believed. The terminal nodes ⊥ and > are
called sinks

9 The amount of compression achieved in figure 2 is not overwhelming. The
heuristic h2 does better (see figure 3)

10 Both heuristics h1 and h2 in Section 4 are designed to guarantee such an
ordering, but this is doesn’t seem essential to the VDD approach in general
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3.3 Set-labeled Nodes
There is an additional reduction of a VDD I have implemented as
an option. This is most easily described using the concept of an l-
chain. Define the subgraph composed of a node and all its descen-
dent nodes that can be reached from it following only LO-links as
the l-chain of the node11. Nodes in an l-chain that pertain to the
same column and have the same right child can be joined into a sin-
gle node. Let p(vj1 , x1), . . . , p(vh, xh) be the propositions in the
labels of members in an l-chain that can be joined. The resulting
combined node is labeled with the disjunction of these propositions:
P := p(vj1 , x1) ∨ . . . ∨ p(vh, xh). This disjunction is represented,

for short, by the (non-atomic) set of values X :=
h⋃
i=1

xh occurring

in P . In the sequel, I refer to a node by

ν(j,X) (7)

where j is the column index of the referenced product property vj ,
andX is the set of values represented by the node12. In case the node
label is a single atomic value {x}, I also denote this by ν(j, x).

Figure 3 is a graph of the t-shirt using set-labeled nodes13. It is not
a reduction of Figure 2, but rather a reduction of the graph in Figure
4 (see Section 4).

F T

1:(3, MIB)|7

2:(3, STW)|6

10:(2, [Large, Medium, Small])|312:(2, [Large, Medium])|5

6:(1, Black)|211:(1, [Black, Blue, Red, White])|4

Figure 3. VDD of t-shirt with set-labeled nodes

By inspection, the complexity of the graph in Figure 3 is compara-
ble to that obtained for the merged MDD in [2] (Figure 2 (b) there).

This further reduction is important from the viewpoint of com-
pression, as each path from the root of the graph to a sink > can
be seen as a c-tuple in the solution of T , and a set-labeled node
reduces the number of such c-tuples. It is also important from the
viewpoint of run-time performance, if set intersection (intersectsp)
is more efficient than multiple membership tests. A VDD using set-
labeled nodes should result in similar c-tuples as the approach in [10]
(depending of course on the heuristic). A key difference is that VDD
paths may share nodes (c-tuples sharing common tails)14, whereas

11 A maximal l-chain would be one for a node which does not itself occur as
the left child of any other node

12 For the exposition, here, X represents a finite disjunction of propositions.
In the implemented prototype it can also be an interval with continuous
bounds

13 The new set-labeled nodes are assigned a uniquely identifying node num-
ber outside the range used for numbering the propositions

14 Figure 5 has shared nodes

this is not the case for a set representation of c-tuples. Hence, a VDD
is a more compact representation.

Also, there may be external sources for set-labeled nodes if the
maintained variant table is not relational. The SAP VC allows mod-
eling variant tables with cells that contain real-valued intervals as
well as a condensed form, where a cell may contain a set of values.
Such cells can be directly represented as set-labeled nodes.

I close this section in noting that in [10] a Boolean function as in
(4) is also used to construct a decomposition of a table into disjoint
union of Cartesian products (c-tuples). There the resulting decompo-
sition into c-tuples is the goal. Here the VDD is the goal, as I base
the evaluation on it (see Section 8).

4 Heuristics
For the exposition in this section, I assume T to be in relational form
with arity k.

The graph in Figure 2 is derived using on an initial heuristic h1,
which I tried. h1 is based on trying to minimize splitting value blocks
during decomposition. A value block for a proposition p(vj , x) is the
rows in a table T that reference that proposition. Decomposing T on
some other proposition p(vh, y) will split p(vj , x), if it has rows in
both L(T , j, y) andR(T , j, y). Subsequently, both of these children
need to be decomposed by p(vj , x), whereas a single decomposition
would have handled p(vj , x) for T at its root level. It is assumed that
keeping large value blocks intact is good, and the order of decompo-
sition decisions should incur as little damage to these value blocks as
possible. In order to apply this heuristic, all value blocks, their sizes,
and the row indices that pertain to each one are initially calculated
and stored. I do not go into further detail on this here.

The current implementation relies on characteristics of a VDD en-
sured by the decomposition heuristic h2 given in Algorithm 1. Recall
that the total number of propositions is s, defined by (3), and that the
number of propositions that pertain to the j-th column is sj , defined
by (2).

Algorithm 1 (Heuristic h2)
First, define P (T ) as an ordered set of all s propositions p(vj , x) by
1. Sorting the k columns of T by sj , ascending (largest values last).
p(vj , x), below, refers to the j-th column with respect to this or-
dering of the columns

2. Within each column, sort the values by their business order (any
defined order the implementation can readily implement). xpj
refers to the p-th value in the j-th column domain πj(T ).

Then,
1. Make a root node of the VDD for the first proposition in the first

column: p(v1, x11)
2. While nodes with a non-terminal subtable remain: split them al-

ways using the first proposition (value block) in their first column
3. Optionally, collect members of an l-chain with the same child

nodes into an aggregated set-labeled node. I refer to this variant
of the heuristic as h2∗

4. Reduce the nodes by unifying equivalent nodes as discussed in
Section 3.2

Figure 4 shows the graph of Table 1 produced using Algorithm
1 without set-labeled nodes (h2). Figure 3 shows the same graph
produced with set-labeled nodes (h2∗).

A decomposition based on Algorithm 1 has the following charac-
teristics:

• After k HI-links the >-sink is always reached. (This is trivially
true for all VDDs, as each row consists of k elements)
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1:(3, MIB)|13

2:(3, STW)|12

3:(2, Large)|5

3:(2, Large)|11

4:(2, Medium)|4

6:(1, Black)|2

4:(2, Medium)|10

6:(1, Black)|9

7:(1, Blue)|8

8:(1, Red)|7

9:(1, White)|6

5:(2, Small)|3

Figure 4. Basic VDD of t-shirt using algorithm 1

• All nodes in an l-chain (i.e., linked via LO-links) will always
pertain to the same column. This follows from the fact that the
columns of any non-empty left subtable of a table T are the same
as the columns of T . The heuristic says to always choose from the
first column

• A node pertaining to the jth column is always (j − 1) HI-links
distant from the root node. This follows by iterating the argument
that if a table T is decomposed by a proposition p(v1, x) refer-
encing its first column, then the right sub-table T has the second
column of T as its first column (by construction))

Note that for BDDs an optimal ordering of P (T ) is important
to achieve a minimal graph. Thus, the search space for finding this
is s! (s factorial). In Algorithm 1 only the order of the columns is
important. It is not important how the values are ordered within the
column. To see this, note that the proposition p(v1, x11) used in de-
composition slices T horizontally15. The slices obtained overall with
respect to all values xp1 in the first column are the same, regardless
of the order of the values in a column. Thus, the search space for
an optimal column order is merely k!. As Algorithm 1 indicates, I
am currently only exploring one ordering of columns, supposing that
it will dominate the others. However, this still needs to be verified
empirically.

5 Example of Extended T-shirt Model
In [8] I extended the t-shirt by adding the colors Y ellow and
DarkPurple, the sizes XL and XXL, and the print none to the
global domains πj(T ) (given in Section 2):

π1(T ) = {Black,Red,White,Blue, Y ellow,DarkPurple}
π2(T ) = {Large,Medium, Small,XL,XXL}
π3(T ) = {MIB,STW,none}

15 The terminology is inspired by [6]

The new values combine with everything, except that no rows are
added for combinations of MIB (print) and Y ellow (color). The
table of all variants then has 73 rows (as opposed to the 11 of table
1)16. The graph is given in Figure 5

F T

1:(3, MIB)|12

2:(3, STW)|11

18:(2, [Large, Medium, Small])|53:(3, none)|10 6:(2, Small)|8

17:(2, [XL, XXL])|4

15:(1, [Black, DarkPurple])|2

20:(2, [Large, Medium, Small, XL, XXL])|9 19:(2, [Large, Medium, XL, XXL])|7

11:(1, DarkPurple)|616:(1, [Black, Blue, DarkPurple, Red, White, Yellow])|3

Figure 5. VDD of extended t-shirt with set-labeled nodes

Now 11 nodes are needed instead of the 6 nodes in Figure 3.
The table is decomposed into 5 c-tuples. The node labeled 〈16 :
(1, [Black,Blue,DarkPurple,Red,White, Y ellow])〉 is shared
by three parents.

6 Empirical Compression Results
A prototype I have implemented in Java was tested for functional
correctness against small exemplary tables such as the t-shirt model
given in Table 1. This set of exemplary tables also contains some
negative variant tables to test the approach in [8]. I refer to the im-
plementation as the VDD prototype. It was further tested against 238
relational variant tables taken from three product models used at SAP
in configurator maintenance issues. Since this data is proprietary, I
give only summary statistics on the results. Testing on publicly avail-
able models, such as the Renault model [1] is a next step for future
work.

It proved possible to successfully compile all 238 tables in this test
base with all of the following three approaches:

• the heuristic h1 used to obtain the graph in Figure 2
• the heuristic h2 in Algorithm 1 - without merging nodes to set-

labeled nodes
• the heuristic h2∗ in Algorithm 1 - with merging nodes to set-

labeled nodes

Table 2 gives statistics on the table size and complexity. It lists the
minimal, maximal, and average values, as well as the values for the
four quartiles Q1, Q2, Q3, Q4, for each of the following parameters:
k (arity), r (number of rows), s (number of propositions), and N
(number of cells - k ∗ r).

There is one table with arity one. This is used as a technique of
dynamically defining a global domain for a product property in a
variant table, rather than doing this directly in the declaration of the
product property in the model. This technique has the disadvantage
that it is more difficult to ensure translation of all relevant texts asso-
ciated with a value in multi-lingual deployments of the configuration
solution. It may, however, be used to dynamically restrict a large,

16 I elaborate on the derivation of this example in [8]
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Table 2. Size statistics on 238 SAP VC variant tables

Range k r s N
Minimum 1 1 2 2
Q1 2 14 17 42
Q2 3 56.5 46 176
Q3 5 137.5 93.75 635.5
Q4 16 21372 998 213720
Average 4.29 238.53 79.04 1590.51
Maximum 16 21372 998 213720

pre-defined, enterprise-wide global domain to the requirements of a
particular product. General modeling considerations and experiences
with the SAP VC are elaborated in [4].

The largest arity is 16. The associated table has only 76 rows. The
largest table with 21372 rows has arity 10. The table with the largest
number of propositions (998) has arity six and 469 rows.

Table 3 gives statistics on the achieved compression for the three
compression techniques. (I discuss double negation separately, in
Section 7.) The variant tables are partitioned into the four quartiles
for s (number of distinct node labels17). These are denoted by Qs1,
Qs2, Qs3, and Qs4. Averages are given for each of these four parti-
tions for the following parameters: s, N (number of cells in variant
table), n (number of nodes), reduct (reduction: (N − n)), and t
(compilation time in milli-seconds). Explicit results are also given
for the table with largest number of cells (MaxN ), largest number of
propositions (Max s), and largest arity (Max k), as well as the overall
average.

Table 3. Average compression on 238 SAP VC variant tables

Range N Heur s n reduct t (msec)
h1 17 20 15.75 4

Qs1 42 h2 17 18 19.5 0
h2∗ 8 8 28.75 0
h1 46 73.5 95.5 17.5

Qs2 176 h2 46 65 102.5 1
h2∗ 17 19.5 155 1
h1 93.75 184 418.5 112.75

Qs3 635.5 h2 93.75 154.75 489.5 3
h2∗ 53.75 74.5 558.5 5
h1 998 3756 213329 1192988

Qs4 213720 h2 998 2728 213289 598
h2∗ 988 2381 213575 659
h1 79.04 178.95 1411.57 5475.59

Average 1590.51 h2 79.04 149.95 1440.56 9.77
h2∗ 50.32 83.92 1506.59 12.43
h1 152 391 54793 1192988

Max N 213720 h2 152 431 213289 598
h2∗ 70 145 213575 659
h1 998 998 868 478

Max s 2814 h2 998 998 868 86
h2∗ 130 130 1736 91
h1 181 885 331 874

Max k 1216 h2 181 653 563 5
h2∗ 182 649 567 5

The compilation times of h2 are drastically better for large tables
than those for h1. This is because the information needed by h1 has

17 For VDDs without merged nodes this is just the number of propositions.
For VDDs with merged nodes this is a different number, because labels
for disjunctions of propositions are added, but not all original propositions
still explicitly appear as node labels

some components that are non-linear to process, whereas h2 does
not. Not surprisingly, using merged nodes further reduces both the
number of nodes (n) in the VDD as well as the number of distinct la-
bels of the nodes (s). The times are obtained on my Apple Mac mini
with 2.5 GHz Intel Core i5 and 8GB memory. Times on other de-
velopment PCs (both Windows and MacBook) are comparable. The
time to compile the largest table with h1 is almost 20 minutes, but it
takes less than one second using h2 with and without merging for the
same table. Thus, compiling these tables into VDDs with h2 would
almost be feasible at run-time.

Heuristic h2 strictly dominates h1 with respect to achieved
compression (smaller number of nodes) for 143 of the 238 ta-
bles18. For 71 tables the same compression was achieved. For
24 tables h1 strictly dominates h2. Table 4 compares the advan-
tages/disadvantages of h2 over h1. The three cases are labeled
“h2 > h1” (h2 strictly dominates h1), “h2 = h1” (indifference),
and “h2 < h1” (h2 is strictly dominated by h1). Table 4 lists av-
erages for the following parameters: Tab, s, N , n, ∆R , and ∆t.
Tab is the number of tables that pertain to that case. The parameters
s, N , and n are as defined above for Table 3. ∆R is the weighted
difference in reduction: ∆R = Tab ∗ (reducth2 − reducth1). It is
positive where h2 has the advantage. ∆t is the weighted difference
in compile time: ∆t = Tab∗ (th2− th1) in milli-seconds. It is nega-
tive where h2 has the advantage. The last row gives the averages per
table ∆R/238 and ∆t/238 over all rows.

Table 4. Averages for dominated heuristics

Dominance Tab N s n ∆R ∆t
h2 > h1 143 867.06 85.03 222.59 7702 -563065
h2 = h1 71 114.76 54.83 56.00 0 -1208
h2 < h1 24 10266.88 114.92 282.58 -992 -1206770
Average 28.19 -7446.43

The largest table is one where h1 strictly dominates h2. However,
the compile time using h1 is almost 20 min. That for h2 is 0.6 sec.
Overall, h2 seems to prevail over h1. The average gain in reduction
over all 238 tables is 28.19. The average gain in compilation time is
7446.43 (msec). The large gain in the latter is due to the non-linear
performance of h1, which makes it grossly uncompetitive for large
tables. Further experiments with other column orderings and with
other heuristics remains a topic of future work.

7 Excursion: Negation

In [8] I describe double negation of a positive table as one approach
to compression that is completely independent of the VDD mecha-
nism. Being able to negate a table, i.e. calculate the complement with
respect to a given domain restrictions is central in that approach.

My implementation of the VDD-prototype supports the approach
in [8], and supports negation of a VDD. A BDD can be negated by
switching the sinks⊥ and>. This doesn’t work for a VDD (and for a
ZDD in general). Algorithm 2 gives the spirit of my implementation
for negating a VDD produced using Algorithm 1 for a variant table T
of arity k against a domain restriction tuple R. It produces a negated
VDD that has set-labeled nodes.

18 As merging could potentially also be done in conjunction with heuristic
h1, it is not a fair comparison to compare the number of nodes achieved
with h1 against that achieved with h2∗
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Algorithm 2 (Negation)
Start with the root node of V . Negate it as described below

• If ν is a non-negated terminal node, i.e., ν references the last col-
umn index k, replace it with a node ν that is assigned the comple-
mentary labelLC(ν) := πj(T )\LC(ν), whereLC(ν) is defined
as the union of all values/sets in the l-chain19 of ν

• If ν is a non-negated non-terminal node that references column
index j < k, negate it by doing the following in order:

– negate each right child of each node in its l-chain in turn

– add a node ν⊥ to the end of the l-chain of ν , where ν⊥ repre-
sents the c-tuple LC(ν)×Rj+1× . . .×Rk. ν⊥ itself is labeled
with LC(ν). Its right child is a node labeled Rj+1 which has a
right child Rj+2 . . . . All LO-links of added nodes point to ⊥

Prune any unneeded nodes that have an empty set as a label or have
a right child that is pruned, suitably rerouting a link to a pruned node
to the left child of the pruned node

The VDD prototype actually does the pruning of empty nodes on
the fly. If the root node itself is pruned, the entire resulting VDD is
empty after negation.

The fact that double negation of a positive table needs to yield the
same solution set as the original table (see [8]) provides a straightfor-
ward possibility to test for the correctness of this approach to nega-
tion.

In order to avoid complexity issues with very large complements, I
so far applied double negation only in those cases where the number
of tuples in the complement was smaller or equal to the number of
tuples in the original table. 57 of the 238 SAP VC variant tables that
are the basis for the results I presented in Section 6 proved amenable
to double negation in this sense. Of these, 18 did not yield a smaller
VDD than that obtained with heuristic h2∗. For the remaining 39 the
maximal gain was 4 nodes, the average gain was 1.89 nodes.

Run-time performance tests have yet to be made, but these results
raise the question, whether double negation will add value over di-
rect compression. However, the concept of double negation is inde-
pendent of the VDD concept, and could be applied on its own with-
out using VDDs. Also, it remains to be seen, if the test on whether
constraint propagation can be gainfully applied, given in [8], proves
valuable.

8 Evaluation of a VDD
Given a run-time restriction R, a VDD V , and a node ν(j,X) in V
(using the notation in (7)). ν(j,X) can be marked as out ifX∩Rj =
∅. The admissible solutions of V are all paths from the root node to
the sink > that do not contain any node marked out. I denote this set
as V ∩R, for short. If there are no such paths, then R is inconsistent
given V .

I do not go into further detail on how to determine V∩R. This fol-
lows the spirit of known algorithms for directed acyclic graphs. For
example, see [12] for an exposition in the context of BDDs/ZDDs.

Concerning the general complexity of the calculations:

• Let sj be the number of distinct node labels pertaining to the j-th
column of V (as in (2), but modified to allow for set-valued labels).
sj node-labels must be intersected withRj for each column index

19 Defined in Section 3.3, the l-chain of a node is the sub-graph consisting
of the node and all nodes reachable from it via LO-links, but excluding the
sink ⊥. All nodes in an l-chain reference the same column index j

j to determine admissibility of all occurring node labels. Given
that the domains are naturally ordered, binary search can be used
to speed this up. The VDD prototype also imposes an ordering on
the node labels to facilitate this

• Let n be the number of nodes in V . The question of which nodes
have admissible paths to >, is related to the problem of count-
ing the admissible paths. After determining which node labels are
admissible, this has the remaining complexity ofO(n) (c.f., Algo-
rithm C in [12])

In the case that V is a VDD without set-valued nodes, i.e., all node
labels are of the form X = {x}, V ∩ R is just the solution set of
T ∩ R, where T is the variant table encoded by V . But, if V has
non-atomic set-valued nodes20 T ∩R ⊆ V ∩R. Here, the evaluation
comes at the slight additional cost of determining the solution set by
additionally intersecting V ∩ R with R.21 The intersection of two c-
tuples is easy to calculate. Thus, this additional cost is offset, because
determining the admissibility of each node is now faster (a smaller
number of intersectsp tests hopefully offsets the otherwise greater
number of memberp tests).

Real run-time measurements have not yet been performed. How-
ever, in the beginning, in trying to determine whether the VDD ap-
proach is worthwile, I did an experimental integration with the (Java-
based) SAP IPC configurator (see [4]) with the product models en-
compassing the 238 tables mentioned in Section 6. The software con-
figuration I used was completely non-standard, so any results are not
objectively meaningful, but they did encourage me to pursue this ap-
proach. The expectations on performance gains might be roughly ori-
ented on the inverse of the compression ratio N/n (total number of
table cells/number of nodes). For heuristics h1/h2/h2∗ the averages
for N/n are 2.2/2.4/3.9, respectively. But, this does not account for
losses due to the overhead of needing more complex set operations.
In any case, real run-time measurements need to be performed as a
future step.

I close this section with a remark on using a VDD as a simple
database. A query with an instantiated database key is equivalent to
a run-time restriction R, where the key’s properties are restricted to
singleton values, and the other properties are unconstrained (or have
the domain that is established at the time of the query). The solution
set of the VDD will contain only tuples consistent with the query
(by construction). If, for example, the key is defined as unique in the
database (and the table content is consistent with this definition), the
result can contain at most the unique response (or the empty set, if
no row for the key exists in the table). For queries with non-unique
database keys, the solution set needs to be intersected with R, as
discussed above.

9 Conclusion

Although it remains to explore other variants of Algorithm 1 with dif-
ferent orderings of the columns, the compression achieved with the
current version (both h2 and h2∗) has been surprisingly satisfactory.
The very short compile times may be of more practical advantage
than a more expensive search for heuristics that provide (somewhat)
better results. However, further investigation into search and heuris-
tics of an altogether different type should to be done more completely
and formally. This is future work.

20 Either merged nodes or nodes representing continuous intervals
21 To see this, suppose that T is itself a c-tuple, so that there is at most

one admissible c-tuple consisting of T itself. Obviously R may be more
restrictive
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The goal of this work was not only to find a good compression
technique, but also to provide a solution that can be used in conjunc-
tion with a legacy configurator to enhance the handling of variant
tables, either as a whole or individually. The VDD prototype I imple-
mented uses little machinery and adds little to software maintenance
(training, size of the code base, etc.). It also conveys little risk. In
the event that some tables cannot be compiled to a VDD, the legacy
handling can be seamlessly kept. (This did not occur in the initial
explorations using the h1 heuristic with the test models.) The SAP
VC is a configurator with a very large user base. Thus, any change
to it comes with large risk. This is the type of situation I had in mind
when designing the VDD prototype.22

In the course of this work I have come to believe that all of the
following three approaches to speed up variant table handling and to
look for a compact representation yield very similar results:

• BDDs in various flavors ([9, 2])
• Compression into c-tuples and constraint slicing ([6, 10])
• Read optimized databases (such as column-oriented databases

([14])) in conjunction with a constraint propagation algorithm
(e.g. the STR-algorithm [13])

The differences are in the machinery needed for the intended de-
ployment and in the heuristics that suggest themselves. Although the
representation as a VDD is central to my approach at compression
and evaluation, functionally, the two important aspects in practice are
that it functions as a (limited) replacement for a database, and that it
performs constraint propagation. I would see as a topic of future work
to both look more closely at read optimized databases and to investi-
gate, if the VDD approach can be extended to support more complex
database queries. Investigating the commonality between the three
approaches (BDDs, compression, read-optimized databases) more
formally could be another interesting topic. The VDD approach has
elements of all three.

A note in closing: The compression algorithm in [10] is based on a
very similar approach to table decomposition. I was not aware of this
work until recently, so there are some unfortunate disconnects in con-
ventions I use. I tend to follow [12], whereas in [10] left and right are
used the other way around. I did adopt use of the term c-tuple. I think
the column oriented view, here, is more intuitive and has resulted in
more useful heuristics. Another major difference to [10], which I see,
is that the I base evaluation directly on the VDD. Furthermore, the
VDD supports nodes labeled with real-valued intervals, but his could
also be added to [10] in a straightforward manner23.
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[4] U. Blumöhr, M. Münch, and M. Ukalovic, Variant Configuration with
SAP, second edition, SAP Press, Galileo Press, 2012.

[5] K. Ferland, Discrete Mathematics, Cengage Learning, 2008.
[6] Nebras Gharbi, Fred Hemery, Christophe Lecoutre, and Olivier Rous-

sel, ‘Sliced table constraints: Combining compression and tabular re-
duction’, in CPAIOR’14, pp. 120–135, (2014).

[7] A. Haag, ‘Chapter 27 - product configuration in sap: A retrospective’,
in Knowledge-Based Configuration, eds., Alexander Felfernig, Lothar
Hotz, Claire Bagley, and Juha Tiihonen, 319 – 337, Morgan Kaufmann,
Boston, (2014).

[8] A. Haag, ‘An approach to arc consistency with negative variant tables’,
in Proceedings of the 17th International Configuration Workshop, Vi-
enna, Austria, September 10-11, 2015., pp. 81–87, (2015).

[9] Tarik Hadzic, ‘A bdd-based approach to interactive configuration’, in
Principles and Practice of Constraint Programming - CP 2004, 10th
International Conference, CP 2004, Toronto, Canada, September 27
- October 1, 2004, Proceedings, ed., Mark Wallace, volume 3258 of
Lecture Notes in Computer Science, p. 797. Springer, (2004).

[10] G. Katsirelos and T. Walsh, ‘A compression algorithm for large arity
extensional constraints’, in Principles and Practice of Constraint Pro-
gramming - CP 2007, 13th International Conference, CP 2007, Prov-
idence, RI, USA, September 23-27, 2007, Proceedings, ed., Christian
Bessiere, volume 4741 of Lecture Notes in Computer Science, pp. 379–
393. Springer, (2007).

[11] H. Keller, The Official ABAP Reference, number Bd. 1 in Galileo SAP
Press, Galileo Press, 2005.

[12] D.E. Knuth, The Art of Computer Programming, volume 4A Combina-
torial Algorithms Part 1, chapter Binary Decision Diagrams, 202–280,
Pearson Education, Boston, 2011.

[13] C. Lecoutre, ‘STR2: optimized simple tabular reduction for table con-
straints’, Constraints, 16(4), 341–371, (2011).

[14] Michael Stonebraker, Daniel J. Abadi, Adam Batkin, Xuedong Chen,
Mitch Cherniack, Miguel Ferreira, Edmond Lau, Amerson Lin, Samuel
Madden, Elizabeth J. O’Neil, Patrick E. O’Neil, Alex Rasin, Nga Tran,
and Stanley B. Zdonik, ‘C-store: A column-oriented DBMS’, in Pro-
ceedings of the 31st International Conference on Very Large Data
Bases, Trondheim, Norway, August 30 - September 2, 2005, eds., Kle-
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Inverse QUICKXPLAIN vs. MAXSAT —
A Comparison in Theory and Practice

Rouven Walter1 and Alexander Felfernig2 and Wolfgang Küchlin1

Abstract. We compare the concepts of the INVQX algorithm
for computing a Preferred Minimal Diagnosis vs. Partial Weighted
MAXSAT in the context of Propositional Logic. In order to restore
consistency of a Constraint Satisfaction Problem w.r.t. a strict total
order of the user requirements, INVQX identifies a diagnosis. Partial
Weighted MAXSAT aims to find a set of satisfiable clauses with the
maximum total weight. It turns out that both concepts have similari-
ties, i.e., both deliver a correction set. We point out these theoretical
commonalities and prove the reducibility of both concepts to each
other, i.e., both problems are FPNP-complete, which was an open
question. We evaluate the performance on problem instances based
on real configuration data of the automotive industry from three dif-
ferent German car manufacturers and we compare the time and qual-
ity tradeoff.

1 Introduction
Constraint programming is successfully applied in many different ar-
eas, e.g., planning, scheduling, and configuration. Besides the usage
of Constraint Satisfaction Problem (CSP) based knowledge bases,
the usage of the more restrictive Propositional Logic has been suc-
cessfully established in the context of automotive configuration and
verification [11].

In many practical use cases the knowledge base can become over-
constrained, e.g., by overly restrictive rules or user requirements. In
the context of automotive configuration the knowledge base can be-
come over-constrained, too [23]. A typical situation would be a cus-
tomer configuring a car up to his wishes conflicting with the knowl-
edge base. Another typical situation would be an engineer given the
task that new features should be constructable for an existing type
series by now which were not constructable before. In both situa-
tions we would like to have an automatic reasoning procedure for
assistance in order to restore consistency.

One approach to restore consistency is to guide the user by com-
puting minimal unsatisfiable cores (conflicts), which can be consid-
ered as a problem explanation. However, more than one conflict is
involved in general. Another approach is to try to satisfy as many of
the constraints as possible, i.e., finding a maximal satisfiable subset
(MSS) or, the opposite, finding a minimum correction subset (MCS)
which can be considered as a repair suggestion. The constraints of an
MCS have to be removed or altered in order to restore consistency.

An MCS can be calculated in different ways: (i) MAXSAT is
a generalization of the well-known SAT problem and computes

1 Symbolic Computation Group, WSI Informatics, Universität Tübingen,
Germany, www-sr.informatik.uni-tuebingen.de

2 Institute for Software Technology, Graz University of
Technology, Graz, Austria, www.felfernig.eu, email:
alexander.felfernig@ist.tugraz.at

the MCS of minimum cardinality; (ii) the Inverse QUICKXPLAIN

(INVQX) algorithm (also denoted as FASTDIAG) [4] delivers a pre-
ferred minimal diagnosis w.r.t. a total order on the user requirements.
Both approaches can be considered as an optimal repair suggestion
w.r.t. their definition of optimum. In this paper, we study both ap-
proaches by giving the following contributions:

1. We point out theoretical similarities and suggest an improvement
for INVQX.

2. We show that both problems, the computation of a preferred min-
imal diagnosis (INVQX) and the computation of an MCS of min-
imum cardinality (MaxSAT), are reducible to each other and that
both are FPNP-complete.

3. We provide experimental evaluations based on real automotive
configuration data.

To the best of our knowledge, it has not been proven before, that
the computation of a preferred minimal diagnosis in the context of
Propositional Logic is FPNP-hard.

The remainder of the paper is structured as follows: Section 2 in-
troduces the formal background. Section 3 discusses related work. In
Section 4 and Section 5 we introduce both approaches (MINUNSAT
and INVQX) and give an overview of solving techniques, respec-
tively. Section 6 points out the theoretical relationships and Section 7
shows how to reduce one problem to the other. In Section 8 we
present experimental evaluations. Finally, Section 9 concludes the
paper.

2 Preliminaries

Within the scope of this paper we focus on Propositional Logic over
the standard operators ¬,∧,∨,→,↔ with constants ⊥ and >, rep-
resenting false and true, respectively. For a Boolean formula ϕ we
denote its evaluation by ‖ϕ‖v ∈ {0, 1} for a variable assignment v.
A Boolean formula is in CNF normal form iff it consists of a conjunc-
tion of clauses, where a clause is a disjunction of literals. A literal is a
variable or its negation. A formula in CNF can be interpreted as a set
of clauses and further a clause can be interpreted as a set of literals.
The NP-complete SAT problem asks whether a Boolean formula is
satisfiable or not.

Definition 1. (MSS/MCS) Let ϕ be a set of clauses. A set ψ ⊆ ϕ
is a Maximal Satisfiable Subset (MSS) iff ψ is satisfiable and every
ψ′ ⊆ ϕ with ψ ⊂ ψ′ is unsatisfiable.

A set ψ ⊆ ϕ is a Minimal Correction Subset (MCS) iff ϕ − ψ is
satisfiable and for all ψ′ ⊆ ϕ with ψ′ ⊂ ψ the set difference ϕ− ψ′
is unsatisfiable.
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The definition of an MSS (resp. MCS) can be naturally extended
by taking into account a set of hard clauses which have to be satisfied.

Clearly, for a given MSS (resp. MCS) ψ of ϕ, the complement
ϕ− ψ is an MCS (resp. MSS) of ϕ.

Analogous to [16] we introduce the following definitions:

Definition 2. (L- and A-Preference) Let< be a strict total order over
a set ϕ = {c1, . . . , cm} of clauses with ci < ci+1 for 1 ≤ i < m,
i.e., clause ci is preferred to clause ci+1.

We define the lexicographical order <lex as follows: For two
sets ψ1, ψ2 ⊆ ϕ we say set ψ1 is lexicographically preferred to
ψ2, denoted as ψ1 <lex ψ2, iff ∃1≤k≤m : ck ∈ ψ1 − ψ2 and
ψ1 ∩ {c1, . . . , ck−1} = ψ2 ∩ {c1, . . . , ck−1}.

Furthermore, we define the anti-lexicographical order <antilex

as follows: For two sets ψ1, ψ2 ⊆ ϕ we say set ψ1 is anti-
lexicographically preferred to ψ2, denoted as ψ1 <antilex ψ2, iff
∃1≤k≤m : ck ∈ ψ2 − ψ1 and ψ1 ∩ {ck+1, . . . , cm} = ψ2 ∩
{ck+1, . . . , cm}.

An MSS/MCS ψ1 is L-preferred (resp. A-preferred) if for all
MSS/MCS ψ2 6= ψ1, ψ1 <lex ψ2 (resp. ψ1 <antilex ψ2).

The lexicographical order appears to be the more intuitive one.
Whereas the most L-preferred set includes the most preferred
clauses, the most A-preferred set excludes the most non-preferred
clauses. We denote the inverse order of < by <−1.

If ψ is an L-preferred (resp. A-preferred) MSS/MCS of ϕ w.r.t.
to the order < , then ϕ − ψ is an A-preferred (resp. L-preferred)
MSS/MCS of ϕ w.r.t. to the inverse order <−1 (see Proposition 12
in [16]). Therefore, algorithms for the computation of an L-preferred
MSS/MCS can also be used for the computation of the corresponding
A-preferred MCS/MSS.

Note that we use the standard notation for the complexity class
FPNP (resp. FPNP[logn]), the class of function problems solvable in
deterministic polynomial time using a polynomial (resp. logarithmic)
number of calls to an NP oracle [19].

3 Related Work
The authors of [14] improve the computation of an MCS by newly
introduced techniques, i.e., usage of backbone literals, disjoint unsat-
isfiable cores and satisfied clauses. Not all techniques can be applied
to the computation of an A-preferred MCS, i.e., only the usage of
backbone literals can be adopted. Hence the proposed enhanced ver-
sion of INVQX (also denoted as FASTDIAG [4]) of the cited work
can not be adopted for A-preferred MCS computation. The newly
proposed MCS algorithm, called CLAUSED, exploits the fact that a
falsified clause does not contain complementary literals, but it can
not be adopted, either.

The INVQX algorithm (also known as FASTDIAG) [4] is based on
the idea of divide-and-conquer that has been successfully exploited
in the QUICKXPLAIN algorithm [9]. Whereas QUICKXPLAIN com-
putes a preferred explanation (a minimal unsatisfiable subset (MUS)
in the context of Propsitional Logic), the INVQX algorithm com-
putes a preferred diagnosis (an MCS in the context of Propositional
Logic), which can be interpreted as the inverse of QUICKXPLAIN.

The complexity of computing preferred sets is studied in [16].
Furthermore, the authors give an overview of established algorithms
which can or can not be adopted to involve preferences.

The authors of [17] introduce improvements on computing an
MCS in the context of CSP, i.e., they adopt the CLAUSED algorithm
of [14]. The adopted variant is also not applicable for A-preferred
MCS computation.

4 Preferred Minimal Diagnosis
The definition of a Preferred Minimal Diagnosis (PMD) used in [4]
is in the context of a Constraint Satisfaction Problem (CSP). We will
recap the essential definitions briefly. Let CKB and CR be sets of
CSP constraints. The set CKB (resp. CR) represents the constraints
of the knowledge base (resp. the user requirements).

Definition 3. (CR Diagnosis) Let (CKB, CR) be a CR diagnosis
problem. A set ∆ ⊆ CR is a CR Diagnosis ifCKB∪(CR\∆) is con-
sistent. Furthermore, ∆ is called minimal if no diagnosis ∆′ ⊂ ∆
exists where CKB ∪ (CR \∆′) is consistent.

In the context of Propositional Logic a CR diagnosis corresponds
to the MCS problem with an additional hard part. The definitions for
L- and A-Preference can analogously be defined for CSP. We will
not write them out here.

Finally, we can define a preferred minimal diagnosis:

Definition 4. (Preferred Minimal Diagnosis) Let (CKB, CR =
{c1, . . . , cm}) be a CR diagnosis problem with a strict total order
s.t. c1 < . . . < cm. A minimal diagnosis ∆ is called a Preferred
Minimal Diagnosis (PMD) if ∆ is A-preferred w.r.t. the order <−1.

The strict total order in [4] is defined the other way round, i.e., if
ci < cj then constraint cj is preferred to ci. Our definition here is
consistent with [16].

Remark 1. In the context of Propositional Logic we assume, without
loss of generality, that CKB and CR are clause sets:

1. CR: Let si be a fresh variable. For each constraint ci ∈ CR we
add the clause set CNF(si → ci) to the hard part and the unit
clause {si} replaces ci within CR (cf. [2, 7]).

2. CKB: For any non-clausal constraint c ∈ CKB we apply
the Tseitin-/Plaisted-Greenbaum Transformation [20, 21] which
takes polynomial time and space. Furthermore, the constraint c
and the resulting formula share the same models w.r.t. the origi-
nal variables. The search space between both remains the same.

Therefore we can interpret the problem of computing a PMD as the
problem of computing an A-preferred MCS.

The computation of an A-preferred MCS is in FPNP [16]. The
question arises whether computing an A-preferred MCS is also
FPNP-hard? This is actually the case as we will show in Theorem 1.

4.1 Algorithms
A straightforward approach is Linear Search. We iterate in descend-
ing order through all constraints and check whether they conflict with
the hard constraints and the previously added constraints or not. If
there is a conflict, the constraint is part of the A-preferred MCS.
Otherwise, the constraint will be added. The complexity of Linear
Search in terms of the number of consistency checks isO(m), where
m = |C|.

Algorithm 1 shows the procedure presented in [4]. The worst case
complexity of INVQX in terms of the number of consistency checks
is O(2d · log2(m

d
) + 2d), where d is the minimal diagnosis set size

and m = |C|.

Remark 2. (Exploiting inc-/decremental SAT interface) Modern
SAT solvers often provide an inc-/decremental interface for adding
clauses and removing them afterwards. This can be useful, e.g., when
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Algorithm 1: INVQX Algorithm
Input: C ⊆ AC, AC = {c1, . . . , ct}
Output: Preferred minimal diagnosis ∆
if isEmpty(C) or inconsistent(AC − C) then

return ∅
else

return FD(∅, C,AC)

func FD(D,C = {c1, . . . , cq}, AC) : diagnosis ∆
if D 6= ∅ and consistent(AC) then

return ∅
if singleton(C) then

return C
k = q

2
; C1 = {c1, . . . , ck}; C2 = {ck+1, . . . , cq}

D1 = FD(C1, C2, AC − C1)
D2 = FD(D1, C1, AC −D1)
return D1 ∪D2

we have a huge formula representing the configuration model and
small test instances to check against the configuration model.

Therefore we can improve Algorithm 1 by adding all constraints
AC − C first and do the consistency checks by using the inc-
/decremental interface. Another improvement can be made for the
second recursive call D2 = FD(D1, C1, AC−D1). All constraints
in C2 −D1 have to be satisfied for this call. We add all constraints
C2 −D1 before and remove them afterwards. We evaluated this im-
provement, see Section 8.

5 Partial Weighted MINUNSAT
In the context of this paper, we will only focus on the Partial
Weighted MINUNSAT problem. See [13] for analogous definitions
of (Partial) (Weighted) MAXSAT.

Definition 5. (MINUNSAT) Let Hard be a set of propositional
clauses. Let Soft = {(c1, w1), . . . , (cm, wm)} a set of tuples where
ci is a propositional clause and wi ∈ N≥1 is a weight for all
i = 1, . . . ,m. Let ϕ = (Hard, Soft) and n be the number of vari-
ables in Hard ∪ Soft. The Partial Weighted Minimum Unsatisfiable
Problem (MINUNSAT) is defined as follows:

MINUNSAT(ϕ) := min

{
m∑
i=1

wi(1− ‖ci‖v)

∣∣∣∣v ∈ {0, 1}n
}

Partial Weighted MINUNSAT and Partial Weighted MAXSAT
are closely connected: MaxSAT(Hard, Soft) =

∑m
i=1 wi −

MINUNSAT(Hard, Soft). A solution for one problem directly leads
to a solution for the other one and vice verca. The Partial Weighted
MaxSAT (resp. MINUNSAT) problem is FPNP-complete [19].
The unweighted (partial) MAXSAT (resp. MINUNSAT) problem is
FPNP[logn]-complete [10].

In the context of this paper, we will refer to Partial Weighted
MINUNSAT just as MINUNSAT to simplify reading. Please note
that in the literature often the name MAXSAT is used to refer to
MINUNSAT. But we will use its original name to make the din-
stinction clear.

5.1 Algorithms
Different approaches to solve the MINUNSAT problem have been
developed: Branch-and-Bound for general optimization problems
has been adopted to MINUNSAT, e.g., [8, 12]. In recent years, many

MINUNSAT solvers make use of SAT solvers as a black box. A
basic approach is to add a blocking variable to each soft clause, it-
eratively checking the instance for satisfiability and restricting the
blocking variables further each time. Also binary search is possible
this way. Nowadays solvers make usage of SAT solvers delivering an
unsatisfiable core, which was first presented in [5] and extended by
weights in [1]. Our list is not complete, see [18] for an overview. As
an example, Algorithm 2 shows the WPM1 algorithm. If ϕc is not
necessarily an MUS, the worst case complexity of WPM1 in terms
of the number of consistency checks isO(d), where d is the minimal
sum of weights of unsatisfied clauses, i.e., only costs of 1 are added
in each iteration [6].

Algorithm 2: WPM1 Algorithm
Input: (Hard, Soft = {(c1, w1) . . . , (cm, wm)})
Output: Sum of minimal unsatisfied weights: cost
if UNSAT(Hard) then

return No solution
cost← 0
while true do

(st, ϕc)← SAT(Hard ∪ {(ci, wi) ∈ Soft})
if st = SAT then

return cost
BV← ∅
wmin ← min{wi | ci ∈ ϕc ∧ ci is soft}
foreach ci ∈ ϕc ∩ Soft do

bi ← fresh blocking variable
Soft←
Soft−{(ci, wi)}∪{(ci, wi−wmin)}∪{(ci∨bi, wmin)}
BV← BV ∪ {bi}

Hard← Hard ∪ CNF(
∑
b∈BV b = 1)

cost← cost+ wmin

6 Relationship
We want to identify and discuss similarities of the PMD problem and
the MINUNSAT problem. As we have already shown in Remark 1
in the context of Propositional Logic the PMD problem can be in-
terpreted as an A-preferred MCS problem. The hard parts of both
problems are equal in terms of expressive power, since both are sets
of clauses.

The interesting part is the set CR with its strict total ordering <
and the set Soft of weighted clauses. Both can be defined as a special
case of an MCS problem: The PMD problem can be interpreted as
an A-preferred MCS problem (cf. Remark 1):

min
<−1

antilex

{S | S is MCS of CR w.r.t. CKB}

Whereas the MINUNSAT problem is also an MCS with the mini-
mum sum of weights:

min
≤∑

c∈S weight(c)

{
S

∣∣∣∣ S is MCS of Soft w.r.t. Hard

}
Where weight(c) denotes the weight of clause c.

Remark 3. The same similarities hold for the corresponding oppo-
site problems, i.e., the MAXSAT problem and the L-preferred MSS
problem.
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6.1 Approximation of MINUNSAT
Solvers for the A-preferred MCS problem can be used to approxi-
mate the MINUNSAT problem. Let π be a permutation of the in-
dices 1, . . . ,m such that the weights are sorted, i.e., if i < j then
wπ(i) < wπ(j). We set:

CKB := Hard

CR := Soft

< := cπ(1), . . . , cπ(m)

This transformation is actually an approximation: An A-preferred
MCS will prefer to satisfy a clause with a high weight value more
than to satisfy multiple clauses with low weight values. Whereas a
MINUNSAT solution will minimize the sum of the weights of unsat-
isfied clauses in total. The transformation can be done in polynomial
time: We sort the clauses w.r.t. their weights, which can be done in
O(m logm) where m is the number of soft clauses. We evaluated
this approximation, see Section 8.

Example 1. Consider Hard = ∅ and Soft = {(x, 6), (¬x ∨
y, 5), (¬y, 4), (¬x, 3)}. With a strict total ordering relying on the
weights of the soft clauses (see above), the A-preferred MCS is
∆ = {(¬y, 4), (¬x, 3)} resulting in costs of 7. But the MINUNSAT
solution {(x, 6)} has costs of 6.

6.2 Approximation of A-preferred MCS
We can also use MINUNSAT to approximate the A-preferred MCS
problem. The crucial question is which weights to assign to the soft
clauses. We can assume CR to be a set of clauses, see Remark 1. We
set:

Hard := CKB

Soft := CR

weight(ci) := m− (i− 1)

With this weight assignment, the most preferred clause is assigned to
weight m, the next one to weight m− 1 and so on. The lexicograph-
ical order will be imitated somewhat but not sufficiently to be exact.
The greater the distances of the weights of consecutive constraints ci
and ci+1 the better the approximation gets. Above we set the distance
to 1. In Subsection 7.1 we will show how to determine distances that
help to reach an exact reduction. The transformation can be done in
polynomial time, too.

Example 2. Consider CR with x ∨ y < ¬x < ¬y < x < z.
The A-preferred MCS is ∆ = {¬y, x}, but MINUNSAT({(x ∨
y, 5), (¬x, 4), (¬y, 3), (x, 2), (z, 1)}) = 4, because ¬x with weight
4 is less than clauses x and ¬y with weights 2 + 3 = 5.

7 Reduction
In this section we will show how to polynomially reduce one problem
to each other and finally see that both problems are FPNP-complete
and are therefore equally hard to solve.

7.1 From A-preferred MCS to MINUNSAT
Let (CKB , CR) be an A-preferred MCS problem with CR =
{c1, . . . , cm} and a total strict order s.t. c1 < . . . < cm. We can

assume CR to be a set of clauses, see Remark 1. We can reduce the
problem to a MINUNSAT problem by:

Hard := CKB

Soft := CR

with weight wi defined recursively:

wi :=

(
m∑

j=i+1

wj

)
+ 1

With these weights assigned we achieve two important properties:
(1) the ascending order of the constraints ci and more important
(2) the lexicographical ordering, because constraint ci with weight(∑m

j=i+1 wj
)

+1 = wi+1+ . . .+wm+1 is greater than the sum of
weights of all previous and less preferred constraints ci+1, . . . , cm.

Each step requires polynomial time. But the downside of the above
reduction is the exponential growth of the search space. It can be
shown by induction that (

∑m
j=i+1 wj) + 1 = 2m−i. The most pre-

ferred clause has weight 2m−1, so the weights are in O(2m).

7.2 From MINUNSAT to A-preferred MCS
Firstly, we show how we can reduce the MINUNSAT problem eas-
ily to the A-preferred MCS problem if the weights comply with the
following property:

Proposition 1. Let ϕ = (Hard,Soft) be a MINUNSAT problem
as defined in Definition 5 with Soft = {(c1, w1), . . . , (cm, wm)}. If
there exists a permutation π of the indices {1, . . . ,m} such that:

wπ(i) >

m∑
j=i+1

wπ(j)

then the strict total ordering <π with cπ(1) < . . . < cπ(m) with
CKB = Hard and CR = {cπ(1), . . . , cπ(m)} is a reduction to the
A-preferred MCS problem.

Proof. The reduction is correct since (1) it preserves the order of
the soft clauses w.r.t. their weights and (2) the weights are in such
a relation that for each clause cπ(i) a MINUNSAT solution will try
to satisfy cπ(i) before satisfying all clauses cπ(i+1), . . . , cπ(m) and
so will a solution of A-preferred MCS due to the strict total clause
ordering.

We can check whether such a permutation can be found by: (1)
Sorting soft clauses c1, . . . , cm in ascending order w.r.t. their weights
for complexity O(m logm), (2) Iterating through the sorted list and
checking each clause ci whether the inequality holds for complexity
O(m).

The property of Proposition 1 is sufficient but not necessary. There
are other classes of MINUNSAT instances without this property
which are reducible in polynomial time, too.

Example 3. Soft = {(x1,m), . . . , (xm, 1)}, i.e., a descend-
ing weight for each clause. We assume atMost(x1, . . . , xm) ⊆
Hard, i.e., at most one soft clause is allowed to be true.
MINUNSAT will try to satisfy the clause with the highest weight.
The A-preferred MCS problem with the strict total ordering x1 <
. . . < xm will be a diagnosis which contains clauses except for
the most preferred one in the ordering which can be satisfied un-
der Hard. Since at most one of the clauses can be true, the result
is the same.
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Next we will show the newly result that actually any MINUNSAT
instance is polynomially reducible to the A-preferred MCS problem,
i.e., the A-preferred MCS is FPNP-hard.

Theorem 1. The A-preferred MCS problem is FPNP-hard.

Proof. Consider the Maximum Satisfying Assignment (MSA) prob-
lem: For a Boolean formula ϕ over the variables x1, . . . , xn find a
satisfying assignment with the lexicographical maximum of the word
x1 · · ·xn ∈ {0, 1}n or 0 if not satisfiable. This problem is FPNP-
complete as proved in [10].

We can polynomially reduce the MSA problem to the A-preferred
MCS problem:

CKB := Tseitin(ϕ)

CR := {{x1}, . . . , {xn}}
< := x1, . . . , xn

Since the Tseitin-transformed formula Tseitin(ϕ) has the same
models on the set of the original variables x1, . . . , xn as the
original formula ψ (see Remark 1), our reduction is sound. Let
APreMCS(CKB, CR) be the solution of the constructed A-preferred
MCS problem w.r.t. the order<−1. Using Proposition 12 of [16], the
corresponding L-preferred MSS, which isϕ−APreMCS(CKB, CR)
w.r.t. the order <, is the solution for the MSA problem. Therefore,
the A-preferred MCS problem is FPNP-hard.

Corollary 1. The A-preferred MCS problem is FPNP-complete.

Proof. The A-preferred MCS problem is FPNP-hard (Theorem 1)
and in FPNP [16].

Remark 4. With similar arguments one can prove that the L-
preferred MSS problem is FPNP-complete, too. Assuming P 6= NP,
then FPNP[logn] ⊂ FPNP holds [10]. Hence FPNP-complete prob-
lems are strictly harder than problems in FPNP[logn].

Theorem 1 negatively answers the open question whether com-
puting L-preferred MSSes and A-preferred MCSes could be in
FPNP[logn] or not stated in Remark 1 in [16].

A practical encoding of a MINUNSAT problem instance as an A-
preferred MCS problem could be to encode each soft clause as an
unit clause with variable si (similiar to Remark 1) and to build the
binary representation of the sum:∑

i

wi · si = 2l+1 · cl+1 + . . .+ 20 · c0

Where wi is the weight of the unit soft clause {si}. Then, design
an adder-network of this sum with the output variables cl+1, . . . , c0
and set CR := {cl+1, . . . , c0}. The strict total order is given by the
order of the coefficients of the binary representation from the most
significant bit cl+1 to the least significant bit c0. SetCKB is the union
of the set of the hard clauses, the encoding of the soft clauses as unit
clause and the encoding of the adder-network of the sum. We will
not go into more detail in this work.

8 Experimental Evaluation
We evaluate both problems, the A-preferred MCS problem and the
MINUNSAT problem, with real industrial datasets from the auto-
motive domain. In the next subsections we describe the benchmark
data and the considered use cases in more detail, afterwards we de-
scribe the used solver settings and finally discuss the results.

Table 1. Statistics about the considered POFs

Rules Families
POF #Var. Qty. Avg. #Var. Qty. Avg. #Var.
M1_1 996 11,627 5.9 188 6.3
M1_2 612 4,465 5.3 174 5.3
M2_1 483 495 4.3 60 8.7
M3_1_1 1,772 2,074 33.8 35 56.7
M3_1_2 1,586 1,496 4.6 35 48.9
M3_1_3 1,993 2,281 32.9 35 61.6
M3_2_1 2,087 2,430 34.0 42 57.2
M3_3_1 880 1,137 19.6 31 29.3
M3_3_2 884 1,121 55.1 31 29.4
M3_3_3 885 1,198 47.8 31 29.4

8.1 Benchmark Data

For our benchmarks we use test instances based on real automotive
configuration data from three different major German car manufac-
turers. The configuration model of constructable cars is given as a
product overview formula (POF) in Propositional Logic [11]. A POF
is satisfiable and each satisfying assignment represents a valid con-
figurable car. If the POF is over-constrained (unsatisfiable), then no
cars are constructable. We denote a POF by Mx_y_z, where each x
is a different car manufacturer, each y is a different type series and
each z is a different model type. Each satisfying variable assignment
is a constructable car configuration. Table 1 shows statistics about
each used POF instance. Column #Var. shows the total variable num-
ber of each instance. Rules are Boolean formulas (not necessarily
clauses) describing the dependencies between components. Column
Qty. shows the number of rules and column Avg. #Var. shows the
average number of variables of a rule. Families are groups of compo-
nents where usually one element has to be chosen, e.g., one motor has
to be chosen of the family of motors. But the condition of a family
depends on the car manufacturer. Column Qty. shows the number of
families and column Avg. #Var. shows the average number of com-
ponents of a family.

We consider two use cases of re-configuration problems (see [23]
for a detailed description of use cases regarding optimization and re-
configuration in the context of automotive configuration):

• Re-Configuration of Selections: The constraints of the POF are
considered as hard constraints. We choose soft user requirements
(variables) at random.
Since not all user requirements are consistent w.r.t. the POF in
general, such a random selection easily gets inconsistent. The goal
is to optimize the user selections.
By this use case we try to realistically imitate a user behavior when
configuring a custom car.

• Re-Configuration of Rules: The constraints of the POF are con-
sidered as soft constraints. We choose user requirements (vari-
ables) at random.
Similarly to the previous use case, such a random user selection
easily leads to inconsistency. But in contrast to the previous use
case, we want to optimize the POF constraints instead of the user
selections.
By this use case we try to realistically imitate, for example, an
engineering situation where new hard requirements are given and
the corresponding engineer wants to be guided by an optimized
repair suggestion to adjust the rules.
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Table 2. Results of MINUNSAT use case “Re-Configuration of Selections” (in seconds)

30% 50% 70%
Problem WPM1 msu4 LSB IQB IQBO WPM1 msu4 LSB IQB IQBO WPM1 msu4 LSB IQB IQBO
M1_1 3.19 1.33 0.51 0.47 0.48 t/o 4.97 0.50 0.55 0.49 t/o 47.96 0.51 0.62 0.50
M1_2 2.13 0.04 0.24 0.23 0.20 0.77 0.05 0.23 0.23 0.22 5.20 0.08 0.25 0.24 0.24
M2_1 0.10 0.53 0.09 0.07 0.09 0.11 0.75 0.08 0.07 0.08 0.12 1.08 0.08 0.07 0.08
M3_1_1 1.13 0.53 0.89 1.01 0.89 1.19 0.75 0.95 1.00 1.00 1.24 1.08 0.91 0.98 1.04
M3_1_2 0.12 0.05 0.09 0.07 0.09 0.11 0.07 0.08 0.07 0.08 0.12 0.08 0.08 0.08 0.08
M3_1_3 1.34 0.63 1.16 1.08 1.17 1.36 0.96 1.19 1.09 1.17 1.43 1.30 1.18 1.11 1.15
M3_2_1 1.38 0.71 1.13 1.03 1.16 1.39 0.92 1.21 1.07 1.47 1.48 1.40 1.43 1.05 1.24
M3_3_1 0.88 0.46 1.00 0.75 1.16 0.87 0.45 0.88 0.75 0.94 0.90 0.61 0.89 0.79 0.89
M3_3_2 1.59 0.78 1.60 1.43 1.62 1.57 0.90 1.41 1.46 1.45 1.69 1.41 1.59 1.76 1.46
M3_3_3 1.34 0.63 1.22 1.23 1.18 1.25 0.93 1.18 1.23 1.18 1.31 0.88 1.20 1.22 1.21

Table 3. Results of MINUNSAT use case “Re-Configuration of Rules” (in seconds)

30% 50% 70%
Problem WPM1 msu4 LSB IQB IQBO WPM1 msu4 LSB IQB IQBO WPM1 msu4 LSB IQB IQBO
M1_1 10.98 t/o 80.45 13.01 4.97 48.15 t/o 79.33 22.16 8.01 31.69 t/o 79.26 25.25 9.32
M1_2 3.24 35.08 7.43 1.78 0.72 4.24 89.95 7.36 2.47 0.89 5.88 64.91 7.10 3.23 1.13
M2_1 0.20 0.11 0.25 0.15 0.16 0.19 0.19 0.25 0.18 0.15 0.23 0.34 0.25 0.19 0.16
M3_1_1 1.88 13.35 9.36 1.97 1.85 2.17 41.86 9.49 2.30 2.04 1.89 14.00 9.13 2.42 2.18
M3_1_2 0.39 0.59 1.48 0.41 0.27 0.50 4.98 1.54 0.55 0.33 0.33 2.15 1.56 0.51 0.34
M3_1_3 2.11 23.69 12.95 2.25 2.08 2.44 59.11 12.32 2.75 2.37 2.17 32.55 12.51 2.84 2.57
M3_2_1 2.40 36.57 11.47 2.56 2.22 2.37 71.15 14.16 2.99 2.50 2.29 65.02 13.95 3.17 2.70
M3_3_1 1.10 2.07 5.14 1.24 1.22 1.18 10.80 5.24 1.49 1.36 1.09 5.26 5.18 1.44 1.36
M3_3_2 2.04 5.92 7.78 2.08 2.10 2.03 14.19 8.76 2.38 2.27 3.08 8.11 8.54 2.30 2.48
M3_3_3 1.58 4.62 6.41 1.79 1.78 1.61 5.54 6.72 1.89 1.83 1.57 6.41 6.73 2.00 1.98

Additionally, we considered three different levels of the user selec-
tions: 30%, 50% and 70%. Each level represents the percentage of
components chosen from the families, where 100% are all families.
By this distinction we want to compare the performance impact of
less configured cars in contrast to highly configured cars. A more
detailed description of these use cases can be found in [22].

Table 4. Avg. approx. quality of “Re-Config. of Selections”

Problem 30% 50% 70%
M1_1 93.39 % 93.60 % 91.78 %
M1_2 95.79 % 95.94 % 95.76 %
M2_1 100 % 99.47 % 98.79 %
M3_1_1 99.43 % 99.29 % 97.61 %
M3_1_2 100 % 100 % 97.49 %
M3_1_3 99.67 % 100 % 96.62 %
M3_2_1 100 % 98.21 % 96.43 %
M3_3_1 99.57 % 99.44 % 99.17 %
M3_3_2 100 % 97.56 % 98.85 %
M3_3_3 100 % 95.64 % 97.62 %
Avg. 98.79 % 97.92 % 97.01 %

We consider two problem categories:

• Category I: MINUNSAT
• Category II: A-preferred MCS

For MINUNSAT the weights were chosen between 1 to 10 by ran-
dom and for A-preferred MCS the order was chosen by random. We

assume a uniform distribution of the soft formulas to simulate the in-
teraction of the user. For each POF, each use case and each percent-
age level we created 10 instances to get a reasonable distribution.

8.2 Implementation Techniques
On the MINUNSAT side we used the following solvers for our eval-
uation:

• MSU4: An unsat core-guided approach with iterative SAT calls
using a reduced number of blocking variables [15].

• WPM1: An unsat core-guided with iterative SAT calls, see Algo-
rithm 2 and [1]. In each iteration a new blocking variable will be
added to each soft clause within the unsat core.

Whereas for the A-preferred MCS side we used:

• LSB: Linear search with backbone improvement plus usage of the
in-/decremental SAT-Solving interface.

• IQB: Basic INVQX with backbone improvement plus usage of
the first part of Remark 2.

• IQBO: Optimized INVQX with backbone improvement plus full
usage of Remark 2.

Solver MSU4 is an external one due to [15]. All other solvers were
implemented on top our uniform logic framework, which we use for
commercial applications within the context of automotive configu-
ration. Our SAT solver provides an inc-/decremental interface. We
maintain two versions (Java and .NET) and decided to implement
the solvers in C# using .NET 4.0.

Our experiments were run on the following settings: Processor:
Intel Core i7-3520M, 2.90 GHz; Main memory: 8GB. All our .NET
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Table 6. Results of A-preferred MCS use case “Re-Configuration of Selections” (in seconds)

30% 50% 70%
Problem WPM1 msu4 LSB IQB IQBO WPM1 msu4 LSB IQB IQBO WPM1 msu4 LSB IQB IQBO
M1_1 0.76 2.15 0.41 0.41 0.44 – – 0.42 0.47 0.49 – – 0.52 0.56 0.52
M1_2 0.36 0.64 0.18 0.20 0.21 – – 0.19 0.22 0.19 – – 0.26 0.23 0.22
M2_1 0.10 0.05 0.06 0.06 0.06 0.11 0.04 0.06 0.06 0.05 0.11 0.06 0.06 0.07 0.05
M3_1_1 1.20 0.62 0.75 0.81 0.72 1.34 0.88 0.82 0.89 0.73 1.18 1.10 0.76 0.91 0.85
M3_1_2 0.10 0.05 0.06 0.06 0.06 0.11 0.06 0.06 0.06 0.06 0.11 0.08 0.06 0.07 0.06
M3_1_3 1.27 0.69 0.86 0.94 0.86 1.48 0.73 0.87 1.00 0.85 1.42 1.23 0.93 1.03 0.88
M3_2_1 1.31 0.84 0.76 0.98 0.85 1.33 1.10 0.85 0.96 0.84 1.39 1.44 0.93 0.99 0.93
M3_3_1 0.86 0.84 0.59 0.64 0.56 0.88 0.56 0.65 0.65 0.62 0.90 0.64 0.63 0.67 0.67
M3_3_2 1.63 0.83 1.08 1.19 1.07 1.59 1.13 1.07 1.15 1.08 1.62 1.08 1.10 1.17 1.09
M3_3_3 1.28 0.66 0.91 0.93 0.88 1.26 0.86 0.86 0.96 0.92 1.27 1.18 0.93 0.98 0.94

Table 7. Results of A-preferred MCS use case “Re-Configuration of Rules” (in seconds)

30% 50% 70%
Problem LSB IQB IQBO LSB IQB IQBO LSB IQB IQBO
M1_1 77.00 10.69 3.65 73.83 17.95 6.14 73.75 19.90 7.31
M1_2 6.40 1.54 0.56 6.30 1.81 0.67 5.96 2.12 0.81
M2_1 0.22 0.14 0.11 0.22 0.15 0.12 0.22 0.18 0.14
M3_1_1 8.41 1.88 1.62 8.10 2.05 1.63 8.35 2.12 1.71
M3_1_2 1.36 0.33 0.20 1.33 0.46 0.24 1.38 0.49 0.28
M3_1_3 11.03 1.95 1.69 11.04 2.34 1.94 11.53 2.35 2.07
M3_2_1 9.87 2.20 1.79 12.48 2.51 2.11 12.12 2.69 2.14
M3_3_1 4.24 1.19 1.02 4.29 1.31 1.08 4.46 1.34 1.16
M3_3_2 6.79 2.01 1.66 7.25 2.06 1.79 7.05 2.10 1.95
M3_3_3 5.41 1.61 1.42 5.65 1.68 1.55 5.70 1.79 1.61

Table 5. Avg. approx. quality of “Re-Configuration of Rules”

Problem 30% 50% 70%
M1_1 99.90 % 99.91 % 99.93 %
M1_2 99.94 % 99.94 % 99.86 %
M2_1 99.82 % 99.56 % 99.70 %
M3_1_1 100 % 99.98 % 100 %
M3_1_2 100 % 99.96 % 99.99 %
M3_1_3 99.98 % 99.99 % 99.99 %
M3_2_1 100 % 99.99 % 99.97 %
M3_3_1 99.95 % 99.89 % 99.99 %
M3_3_2 99.96 % 99.94 % 99.97 %
M3_3_3 99.97 % 99.98 % 99.95 %
Avg. 99.95 % 99.91 % 99.94 %

based algorithms run under Windows 7 while MSU4 runs under
Ubuntu 12.04.

8.3 Results
For all of the following result tables, each table entry shows the av-
erage time in seconds a solver needed to solve 10 different instances
of the considered use case and POF. We set a timeout (t/o) of 600
seconds. Each table is separated in three levels (30%, 50% and 70%)
which is the percentage of families where user selections were made
from.

8.3.1 Category I: Partial Weighted MINUNSAT

Table 2 and Table 3 show the results of both use cases, respectively.
MSU4 performs well on the first use case, whereas IQBO performs
most often best on the second use case.

Table 4 and Table 5 show the average approximation quality of the
A-preferred MCS approaches used as MINUNSAT approximation
(cf. Subsection 6.1), which turns out to be quite good. Percentage p
is calculated as follows:

p =
(
∑m
i=1 wi)− approxOpt

(
∑m
i=1 wi)− exactOpt

Where approxOpt is the optimum of the A-preferred MCS solver
and exactOpt is the optimum of the MINUNSAT solver.

8.3.2 Category II: A-preferred MCS

Table 6 does not contain entries for M1_1 and M1_2 in the columns
50% and 70% because the encoding of the weights exceeds the
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native long data type. The MaxSAT competition format3 permits
a top weight lower than 263. Table 7 is missing an evaluation for
MINUNSAT solvers for the same reason.

For instances where an encoding is possible, both MINUNSAT
solvers can keep up with the native A-preferred MCS solvers. IQBO
performs significantly better than IQB for the second use case.

9 Conclusions and Future Work

In this work, we compared the problem of finding a minimal pre-
ferred diagnosis (A-preferred MCS in the context of Propositional
Logic) with the problem of finding a diagnosis of minium cardinal-
ity (MINUNSAT in the context of Propositional Logic). We proved
the FPNP-hardness of the A-preferred MCS problem and therefore
showed, that both problems are equally hard to solve and reducible
to each other.

Both optimization approaches (A-preferred MCS and
MINUNSAT) complement each other. For use cases which
can be expressed as an A-preferred MCS problem one should use
INVQX as solving engine. For the other use cases, one should use
MINUNSAT.

For instances where MINUNSAT is not able to find the solution
in within a reasonable time or where fast responses are needed, we
can fall back to INVQX if an approximated answer is reasonable for
the considered use case.

We evaluated the performance of both problems with benchmarks
based on real automotive configuration data. We assumed a uniform
distribution of the soft formulas to simulate the interaction of the
user. These benchmarks can be improved by choosing a more realis-
tic distribution of the soft formulas.

For an exhaustive evaluation of both problems, we need to con-
sider more complex benchmark data, e.g. unsatisfiable instances of
the SAT4 or MaxSAT5 competitions. Also, we need to evaluate all
solvers based on the same SAT solving engine, i.e. MINISAT [3], in
order to build up an uniform environment.

Another interesting evaluation could be the reduction of the
MINUNSAT problem to an A-preferred MCS problem by using an
adder-network encoding as described in Subsection 7.2. With such an
encoding, we could use every A-preferred MCS solver, like INVQX,
to solve MINUNSAT problem instances.

INVQX and MINUNSAT in their original form compute only a
single diagnosis. Both approaches can be extended to compute a set
of all diagnoses. We plan to investigate the relationship of these ex-
tensions and to evaluate them, too.

REFERENCES
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FLEXDIAG: AnyTime Diagnosis
for Reconfiguration

Alexander Felfernig1 and Rouven Walter2 and Stefan Reiterer1

Abstract. Anytime diagnosis is able to determine solutions within
predefined time limits. This is especially useful in realtime scenar-
ios such as production scheduling, robot control, and communication
networks management where diagnosis and corresponding reconfig-
uration capabilities play a major role. Anytime diagnosis in many
cases comes along with a tradeoff between diagnosis quality and the
efficiency of diagnostic reasoning. In this paper we introduce and
analyze FLEXDIAG which is an anytime variant of existing direct
diagnosis approaches. We evaluate the algorithm with regard to per-
formance and diagnosis quality using a configuration benchmark.

Keywords: Anytime Diagnosis, Reconfiguration.

1 Introduction

Knowledge-based configuration is one of the most successful appli-
cations of Artificial Intelligence [7, 24]. There are many different
applications of configuration technologies ranging from telecommu-
nication infrastructures [11], railway interlocking systems [5], the
automotive domain [22, 26, 28] to the configuration of services [27].
Configuration technologies must be able to deal with inconsistencies
which can occur in different contexts. First, a configuration knowl-
edge base can be inconsistent, i.e., no solution can be determined. In
this context, the task of knowledge engineers is to figure out which
constraints are responsible for the unintended behavior of the knowl-
edge base. Bakker et al. [1] show the application of model-based di-
agnosis [19] to determine minimal sets of constraints in a knowledge
base that are responsible for a given inconsistency. A variant thereof
is documented in Felfernig et al. [6] where an approach to the auto-
mated debugging of knowledge bases with test cases is introduced.
Felfernig et al. [6] also show how to diagnose customer requirements
that are inconsistent with a configuration knowledge base. The un-
derlying assumption is that the configuration knowledge base itself
is consistent but combined with a set of requirements is inconsistent.

All diagnosis approaches mentioned so far are based on conflict-
directed hitting set determination [15, 19]. These approaches typ-
ically determine diagnoses in a breadth-first search manner which
allows the identification of minimal cardinality diagnoses. The ma-
jor disadvantage of applying these approaches is the need of pre-
determining minimal conflicts which is inefficient especially in cases
where only the leading diagnoses (the most relevant ones) are sought.

1 Applied Software Engineering Group, Institute for Software
Technology, TU Graz, Austria, email: {alexander.felfernig, ste-
fan.reiterer}@ist.tugraz.at

2 Symbolic Computation Group, WSI Informatics, Universität Tübingen,
Germany, email: rouven.walter@uni-tuebingen.de

Anytime diagnosis algorithms are useful in scenarios where diag-
noses have to be provided in real-time, i.e., within given time limits.
If diagnosis is applied in interactive configuration, for example, to
determine repairs for inconsistent customer requirements, response
times should be below one second [2]. Efficient diagnosis and recon-
figuration of communication networks is crucial to retain the qual-
ity of service [18, 25]. In today’s production scenarios which are
characterized by small batch sizes and high product variability, it is
increasingly important to develop algorithms that support the effi-
cient reconfiguration of schedules. Such functionalities support the
paradigm of smart production, i.e., the flexible and efficient produc-
tion of highly variant products. Further applications are the diagnosis
and repair of robot control software [23], the reconfiguration of cars
[29], and the reconfiguration of buildings [12].

Algorithmic approaches to provide efficient solutions for diagno-
sis problems are manyfold. Some approaches focus on improvements
of Reiter’s original hitting set directed acyclic graph (HSDAG) [19]
in terms of a personalized computation of leading diagnoses [3] or
other extensions that make the basic approach [19] more efficient
[31]. Wang et al. [30] introduce an approach to derive binary decision
diagrams (BDDs) on the basis of a pre-determined set of conflicts –
diagnoses can then be determined by solving the BDD. A pre-defined
set of conflicts can also be compiled into a corresponding linear opti-
mization problem [10]; diagnoses can then be determined by solving
the given problem. In knowledge-based recommendation scenarios,
diagnoses for user requirements can be pre-compiled in such a way
that for a given set of customer requirements, the diagnosis search
task can be reduced to querying a relational table (see, for example,
[14, 20]). All of the mentioned approaches either extend the approach
of Reiter [19] or improve efficiency by exploiting pre-generated in-
formation about conflicts or diagnoses.

An alternative to conflict-directed diagnosis [19] are direct diag-
nosis algorithms that determine minimal diagnoses without the need
of pre-determing minimal conflict sets [9, 17, 21]. The FASTDIAG

algorithm [9] is a divide-and-conquer based algorithm that supports
the determination of diagnoses without a preceding conflict detec-
tion. In this paper we show how this algorithm can be converted into
an anytime diagnosis algorithm (FLEXDIAG) that is able to improve
performance by disregarding the aspect of minimality, i.e., the algo-
rithm allows for tradeoffs between diagnosis quality (e.g., minimal-
ity) and performance of diagnostic search. In this paper we focus on
reconfiguration scenarios, i.e., we show how FLEXDIAG can be ap-
plied in situations where a given configuration (solution) has to be
adapted conform to a changed set of customer requirements.

Our contributions in this paper are the following. First, we show
how to solve reconfiguration tasks with direct diagnosis. Second, we
make direct diagnosis anytime-aware by including a parametrization
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that helps to systematically reduce the number of consistency checks.
Finally, we report the results of a FLEXDIAG-related evaluation con-
ducted on the basis of a configuration benchmark.

The remainder of this paper is organized as follows. In Section
2 we introduce an example configuration knowledge base from the
domain of resource allocation. This knowledge base will serve as a
working example throughout the paper. Thereafter (Section 3) we in-
troduce a definition of a reconfiguration task. In Section 4 we discuss
basic principles of direct diagnosis on the basis of FLEXDIAG and
show how this algorithm can be applied in reconfiguration scenar-
ios. In Section 5 we present the results of a performance analysis. A
simple example of the application of FLEXDIAG in production envi-
ronments is given in Section 6. In Section 7 we discuss major issues
for future work. With Section 8 we conclude the paper.

2 Example Configuration Knowledge Base
A configuration system determines configurations (solutions) on the
basis of a given set of customer requirements [13]. In many cases,
constraint satisfaction problem (CSP) representations [16] are used
for the definition of a configuration task. A configuration task and a
corresponding configuration (solution) can be defined as follows.

Definition 1 (Configuration Task and Configuration). A con-
figuration task can be defined as a CSP (V,D,C) where V =
{v1, v2, ..., vn} is a set of variables, D = ∪dom(vi) represents do-
main definitions, andC = {c1, c2, ..., cm} is a set of constraints. Ad-
ditionally, user requirements are represented by a set of constraints
R = {r1, r2, ..., rk}. A configuration (solution) for a configuration
task is a set of assignments (constraints) S = {s1 : v1 = a1, s2 :
v2 = a2, ..., sn : vn = an)} where ai ∈ dom(vi) which is consis-
tent with C ∪R.

An example of a configuration task represented as a constraint sat-
isfaction problem is the following.

Example (Configuration Task). In this resource allocation problem
example, items (a barrel of fuel, a stack of paper, a pallet of fire-
works, a pallet of personal computers, a pallet of computer games, a
barrel of oil, a palette of roof tiles, and a palette of rain pipes) have to
be assigned to three different containers. There are a couple of con-
straints (ci) to be taken into account, for example, fireworks must not
be combined with fuel (c1). Furthermore, there is one requirement
(r1) which indicates that the palette of fireworks has to be assigned
to container 1. On the basis of this configuration task definition, a
configurator can determine a configuration S.

• V = {fuel, paper, fireworks, pc, games, oil, roof, pipes}
• dom(fuel) = dom(paper) = dom(fireworks) =
dom(pc) = dom(games) = dom(oil) = dom(roof) =
dom(pipes) = {1, 2, 3}

• C = {c1 : fireworks 6= fuel, c2 : fireworks 6= paper, c3 :
fireworks 6= oil, c4 : pipes = roof, c5 : paper 6= fuel}

• R = {r1 : fireworks = 1}
• S = {s1 : pc = 3, s2 : games = 1, s3 : paper = 2, s4 :
fuel = 3, s5 : fireworks = 1, s6 : oil = 2, s7 : roof =
1, s8 : pipes = 1}

On the basis of the given definition of a configuration task, we now
introduce the concept of reconfiguration (see also [12, 18, 25, 28]).

3 Reconfiguration Task
It can be the case that an existing configuration S has to be adapted
due to a change or extension of the given set of customer require-

ments. Examples thereof are changing requirements that have to be
taken into account in production schedules, failing components or
overloaded network infrastructures in a mobile phone network, and
changes in the internal model of the environment of a robot. In the
following we assume that the palette of paper should be reassigned
to container 3 and the personal computer and games palettes should
be assigned to the same container. Formally, the set of new require-
ments is represented by Rρ : {r′1 : pc = games, r′2 : paper = 3}.
In order to determine reconfigurations, we have to calculate a corre-
sponding diagnosis ∆ (see Definition 2).

Definition 2 (Diagnosis). A diagnosis ∆ (correction subset) is a
subset of S = {s1 : v1 = a1, s2 : v2 = a2, ..., sn : vn = an} such
that S − ∆ ∪ C ∪ Rρ is consistent. ∆ is minimal if there does not
exist a diagnosis ∆′ with ∆′ ⊂ ∆.

On the basis of the definition of a minimal diagnosis, we can in-
troduce a formal definition of a reconfiguration task.

Definition 3 (Reconfiguration Task and Reconfiguration). A recon-
figuration task can be defined as a CSP (V,D,C, S,Rρ) where V
is a set of variables, D represents variable domain definitions, C
is a set of constraints, S represents an existing configuration, and
Rρ = {r′1, r′2, ..., r′k} (Rρ consistent with C) represents a set of
reconfiguration requirements. A reconfiguration is a variable assign-
ment S∆ = {s1 : v1 = a′1, s2 : v2 = a′2, ..., sl : vl = a′l} where
si ∈ ∆, a′i 6= ai, and S −∆ ∪ S∆ ∪ C ∪Rρ is consistent.

If Rρ is inconsistent with C, the new requirements have to be an-
alyzed and changed before a corresponding reconfiguration task can
be triggered [4, 8]. An example of a reconfiguration task in the con-
text of our configuration knowledge base is the following.

Example (Reconfiguration Task). In the resource allocation prob-
lem, the original customer requirements R are substituted by the re-
quirements Rρ = {r′1 : pc = games, r′2 : paper = 3}. The result-
ing reconfiguration task instance is the following.

• V = {fuel, paper, fireworks, pc, games, oil, roof, pipes}
• dom(fuel) = dom(paper) = dom(fireworks) =
dom(pc) = dom(games) = dom(oil) = dom(roof) =
dom(pipes) = {1, 2, 3}

• C = {c1 : fireworks 6= fuel, c2 : fireworks 6= paper, c3 :
fireworks 6= oil, c4 : pipes = roof, c5 : paper 6= fuel}

• S = {s1 : pc = 3, s2 : games = 1, s3 : paper = 2, s4 :
fuel = 3, s5 : fireworks = 1, s6 : oil = 2, s7 : roof =
1, s8 : pipes = 1}

• Rρ = {r′1 : pc = games, r′2 : paper = 3}

To solve a reconfiguration task (see Definition 3), conflict-directed
diagnosis approaches [19] would determine a set of minimal conflicts
and then determine a hitting set that resolves each of the identified
conflicts. In this context, a minimal conflict set CS ⊆ S is a min-
imal set of variable assignments that trigger an inconsistency with
C ∪Rρ, i.e., CS ∪C ∪Rρ is inconsistent and there does not exist a
conflict set CS′ with CS′ ⊂ CS. In our working example, the min-
imal conflict sets are CS1 : {s1 : pc = 3, s2 : games = 1},
CS2 : {s3 : paper = 2}, and CS3 : {s4 : fuel = 3}.
The corresponding minimal diagnoses are ∆1 : {s1, s3, s4} and
∆2 : {s2, s3, s4}. The elements in a diagnosis indicate which vari-
able assignments have to be adapted such that a reconfiguration
can be determined that takes into account the new requirements in
Rρ. If we choose ∆1, the reconfigurations (reassignments) for the
variable assignments in ∆1 can be determined by a CSP solver
call C ∪ Rρ ∪ (S − ∆1). The resulting configuration S′ can be
{s1 : pc = 1, s2 : games = 1, s3 : paper = 3, s4 : fuel = 2, s5 :
fireworks = 1, s6 : oil = 2, s7 : roof = 1, s8 : pipes = 1}. For
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a detailed discussion of conflict-based diagnosis we refer to Reiter
[19]. In the following we introduce an approach to the determination
of minimal reconfigurations which is based on a direct diagnosis al-
gorithm, i.e., diagnoses are determined without the need of determin-
ing related minimal conflict sets.

4 Reconfiguration with FLEXDIAG

In the following discussions, the set AC = C ∪ Rρ ∪ S represents
the union of all constraints that restrict the set of possible solutions
for a given reconfiguration task. Furthermore, S represents a set of
constraints that are considered as candidates for being included in a
diagnosis ∆. The idea of FLEXDIAG (Algorithm 1) is to systemati-
cally filter out the constraints that become part of a minimal diagnosis
using a divide-and-conquer based approach.

Algorithm 1 − FLEXDIAG.

1 func FLEXDIAG(S,AC = C ∪Rρ ∪ S) : ∆
2 if isEmpty(S) or inconsistent(AC − S) return ∅
3 else return FLEXD(∅, S,AC);

4 func FLEXD(D,S = {s1..sq}, AC) : ∆
5 if D 6= 0 and consistent(AC) return ∅;
6 if size(S) ≤ m return S;

7 k =
q

2
;

8 S1 = {s1..sk};S2 = {sk+1..sq};
9 D1 = FLEXD(S1, S2, AC − S1);

10 D2 = FLEXD(D1, S1, AC −D1);
11 return(D1 ∪D2);

In our example reconfiguration task, the original configuration
S = {s1, s2, s3, s4, s5, s6, s7, s8} and the new set of customer re-
quirements is Rρ = {r′1, r′2}. Since S ∪ Rρ ∪ C is inconsistent, we
are in the need of a minimal diagnosis ∆ and a reconfiguration S∆

such that S−∆∪S∆∪Rρ∪C is consistent. In the following we will
show how the FLEXDIAG (Algorithm 1) can be applied to determine
a minimal diagnosis ∆.

The FLEXDIAG algorithm is assumed to be activated under the
assumption that AC is inconsistent, i.e., the consistency of AC is
not checked by the algorithm. If AC is inconsistent but AC − S is
also inconsistent, FLEXDIAG will not be able to identify a diagnosis
in S; therefore ∅ is returned. Otherwise, a recursive function FLEXD
is activated which is in charge of determining one minimal diagnosis
∆. In each recursive step, the constraints in S are divided into two
different subsets (S1 and S2) in order to figure out if already one of
these subsets includes a diagnosis. If this is the case, the second set
must not be inspected for diagnosis elements anymore.

FLEXDIAG is based on the concepts of FASTDIAG [9], i.e., it re-
turns one diagnosis (∆) at a time and is complete in the sense that
if a diagnosis is contained in S, then the algorithm will find it. A
corresponding reconfiguration can be determined by a solver call
C ∪ Rρ ∪ (S − ∆). The determination of multiple diagnoses at a
time can be realized on the basis of the construction of a HSDAG
[19]. If m = 1 (see Algorithm 1), the number of consistency checks
needed for determining one minimal diagnosis is 2δ× log2(n

δ
) + 2δ

in the worst case [9]. In this context, δ represents the set size of the
minimal diagnosis ∆ and n represents the number of constraints in
solution S.

If m > 1, the number of needed consistency checks can be sys-
tematically reduced if we accept the tradeoff of possibly loosing the
property of diagnosis minimality (see Definition 2). If we allow set-
tings with m > 1, we can reduce the upper bound of the number
of consistency checks to 2δ × log2( 2n

δ×m ) in the worst case. These
upper bounds regarding the number of needed consistency checks al-
low to estimate the worst case runtime performance of the diagnosis
algorithm which is extremely important for realtime scenarios. Con-
sequently, if we are able to estimate the upper limit of the runtime
needed for completing one consistency check (e.g., on the basis of
simulations with an underlying constraint solver), we are also able
to figure out lower bounds for m that must be chosen in order to
guarantee a FLEXDIAG runtime within predefined time limits.

Table 1 depicts an overview of consistency checks needed depend-
ing on the setting of the parameter m and the diagnosis size δ for
|S| = 16. For example, ifm = 2 and the size of a minimal diagnosis
is δ = 4, then the upper bound for the number of needed consistency
checks is 16. If the size of δ increases further, the number of cor-
responding consistency checks does not increase anymore. Figures
1 and 2 depict FLEXDIAG search trees depending on the setting of
granularity parameter m.

δ m=1 m=2 m=4 m=8
1 10 8 6 4
2 16 12 8 4
4 24 16 8 4
8 32 16 16 16

Table 1. Worst-case estimates for the number of needed consistency
checks depending on the granularity parameter m and the diagnosis size δ

for |S| = 16.

FLEXDIAG determines one diagnosis at a time which indicates
variable assignments of the original configuration that have to be
changed such that a reconfiguration conform to the new requirements
(Rρ) is possible. The algorithm supports the determination of lead-
ing diagnoses, i.e., diagnoses that are preferred with regard to given
user preferences [9]. FLEXDIAG is based on a strict lexicographi-
cal ordering of the constraints in S: the lower the importance of a
constraint si ∈ S the lower the index of the constraint in S. For
example, s1 : pc = 3 has the lowest ranking. The lower the rank-
ing, the higher the probability that the constraint will be part of a
reconfiguration S∆. Since s1 has the lowest priority and it is part of
a conflict, it is element of the diagnosis returned by FLEXDIAG. For
a discussion of the properties of lexicographical orderings we refer
to [9, 15].

5 Evaluation

In order to evaluate FLEXDIAG, we analyzed the two major aspects
of (1) algorithm performance and (2) diagnosis quality in terms of
minimality and accuracy. We analyzed both aspects by varying the
value of parameter m. Our hypothesis in this context was that the
higher the value of m, the lower the number of needed consistency
checks (the higher the efficiency of diagnosis search) and the lower
diagnosis quality in terms of the share of diagnosis-relevant con-
straints returned by FLEXDIAG. Diagnosis quality can, for example,
be measured by the degree of minimality of the constraints contained
in a diagnosis ∆ returned by FLEXDIAG (see Formula 1).
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Figure 1. FLEXDIAG: determining one minimal diagnosis with m = 1 (∆ = {s1, s3, s4}).

Figure 2. FLEXDIAG: determining a minimal diagnosis with m = 2 (∆ = {s1, s2, s3, s4}).

Juha Tiihonen, Andreas Falkner and Tomas Axling, Editors
Proceedings of the 17th International Configuration Workshop
September 10-11, 2015, Vienna, Austria

108



id |V | |C| |Rρ| |∆min| avg. runtime (ms) minimality (accuracy)
m=1 m=2 m=4 m=6 m=10 m=1 m=2 m=4 m=6 m=10

1 47 285 5 4 772 647 561 429 350 1.0(1.0) 0.56(1.0) 0.45(1.0) 0.21(1.0) 0.15(1.0)
2 55 73 10 7 359 273 203 180 85 1.0(1.0) 0.55(0.91) 0.31(0.91) 0.30(0.83) 0.41(0.58)
3 73 150 10 5 733 593 343 304 195 1.0(1.0) 0.64(0.91) 0.83(0.55) 0.83(0.55) 1.07(0.30)
4 158 242 20 24 2176 1864 1451 1419 819 1.0(1.0) 0.66(0.89) 0.43(0.82) 0.41(0.67) 0.33(0.65)

Table 2. Avg. runtime and minimality of FLEXDIAG evaluated with feature models from www.splot-research.org (calculation of the first diagnosis: 1: Dell
laptops, 2: Smarthomes, 3: Cars, 4: Xerox printers). |Rρ| is the number of changed requirements and |∆min| the average cardinality of minimal diagnoses.

minimality(∆) =
|∆min|
|∆| (1)

If m > 1, there is no guarantee that the diagnosis ∆ determined
for S is a superset of the diagnosis ∆min determined for S in the case
m = 1. Besides minimality, we introduce accuracy as an additional
quality indicator (see Formula 2). The higher the share of elements of
∆min in ∆, the higher the corresponding accuracy (the algorithm is
able to reproduce the elements of the minimal diagnosis for m = 1).

accuracy(∆) =
|∆ ∩∆min|
|∆min|

(2)

In order to evaluate FLEXDIAG with regard to both aspects we ap-
plied the algorithm to the configuration benchmark from www.splot-
research.org - the configuration models are feature models which in-
clude requirement constraints, compatibility constraints, and differ-
ent types of structural constraints such as mandatory relationships
and alternatives. The feature models were represented as CSP on the
basis of the Java-based Choco library.3 For each setting (see Table
2) in the benchmark, we randomly generated |Rρ| new requirements
that were inconsistent with an already determined configuration (10
iterations per setting). The average cardinality of a minimal diagno-
sis form = 1 is |∆min|. Related average runtimes (in milliseconds)4

and degrees of minimality and accuracy (see Formula 1) are depicted
in Table 2. As can be seen in Table 2, increasing the value ofm leads
to an improved runtime performance in our example cases. Mini-
mality and accuracy depend on the configuration domain and are not
necessarily monotonous. For example, since a diagnosis determined
by FLEXDIAG is not necessarily a superset of a diagnosis determined
with m = 1, it can be the case that the minimality of a diagnosis de-
termined with m > 1 is greater than 1 (if FLEXDIAG determines
a diagnosis with lower cardinality than the minimal diagnosis deter-
mined with m = 1).

Note that in this paper we did not compare FLEXDIAG with more
traditional diagnosis approaches – for related evaluations we refer
the reader to [9] were detailed related analyses can be found. The
outcome of these analyses is that direct diagnosis approaches such as
FLEXDIAG clearly outperform standard diagnosis approaches based
on the resolution of minimal conflicts [19].

6 Reconfiguration in Production

The following simplified reconfiguration task is related to scheduling
in production where it is often the case that, for example, schedules
and corresponding production equipment has to be reconfigured. In

3 choco-solver.org.
4 Test platform: Windows 7 Professional 64 Bit, Intel(R) Core(TM) i5-2320

3.00 GHz CPU with 8.00 GB of memory.

this example setting we do not take into account configurable pro-
duction equipment (configurable machines) and limit the reconfigu-
ration to the assignment of orders to corresponding machines. The
assignment of an order oi to a certain machine mj is represented by
the corresponding variable oimj . The domain of each such variable
represents the different possible slots in which an order can be pro-
cessed, for example, o1m1 = 1 denotes the fact that the processing
of order o1 on machine m1 is performed during and finished after
time slot 1.

Further constraints restrict the way in which orders are allowed
to be assigned to machines, for example, o1m1 < o1m2 denotes
the fact that order o1 must be completed on machine m1 before a
further processing is started on machine m2. Furthermore, no two
orders must be assigned to the same machine during the same time
slot, for example, o1m1 6= o2m1 denotes the fact that order o1 and
o2 must not be processed on the same machine in the same time slot
(slots 1..3). Finally, the definition of our reconfiguration task is com-
pleted with an already determined schedule S and a corresponding
reconfiguration request represented by the reconfiguration require-
ment Rρ = {r′1 : o3m3 < 5}, i.e., order o3 should be completed
within less than 5 time units.

• V = {o1m1, o1m2, o1m3, o2m1, o2m2, o2m3, o3m1,
o3m2, o3m3}

• dom(o1m1) = dom(o2m1) = dom(o3m1) = {1, 2, 3}.
dom(o1m2) = dom(o2m2) = dom(o3m2) = {2, 3, 4}.
dom(o1m3) = dom(o2m3) = dom(o3m3) = {3, 4, 5}.

• C = {c1 : o1m1 < o1m2, c2 : o1m2 < o1m3,
c3 : o2m1 < o2m2, c4 : o2m2 < o2m3, c5 : o3m1 < o3m2,
c6 : o3m2 < o3m3, c7 : o1m1 6= o2m1,
c8 : o1m1 6= o3m1, c9 : o2m1 6= o3m1,
c10 : o1m2 6= o2m2, c11 : o1m2 6= o3m2,
c12 : o2m2 6= o3m2, c13 : o1m3 6= o2m3,
c14 : o1m3 6= o3m3, c15 : o2m3 6= o3m3}

• S = {s1 : o1m1 = 1, s2 : o1m2 = 2, s3 : o1m3 = 3,
s4 : o2m1 = 2, s5 : o2m2 = 3, s6 : o2m3 = 4,
s7 : o3m1 = 3, s8 : o3m2 = 4, s9 : o3m3 = 5}

• Rρ = {r′1 : o3m3 < 5}

This reconfiguration task can be solved using FLEXDIAG. If we
keep the ordering of the constraints as defined in S, FLEXDIAG (with
m = 1) returns the diagnosis ∆ : {s4, s5, s6, s7, s8} which can be
used to determine the new solution S = {s1 : o1m1 = 1, s2 :
o1m2 = 2, s3 : o1m3 = 3, s4 : o2m1 = 3, s5 : o2m2 = 4, s6 :
o2m3 = 5, s7 : o3m1 = 2, s8 : o3m2 = 3, s9 : o3m3 = 4}. Pos-
sible ordering criteria for constraints in such rescheduling scenarios
can be, for example, customer value (changes related to orders of
important customers should occur with a lower probability) and the
importance of individual orders. If some orders in a schedule should
not be changed, this can be achieved by simply defining such re-
quests as requirements (Rρ), i.e., change requests as well as stability
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requests can be included as constraints r′i in Rρ.

7 Ongoing And Future Work
We are currently evaluating FLEXDIAG with a more complex (indus-
trial) benchmark from three different German car manufacturers on
the level of type series. In this context we include further evaluation
metrics that help to better estimate the quality of diagnoses (reconfig-
urations) – for example, the currently applied accuracy metric does
not take into account the importance of the different constraints con-
tained in a diagnosis. Furthermore, we will extend the FLEXDIAG

algorithm in order to make it applicable in scenarios where knowl-
edge bases are tested [6]. Our goal in this context is to improve the
performance of existing automated debugging approaches and to in-
vestigate to which extent diagnoses resulting from m > 1 are con-
sidered as relevant by knowledge engineers. Finally, we will compare
FLEXDIAG with local search approaches such as genetic algorithms.

8 Conclusions
Efficient reconfiguration functionalities are needed in various scenar-
ios such as the reconfiguration of production schedules, the reconfig-
uration of the settings in mobile phone networks, and the reconfig-
uration of robot context information. We analyzed the FLEXDIAG

algorithm with regard to potentials of improving existing direct di-
agnosis algorithms. When using FLEXDIAG, there is a clear tradeoff
between performance of diagnosis calculation and diagnosis quality
(measured, for example, in terms of minimality and accuracy).
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Learning Games for Configuration and Diagnosis Tasks
Alexander Felfernig1 and Michael Jeran1 and Thorsten Ruprechter1 and

Alexander Ziller1 and Stefan Reiterer1 and Martin Stettinger 1

Abstract. A goal of many Artificial Intelligence (AI) courses is
to teach properties of synthesis and analysis tasks such as configu-
ration and diagnosis. Configuration is a special case of design ac-
tivity where the major goal is to identify configurations that sat-
isfy the user requirements and are consistent with the configuration
knowledge base. If the requirements are inconsistent with the knowl-
edge base, changes (repairs) for the current requirements have to be
identified. In this paper we present games that can, for example, be
used within the scope of Artificial Intelligence courses to easier un-
derstand configuration and diagnosis concepts. We first present the
CONFIGURATIONGAME and then continue with two further games
(COLORSHOOTER and EATIT) that support the learning of model-
based diagnosis concepts.

1 Introduction
Theoretical problems of combinatorial games have long been studied
[8]. For example, Bodlaender [4] analyzes the properties of coloring
games were players have to color vertices of a graphs in such a way
that never two adjacent vertices have the same color. The player who
was last able to color a vertex in a consistent fashion wins the game.
Börner et al. [5] analyze complexity properties of different variants
of two-person constraint satisfaction [12] games were, for example,
two players alternately make moves and the first player tries to find
a solution whereas the second player tries to make the constraint sat-
isfaction problem (CSP) inconsistent. Different complexity classes
of such games are analyzed which primarily depend on the allowed
quantifiers – quantified constraint satisfaction problems (QCSPs) are
constraint satisfaction problems were some of the variables are uni-
versally quantified [9].

Bayer et al. [2] present an application that models Minesweeper
puzzles as a CSP [12]; the game supports players in finding a solution
and is primarily used as means to support students in understanding
the mechanisms of constraint-based reasoning. In a similar fashion,
Simonis [14] shows how to solve Sudoku puzzles on the basis of
constraint technologies. In addition to problem solving approaches,
the authors also focus on mechanisms for puzzle generation and pro-
pose measures for evaluating puzzle complexity. Finally, we want to
mention the application of constraint technologies in the context of
the generation of crossword puzzles. In crossword puzzle generation
[3], a crossword puzzle grid has to be filled with words from a dictio-
nary in such a way that none of the words in the dictionary is included
more than once in the grid.

In the line of previous work, we present the CONFIGURATION

GAME which is based on conventional CSP representations [12] and

1 Graz University of Technology, Institute for Software Technol-
ogy, Austria, email: {felfernig, jeran, reiterer, stettinger}@ist.tugraz.at
{thorsten.ruprechter, alexander.ziller}@student.tugraz.at

was implemented with the goal to support the learning of basic con-
cepts of knowledge-based configuration [6, 15]. Furthermore, we in-
troduce two games which focus on analysis in terms of model-based
diagnosis [13]. COLORSHOOTER and EATIT are based on the ideas
of model-based diagnosis and were developed to support students in
the understanding of the principles of hitting set determination [13].
To the best of our knowledge these are new types of games based
on conflict detection [10] and model-based diagnosis [7, 13]. All the
presented games are serious games [11] with the purpose of teaching
AI knowledge and also domain knowledge (EATIT).

The remainder of this paper is organized as follows. In Section 2
we introduce definitions of a configuration and a corresponding di-
agnosis task. The subsequently presented games are discussed on the
basis of these definitions. In Section 3 we introduce the CONFIGU-
RATIONGAME Android app and present the results of a correspond-
ing user study. In Section 4 we introduce the COLORSHOOTER diag-
nosis game and also present results of a user study. In Section 5 we
introduce a new diagnosis game embedded in the domain of healthy
eating. In Section 6 we discuss issues for future work. With Section
7 we conclude the paper.

2 Configuration and Diagnosis Task

Knowledge-based Configuration is one of the most successful tech-
nologies of Artificial Intelligence [6, 15]. Configurators determine
configurations for a given set of user requirements, for example, on
the basis of constraint technologies. In terms of a CSP, a configura-
tion task and a corresponding solution can be defined as follows.

Definition 1 (Configuration Task and Solution). A configura-
tion task can be defined as a constraint satisfaction problem
(V,D,C) where V = {v1, v2, ..., vn} is a set of variables, D =
∪dom(vi) represents the corresponding domain definitions, and
C = {c1, c2, ..., cm} is a set of constraints. Additionally, user
requirements are represented by a set of constraints CREQ =
{r1, r2, ..., rk}. A solution for a configuration task is an assignment
S = {inst(v1), inst(v2), ..., inst(vn)}where inst(vi) ∈ dom(vi)
which is consistent with the constraints in C ∪ CREQ.

Example (Configuration Task and Solution). An example of a very
simple configuration task (and a corresponding solution S) repre-
sented as a constraint satisfaction problem is the following. Such
configuration tasks have to be solved by players of the CONFIGU-
RATION GAME (see Section 3). This example represents a simple
Map Coloring Problem were variables (V = {v1, v2, v3}) represent,
for example, countries on a map and the constraints (C = {c1, c2})
restrict solutions to colorings were neighborhood countries must be
represented by different colors. In our example we assume that the
neighborhood countries are {v1, v2} and {v2, v3} and the user re-
quirements are CREQ = {r1 : v1 = 1}. A player of the CONFIG-
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URATIONGAME has successfully solved a configuration task (found
a solution S) if consistent(S ∪ CREQ ∪ C).

• V = {v1, v2, v3}
• dom(v1) = dom(v2) = dom(v3) = {1, 2}
• C = {c1 : v1 6= v2, c2 : v2 6= v3}
• CREQ = {r1 : v1 = 1}
• S = {v1 = 1, v2 = 2, v3 = 1}

In configuration scenarios it is often the case that no solution can
be found for a given set of user requirements (CREQ ∪ C is incon-
sistent). In this context, users are in the need of additional support in
order to be able to identify reasonable changes to the current set of
requirements more efficiently. Model-based diagnosis [13] can help
to automatically identify minimal sets of requirements that have to
be deleted (or adapted) such that a solution can be identified. A diag-
nosis task related to the identification of faulty requirements can be
defined as follows (see Definition 2).

Definition 2 (Diagnosis Task and Diagnosis). A diagnosis task can
be defined by a tuple (C,CREQ) where C represents a set of con-
straints and CREQ represents a set of customer requirements. If the
requirements in CREQ are inconsistent with the constraints in C,
a diagnosis ∆ (∆ ⊆ CREQ) represents a set of requirements such
that CREQ−∆∪C is consistent (in this context we assume that the
constraints in C are consistent). ∆ is minimal if ¬∃∆′ : ∆′ ⊂ ∆.

Example (Diagnosis Task and Diagnosis). An example of a sim-
ple diagnosis task and a corresponding diagnosis ∆ is the following.
Similar diagnosis tasks have to be solved by players of the the COL-
ORSHOOTER and the EATIT game (see Sections 4 and 5). The fol-
lowing example represents a diagnosis task were the set of customer
requirements (CREQ) is inconsistent with the constraints in C. A
player of COLORSHOOTER and EATIT has successfully solved a di-
agnosis task (found a diagnosis ∆) if CREQ−∆∪C is consistent.

• V = {v1, v2, v3}
• dom(v1) = dom(v2) = dom(v3) = {0, 1}
• C = {c1 : ¬(v1 = 1) ∨ ¬(v2 = 1), c2 : ¬(v1 = 1) ∨ ¬(v3 =

1), c3 : ¬(v2 = 1) ∨ ¬(v3 = 1)}
• CREQ = {r1 : v1 = 1, r2 : v2 = 1, r3 : v3 = 1}
• ∆ = {r1, r2}

A wide-spread approach to determine diagnoses for a given diag-
nosis task is to identify minimal conflict sets [10] in CREQ and to
resolve these conflicts on the basis of a hitting set directed acyclic
graph (HSDAG) approach [13]. A (minimal) conflict set can be de-
fined as follows (see Definition 3).

Definition 3 (Conflict Set). A set CS ⊆ CREQ is a conflict set
if CS ∪ C is inconsistent (C is assumed to be consistent). CS is
minimal if 6 ∃CS′ with CS′ ⊂ CS.

On the basis of a set of identified minimal conflict sets [10] we
are able to automatically determine the corresponding minimal diag-
noses (see Figure 1). In our example, the minimal conflict sets are
CS1 : {r1 : v1 = 1, r2 : v2 = 1}, CS2 : {r2 : v2 = 1, r3 : v3 =
1}, and CS3 : {r1 : v1 = 1, r3 : v3 = 1}. The corresponding min-
imal diagnoses are ∆1 : {r1, r2},∆2 : {r1, r3}, and ∆3 : {r2, r3}.
Exactly this example pattern is implemented in the diagnosis games
presented in Section 4 and Section 5.

3 CONFIGURATIONGAME

User Interface. With this game (see Figure 2), one should be able
to gain first insights into the basic concepts of knowledge-based con-

Figure 1. Example hitting set directed acyclic graph derived from the
conflict sets CS1, CS2, and CS3.

figuration. Constraints of the underlying CSP are depicted in the up-
per left corner. Constraints represent incompatible combinations of
values, i.e., combinations that must not be positioned on adjacent
vertices of the grid depicted in Figure 2. This way, tasks such as the
map coloring problem [4] can be defined as a simple configuration
problem (similar examples can also be found in [6]).

Each individual task to be solved by a player can be interpreted as
a configuration task (V,D,C) (see Definition 1). In the setting shown
in Figure 2, V = {v1, v2, ..., v14} represents a set of 14 intercon-
nected hexagons (in the center of the user interface). Furthermore,
it is assumed that each variable has the same domain (in Figure 3,
dom(vi)={1,2,3,4}) and possible variable instantiations are repre-
sented by the values (hexagons) in the lower right corner. Constraints
C = {c1, c2, ..., c16} represent incompatible colorings of adjacent
vertices, for example, c1 : ¬(v1 = 1 ∧ v2 = 1) ∧ ¬(v1 = 2 ∧ v2 =
2)∧¬(v1 = 3∧ v2 = 3)∧¬(v1 = 4∧ v2 = 4)∧¬(v1 = 4∧ v2 =
3)∧¬(v1 = 3∧v2 = 4)∧¬(v1 = 1∧v2 = 2)∧¬(v1 = 2∧v2 = 1).
Incompatibilities are defined by red lines between individual values
(left upper corner of Figure 2). A self-referring red line expresses an
incompatibility on the same value, i.e., two adjacent vertices must
not have to the same value. A proprietary constraint solver is used to
generate individual tasks with increasing complexity in terms of the
grid size (vertices and arcs) and the number of possible values and
also to check proposed solutions for consistency.

Figure 2. CONFIGURATIONGAME user interface.

The task of a player is to move values (hexagons) from the bot-
tom to corresponding (empty) hexagons depicted in the middle of
Figure 2. A player has found a solution if the grid instantiation S is
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Figure 3. Results of a usability analysis of the CONFIGURATIONGAME on the basis of the system usability scale (SUS) [1].

consistent with the constraints in C.2 A screenshot of an intermedi-
ate state of the CONFIGURATIONGAME is shown in Figure 4. The
CONFIGURATIONGAME allows to define constraints that go beyond
typical patterns of map coloring problems [4] since different types of
incompatible adjacent vertices can be defined (in contrast to the map
coloring problem where only incompatibilities regarding the same
value (color) are defined). Instances of the configuration game are
generated automatically.

Figure 4. CONFIGURATIONGAME user interface (after the completion of
some configuration steps).

Empirical Study. N=28 subjects of a usability study evaluated the
CONFIGURATIONGAME. A first prototype of the game was made
available to the subjects in the Google Play Store. The questionnaire
was based on the system usability scale (SUS) [1] and thus focused
on analyzing usability aspects of the system under investigation. The

2 In the CONFIGURATIONGAME we assume that CREQ = {}.

system was considered as easy to understand and well integrated.
Results of the study are summarized in Figure 3.

4 COLORSHOOTER

User Interface. The COLORSHOOTER game (see Figure 5) fo-
cuses on providing first insights into the concepts of model-based
diagnosis [13]. The game is available online in the Apple App Store
(as an iOS application). The columns of the game represent mini-
mal conflict sets (see Definition 3) – related diagnoses (see Defini-
tion 2) are represented by minimal color3 sets such that at least one
color from each row is included. The game consists of twenty dif-
ferent levels and inside each level of 30 different individual COLOR-
SHOOTER tasks. Individual tasks are pre-generated in an automated
fashion where the #colums, #rows, # of different colors, and diagno-
sis cardinality are major impact factors for determining the complex-
ity of one COLORSHOOTER instance. Correct solutions (diagnoses)
are pre-generated on the basis of a HSDAG [13].

Figure 5. Example of a COLORSHOOTER diagnosis task.

Empirical Study. After two lecture units on model-based diag-
nosis [13], we investigated in which way COLORSHOOTER type
games can actively support a better understanding of the principles

3 For readability purposes we annotated the colored circles with numbers.
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of model-based diagnosis. N=60 subjects (students) participated in a
user study where each participant was assigned to one of three dif-
ferent settings (see Table 1).

Participants of the first setting used the COLORSHOOTER game di-
rectly before solving two diagnosis tasks. Participants of the second
setting interacted with COLORSHOOTER one day before complet-
ing the two diagnosis tasks. Finally, participants of the third setting
never interacted with COLORSHOOTER but only solved the two di-
agnosis tasks. The two diagnosis tasks where designed in such a way
that a participant had to figure out all minimal diagnoses for each of
two predefined inconsistent constraint sets (C1 and C2). C1 included
4 constraints, 4 variables of domain size [1..3], and 3 related diag-
noses. C2 included 5 constraints, 4 variables of domain size [1..3]
and 6 related diagnoses. Preliminary results in terms of the number
of successfully completed diagnosis tasks are depicted in Table 1. In
the case of the more complex constraint set C2 we can observe a per-
formance difference between users who applied COLORSHOOTER

and those who did not.

setting
all minimal

diagnoses found
(C1)

all minimal
diagnoses found

(C2)
played directly before 33% 20%
played one day before 20% 20%

did not play before 23% 10%

Table 1. User study with three different settings: subjects played directly
before solving two diagnosis tasks, subjects played one day before, and

subjects did not use COLORSHOOTER.

5 EATIT

EATIT (see Figure 6) is an application currently under development,
i.e., no related user studies have been conducted up to now. The major
ideas of the game are the following: (1) similar to COLORSHOOTER,
students should be able to more easily understand the concepts of
model-based diagnosis. (2) there is a serious game [11] line of learn-
ing which is directly related to the underlying application domain:
users of the system should learn about, for example, which vitamins
are contained in which food. In EATIT, ”conflicts” are represented by
food items assigned to the same shelf (each food item contains the
vitamin represented by the shelf) and diagnoses represent minimal
sets of food items that are needed to cover all vitamins.

6 Future Work
In the CONFIGURATIONGAME our major goal for future work is to
extend the expressiveness of constraints that can be defined for con-
figuration tasks. A higher degree of expressiveness will allow the
inclusion of further tasks such as scheduling and resource balancing.
Furthermore, EATIT will be extended with functionalities that help
to include user preferences and menu quality. In the current version
of EATIT such aspects are not taken into account. In our future re-
search we will also analyze in more detail which specific game types
better help to increase understandability. Furthermore, we will an-
alyze to which extent the games can be exploited to develop better
configurator user interfaces and interaction schemes.

7 Conclusions
The overall goal of the (serious) games presented in this paper is to
help to better understand the concepts of configuration and model-
based diagnosis. Results of empirical studies are promising in the

Figure 6. Screenshot of EATIT. Each shelf represents food that contains a
specific vitamin (e.g., A, B1, ...). A solution (diagnosis) is found if the

selected food on the plate covers all vitamins.

sense that the apps are applicable and can have a positive impact on
the learning performance. Two of the presented games are already
available: COLORSHOOTER in the Apple App Store and the CON-
FIGURATIONGAME in the Google Play Store.
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Abstract. Mass Customizers (MCs) often sell personalized 
products through Web Based Sales Configurators (WBSCs). 
Recently, a number of them have connected their WBSCs with 
Social Software Applications (SSAs). This is not surprising since 
SSAs provide an interactive and socially rich shopping experience, 
which makes shopping on WBSCs more similar to retail shopping 
experiences. Even though interaction with customers is a 
distinctive characteristic of MCs, research on the use of SSAs by 
MCs is very limited. The present paper reports the preliminary 
results of research that aims to (i) describe how existing WBSCs 
connect with SSAs, (ii) understand which stages of the 
configuration-shopping process are supported by the different 
WBSCs-SSAs connections, and (iii) explain how the different 
WBSCs-SSAs connections support fulfilment of the needs for 
social feedback and for social involvement that WBSC users 
perceive during their shopping experiences. 
 

1 INTRODUCTION 

Mass Customizers (MCs) often sell their products on the Web 
through Web Based Sales Configurators (WBSCs) [1]. This selling 
approach has proven to be beneficial to both MCs [2, 3] and their 
customers [4,5,6]. Selling through the Web is challenging not only 
because it is a new way of selling for many companies, but also 
because Web technologies are witnessing a number of innovations. 
One of these innovations refers to Social Software Applications 
(SSAs), which are new Web features that enhance connections 
between individuals and groups of Internet users. The social 
software phenomenon has grown in the past few years as millions 
of people have joined online communities and started using online 
social platforms [7, 8]. Globally, SSAs reach more than 1.5 billion 
members [7]. 

SSAs are increasingly being adopted by companies to improve 
their sales and their connections with actual and potential 
customers [9]. In this respect, MCs are not an exception and they 
are starting to include SSAs in their configuration sites as an aid 
for WBSC users during the shopping process. 

Relatively few studies, however, have addressed this 
phenomenon. Previous research has highlighted the growing trend 
of social-media usage aimed to share information about configured 
products [10, 11] and has addressed the integration of customers in 
social networks [12]. In addition, prior research has indicated the 
combination of configuration toolkits with social networks as a 
promising field of inquiry [13], consistent with initial findings on 
how peer input improves the configuration process [14]. 

To our knowledge, however, the social benefits that WBSC users 
could derive from the connection of WBSCs with SSAs have not 
been investigated yet. This is a gap that research on WBSCs needs 
to address, for at least two reasons. First, socials benefits are 
recognized as enhancing users’ quality perception of the 
configuration process [10]. Second, social needs are likely to be 
stronger while shopping for personalized products using WBSCs 
because, besides the perceived risk of online shopping [15], 

 
a customer can incur in some circumstances that enhance his/her 
need for being in contact with others, for interacting with them and 
for receiving feedback from trustworthy sources [16]. Among those 
circumstances, there may be the lack of experience in configuring a 
particular kind of object or in browsing into a WBSC, the lack of 
creativity or the lack of choice orientation about the product 
configuration one has created [14]. 

To narrow this research gap, we need to consider, first of all, 
the social needs that customers could experience while shopping 
for a personalized product on a WBSC and how an SSA would 
help satisfy those needs, if it were connected with the WBSC. 

 
2 BACKGROUND 

2.1 The social dimension of the shopping process 
 

2.1.1 The shopping process: the EBM model 

The shopping experience involves a variety of consumer personal, 
situational and social variables that impacts on the consumer 
decision-making process. Engel, Blackwell and Miniard [17] 
developed a model (named from their initials as EBM model) to 
understand the variables implicated in the entire consumer 
decision-making process. One of the advantages of the EBM model 
is its applicability to a wide range of situations to explain and 
predict consumer behaviour. The EBM model’s core is based on 
five decision-process stages that the customer goes through during 
his/her shopping experience. 

The EBM’s first stage is named: problem recognition and it 
refers to customer identification of a need or problem. The 
consumer experiences an unbalanced condition between the actual 
and the desired state of need [17]. 

Once the consumer has identified the need he/she wants to 
satisfy, the consumer goes through a second stage named: 
information search. The consumer starts gathering information on 
possible solutions. The information research involves both internal 
and external consumer sources. Internal sources are for example: 
the consumer’s previous shopping experience, memories etc. 
External sources include interpersonal sources such as reference 
groups and relevant others who have direct or indirect influence on 
the individual’s decision process (e.g. family, friends, colleagues, 
other consumers) [18]. The information search stage provides the 
consumer with the basis to evaluate the various alternatives to 
satisfy his/her need. 

The EBM’s third stage of the decision-making process is named: 
the evaluation of alternatives. At this point, the consumer evaluates 
the information previously gathered, develops a set of criteria to 
compare the alternatives and, finally, defines his/her own 
preferences. 

The EBM’s forth stage, namely: purchase stage, refers to the 
consumer’s decision to buy a good or a service. The purchase stage 
also includes the consumer’s decision about where and how to buy. 

The EBM’s fifth stage refers to post-purchase consumer 
decisions. Post-purchase is a crucial stage in understanding the 
entire consumer decision-making process and predicts how a 
consumer will act in the future. A consumer’s good experience will 
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motivate him/her: to repeat the shopping experience, to provide 
positive feedback to others and positively influence other 
customer’s intention to shop. On the contrary, post-purchase 
dissatisfaction will produce a negative impact on the consumer's 
personal and social attitudes [19]. 

A consumer shops not only for utilitarian reasons but shopping 
is frequently based on personal and social motives. Among 
personal motives, there are: individual self-gratification, learning 
about fashion trends, individual status, emulation of others, 
homologation to a trend and diversion from daily routine. 
Consumer's social motives are driven by:  the  affiliation to a 
group, the pleasure of being involved, the pleasure of sharing 
enjoyable moments with friends, the interest in sharing support 
between colleagues, the emulation of others (e.g. other consumers; 
reference groups as friends or colleagues; relevant others as 
people who can influence an individual’s actions) [18]. 

During the shopping process, a consumer experiences the 
need to interact with other persons. In particular, he/she 
perceives two needs, namely: the need for social involvement, and 
the need for social feedback [20, 21]. To satisfy the above-
mentioned needs during the shopping process the customer has to 
perceive the company of other persons that count for him/she 
(e.g. members from his/her reference groups, sales 
representatives, or other customers) and the possibility to interact 
with them (e.g. transmit information, receive feedback, receive 
help, or hints for his/her decision process, support in 
understanding if the selected alternative is the one that best fits 
his/her purchase purpose). 

2.1.2 The need for social feedback while shopping 

The consumer need for social feedback is based on the 
individual's need for social interaction [20]. Social feedback 
refers to the consumer preference of receiving feedback from 
trustworthy external sources that can orientate his/her decision 
process (e.g. family, friends, reference groups, company 
representatives, etc.) [19]. 

Consumer theorists have long recognized the influence that 
relevant others have on consumer’s decision making [8, 17, 19, 21, 
22]. The role of relevant others depends on the informational 
social influence. T h e  informational social influence entails 
accepting feedback information from others to facilitate problem 
solving or cope with some aspect of the environment. It drives 
consumers to learn about some product/service by seeking 
information from peers, relevant others, reference groups [23]. 
Informational social influence is especially important when a 
consumer is faced with time constraints, possesses limited 
knowledge, perceives high risk in the action, or simply does 
not want take decision alone. 

Feedback from others during a shopping experience enables a 
recommendation system based on real-time interaction (e.g. 
communication exchanges) that influences and guides the 
consumer in his/her decision process. Online users like to be in 
control, which means that they expect and want feedback to be 
available when needed. More specifically, they want that help to 
be at their request and to respond to their individual needs. Real-
time feedback provided by others is especially relevant when the 
consumer has no clear ideas about his/her own preferences, thus 
about the product that better satisfies his/her needs. Research on 
online consumer behaviour highlighted the positive impact of 
informational social influence on the consumer’s decision to 
shop online [22, 23]. 

Thanks to the Web evolution, consumers can easily communicate 
and exchange online information about their shopping 
experience. In particular, they can easily access to a large volumes 
of information on a product or service provided directly from 
those who have a recent experience with it [22, 23]. 

2.1.3 The need for social involvement while shopping 

Offline shopping experiences encompass a wide range of social 
interactions between persons. Shopping online tends to be more 
impersonal, anonymous and automated than offline shopping [24]. 
In online consumer markets, there is still a reduced presence of 
social factors that supports the consumer’s decision-making process. 
In particular, an online shopping experience typically lacks the 
sociability that characterizes the purchase stage. Previous research 
has highlighted how online stores tend to display their products 
with no social appeal, only providing a functional product 
description, attribute-based, and unemotional [25]. 

The need for social involvement refers to the consumer need for 
affiliation as a preference to act in accordance with persons that 
count for him/her and to be in contact with them during his/her 
shopping experience [26]. 

During online shopping, a consumer perceives of being in contact 
with others depending on the extent to which a communication 
medium (e.g. commercial web site) provides social presence to its 
users [23]. Social presence is an inherent quality of a medium to 
support its users in feeling others as being psychologically present 
by enabling various forms of interaction similar to the face-to 
face interactions [23, 25, 27]. According to the social presence 
theory, a medium with high social presence conveys a feeling of 
human contact, sociability, and sensitivity [23, 25, 27]. High 
social presence fulfils the individual need for social involvement. 

Online consumers’ perceptions of social presence have been shown 
to positively influence consumer intention to purchase from a 
commercial website [19]. 

 
2.2 Social software applications 
According to Lawley [28], SSAs refer to computing tools to 
support, extend, or derive added value from social activity. In 
recent research, SSAs are defined as software applications that 
enable people to connect, collaborate, create online networks and 
manage contents in a social and bottom-up fashion. Bottom-up 
communication is a specific characteristic enabled by SSAs and 
differs from top-down companies communication or off-line media 
[29]. 

The distinctive characteristics of SSAs derive from their social 
purposes: (a) to intensify and extend online and offline social 
interaction, (b) to adapt to their users instead of the contrary, (c) to 
connect users to a network approach, and (d) to connect computing 
tools around users [29]. 

SSAs embrace a large number of tools for online interaction 
services including (but not limited to): weblogs, instant messaging, 
music and photo sharing, mailing lists and message boards, and 
online social network (SN) tools, internet forums, wikis, social 
guides, social bookmarking, social citations, social libraries, virtual 
worlds [30]. Online communication services supported by SSAs 
are named social media (SM). SM are network-based platforms 
that allow their users to interact online for different purposes (e.g. 
fun, professional support, share content, gaming, etc.) [30]. 

Hereafter we provide a brief description of the SSAs that will be 
recalled in the following sections of the present article. 

Weblog (Blogs) are online platforms for a content management 
system. Blogs are website that allow the user to communicate 
online while maintaining control on contents and communications. 
Blogs are based on RSS (Really Simple Syndication or Rich Site 
Summary), a family of web feed formats used to publish frequently 
updated content [31]. A Blog supports both features of the reading 
and the writing of content. Blog's contents are visible also to 
external Internet users. The owner of the Blog can set the blog’s 
features by allowing only the reading of the blog's content or by 
enabling Internet users to both read and write. In both cases, the 
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Blog’s owner is the one that can decide about the management of 
the blog (e.g. delete contents, apply constraints to the blog’s 
usage). Blog contents are mostly organized by thematic categories 
and are presented in a chronological order. The division by 
thematic categories avoids confusion and allows its users to focus 
their search for information on the topic of interest. Blogs are 
largely used by companies as communication tools for the 
construction and maintenance of relationships between companies 
and their customers [32]. 

Media sharing platforms are platforms that offer online services 
such as: loading, storing, sharing and browsing of different media 
contents and formats (e.g. photos, videos, slides, files, doc). 
Depending on the format of the shared content, the service platform 
assumes a corresponding name (e.g. photo-sharing platform, video-
sharing platform, etc.). Media sharing platforms allow the co-
viewing of content (multiple users can simultaneously see the same 
content). Media sharing also allows a collaborative filtering content 
(models and filters that select and propose content based on visions 
made by the user). Media sharing platforms support aggregation 
sharing and tagging of content on other external SM platforms. 

Social networks (SN) are web-based services that allow users to 
build a public or semi-public personal profile within a bounded 
system, to articulate a list of other users with whom to share 
content. Depending on the SN, users contacts are named as friends, 
circles etc. The SN user can see and navigate through the list of 
his/her contacts and through other SN users’ profiles within a 
defined system. SN services enable users to publish, share, modify, 
and endorse contents on his profile or other users’ profiles 
following specific criteria. SN services support mechanisms for 
building relationships between users [30]. 

Discussion Forum (DF) or online community are online groups 
of users who interact supported by specific technologies. 
Community members can interact and share content depending on 
the enabling technologies of the different platforms (video, chat, 
mailing, comments and videos). Online communities define 
themselves by the topics and the purposes for which they are 
established (e.g. education, business) and for the kind of Software 
environment, that supports them (e.g. list servers, bulletin 
boards, forums, discussion list, various combinations of these). The 
DF includes also communities of practice, e-learning platforms, 
discussion groups, online brand communities, consumer 
communities [29]. A company DF allows interaction between both 
the company and its consumer (B2C) and between the DF’s users 
(C2C), but only company representatives can manage the DF. 

Internet Relay Chat (IRC) is an instant messaging protocol that 
allows real-time communication between two users, or the 
contemporary dialogue of entire groups of users (chat rooms). It 
provides a real-time communication via Internet. Once a chat has 
been initiated, involved users can enter text by typing on the 
keyboard and the entered text will appear on the other user's 
monitor. A large number of social networks and online services 
offer a chat feature. 

E-mail systems are some of the most popular Internet-based 
applications, due to e-mail efficiency, low cost, and compatibility of 
diversified types of information. The Simple Mail Transfer 
Protocol (SMTP) is a transportation protocol used to transfer e- 
mail messages over the Internet. The e-mail service provides an a- 
synchronous messaging service (i.e. a- synchronous refers to a time 
shift between the message writing time and the message reading 
time of the recipient). E-mail enables its users to send and receive 
messages between each other both from inside and outside the 
local area network. Nowadays, SN platforms provide an e-mail 
service for its users (e.g. Facebook and LinkedIn). 

2.3 SSA support to the social dimension of the 
online shopping process 

In an online shopping process, the social presence provided by a 
commercial website enables the consumers in perceiving the 
proximity of relevant others (i.e. people that count for the consumer 
and able to influence his intention to purchase from a commercial 
website) [27]. 

Drawing on the consumer socialization framework, Lueg and 
Finney [21] argued that peer communication online could influence 
consumers so strongly that they convert each other into Internet 
shoppers. Given the risk perceived by consumers in online 
shopping [15], consumers will ask the opinion of their friends or 
online reference groups before make an online purchase decision. 
Thus, the online consumer will experience the need to be in contact 
with others so as to be supported by persons that count for him (i.e. 
relevant others). 

In order to satisfy the need to be in contact with others (i.e. social 
interactions), SSAs support various forms of interactions between 
its users (e.g. share a comment, files, archives, text messages, chat, 
vote, endorse). Interactions are enabled both between person known 
and unknown [21; 28]. Interactions supported by SSAs are similar 
to face-to-face interaction (e.g. video call, chat), for this reason, 
SSAs provide a high level of social presence able to satisfy the need 
for social involvement of their users. 

SSAs intensify and extend online and offline users’ social 
interactions thus it provides its users different sources of feedback 
information mostly transmitted in real-time. Thanks to a real-time 
feedback, the SSAs user collects information provided by others 
and feels orientated in his/her choice process [21]. 

To improve the shopping website with SSAs makes the website 
as a highly interactive communication medium and therefore a 
medium able to provide a socially rich shopping experience similar 
to retail shopping. 

 
2.4 Sales configurators 

One peculiar shopping process is the online shopping of 
personalised products. This process happens more and more 
through WBSCs. Consistent with previous research, we define 
sales configurators as knowledge-based software applications that 
support a potential customer, or a sales-person interacting with the 
customer, in completely and correctly specifying a product solution 
within a company’s product offer [5]. Franke et al. [14] described 
the MC self-customizing process through a WBSC as a problem 
solving process that  includes the development of an initial idea, 
the generation of a preliminary design (interim design solution) 
and the final design evaluation [33]. 

WBSCs guide customers towards the purchase of a configured 
product that best fits their needs. The satisfaction of needs different 
from the functional need is important for the configuration process. 
The utilitarian value is not the only value that leads customers to 
purchase. Many other values and satisfaction of needs different 
from functional such as creative achievement and hedonic benefits 
[5, 34] or uniqueness and self-expressiveness [4] are important for 
the configuration process leading to a purchase or simply to leave a 
positive impression for user returns or at least to talk about it 
positively. The configuration experience has been recognized as 
important in concluding the shopping process with a purchase. 
Research has shown that up to 50% of the additional willingness to 
pay for configured products can be explained by positive 
perception of the co-design process itself [6]. 
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3 RESEARCH AIMS AND METHOD 

In order to achieve the first research aim, that is to describe how 
existing WBSCs connect with SSAs, we browsed into 250 existent 
configurators to first identify the presence of connections between 
WBSCs and SSAs and secondly to analyze the different modalities 
adopted to connect the WBSCs with SSAs. The WBSCs analyzed 
were largely drawn from the configurator database available on 
www.configurator-database.com, excluding those that were not 
in English, Italian or Spanish. To the considered dataset, other 
configurators available only in Italian have been added. A wide 
variety of products were considered, such as: jewellery, T-shirt, 
cars, bikes, notebooks, shoes, bags, etc. 

To achieve the second research aim, that is to understand which 
stages of the configuration-shopping process are supported by the 
different WBSCs-SSAs connections, we analyzed the user’s 
decision process during shopping via WBSC by using the EBM 
mode [l7]. We based the analysis on an analytical reasoning, 
however our reasoning was grounded on a number of 
configuration experiences we performed in different WBSCs for 
every identified WBSC-SSA connection modality. First, we 
identify which stages of the user's decision process are 
supported by each modality and after we describe how the 
connection of WBSC with SSA supports the self-configuration 
process. We adopt the technical terminology provided by Franke 
et al. [14] to describe the configuration process experienced by the 
user. When we refer to a partial product configuration, we mean 
a product configuration that has not been completed. 
Intermediate product configuration refers to a preliminary 
product configuration that has not yet been selected as the final 
one. Final product configuration refers to the product 
configuration that the user has chosen as the end result after his 
various trial configurations. Any reference to the company website 
refers only to a company website where the WBSC is enclosed. 

To achieve the third research aim, that is to explain how the 
different WBSCs–SSAs connections support fulfilment of the needs 
for social feedback and for social involvement, we evaluate 
through analytical reasoning how social involvement and social 
feedback are provided by each modality. In doing so, we use the 
following three categories of people with whom the WBSC user 
is enabled to interact by a given modality: reference groups, 
refers to people the user already knows and is in contact with also 
via SM platforms; peers, refers to unknown people of equal 
standing, such as other customers; relevant others, refers to any 
people who can influence the user’s decision process, which 
includes the two previous categories but also company 
representatives. 

 
4 HOW WBSCs ARE CONNECTED WITH SSAs 

We identify eight different modalities in which SSAs are connected 
to WBSCs. In the following sub-sections, we briefly describe 
each modality (M) and how it supports the configuration 
process, as well as the extent to which it supports fulfilment of 
the needs for Social Involvement (SI) and Social Feedback (SF). 

 
4.1 M1: Icons in the company website to connect 

WBSC users to company SM profile(s) 

SM icons are placed in the company website, external to the 
WBSC. The WBSC’s user can connect to the corresponding 
company's SM profiles by clicking on the various icons. If the 
company has different SM profiles, the user can reach different 
company profiles by clicking on the corresponding icons. 
Example of WBSC: MY M&M'. 

M1 supports the consumer in two stages of his decision 
process namely: (a) the search for information and (b) the 

evaluation of alternatives. M1 supports the configuration process 
by allowing the user to browse into the company’s SM profile. 
Thus, the user can collect hints that can help him in the 
development of an initial configuration idea. 

SI: indirectly provided. M1 does not support the user in 
interacting with others, but it brings the user into the SM platforms 
where he can browse into the company’s SM profile and interact 
with other SM users that share the same interest in the company. 
Thus, M1 satisfies the need for SI by providing an indirect social 
presence for the user. 

SF: indirectly provided. M1 does not support the user in 
transmitting information from the WBSC to his SM profiles or vice 
versa. Thus, M1 does not directly provide SF linked with the 
configuration process. The user can gather hints or information by 
himself browsing into the company SM profile. 

 
4.2 M2: Icons in the WBSC to connect WBSC 

users to their SM profile(s) 
 

4.2.1. Variant M2.1 

The WBSC contains one or more SM icons that bring the user to 
his own corresponding SM profile to automatically publish the link 
to the entry page of the configurator. The user can also publish 
additional information by placing it in his social SM while he is 
sharing the WBSC’s link (e.g. information about his configuration 
experience, advices etc.). In the M2.1 modality as in the M1 the 
SSAs are not directly accessible during the configuration process. 
Example of WBSC: Jonathan Adler. 

M2.1 supports the consumer in four stages of his shopping 
decision process, namely: the search for information (a), the 
evaluation of alternatives (b), the purchase (c), post-purchase (d). 
M2.1 supports the configuration process by triggering an 
information exchange between the user and his reference groups 
that helps the user during the development of an initial idea, the 
evaluation of an intermediate design and finally the 
configuration evaluation. In fact, the user can ask for advice 
about his configuration by sharing the WBSC’s link and he can 
gather feedback on his SM profile (e.g. the user can ask if 
someone from his reference groups already knows the WBSC 
and how to better develop his configuration process). 

SI: low. M2.1 does not enable the users to interact with others in 
the configuration environment but it brings the user to the SM 
platforms where he can interact with his reference groups. Thus, 
M2.1 satisfies user need for SI by providing a low social presence 
to the user during his configuration process. 

SF: low. M2.1 supports the user only in sharing the link to 
the entry page of the WBSC, the user is not supported in 
automatically share additional information about his configuration 
process. Moreover, the WBSC’s user can gather feedback 
information only in the SM platforms outside of the 
configuration environment. Thus, M2.1 provides a low level of 
SF to the user. 

4.2.2. Variant M2.2 

One or more SM icons are placed in the WBSC. Each icon brings 
the user to his corresponding SM profile to automatically share a 
complete configuration. The WBSC's user can also add personal 
comments along with the complete configuration while he is still 
in the configuration environment (e.g. add details about his 
configuration experience on that specific WBSC). All shared 
contents will be visible to his SM reference groups since the 
SSAs of each SM platform enable this feature. Example of 
WBSC: Ethreads. 

M2.2 supports the consumer at the fourth stage of his decision 
process: the purchase (c). M2.2 supports the evaluation of an 
intermediate configuration by enabling sharing of a complete 
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configuration from the WBSC to the SM environment. Thus, the 
user can interact (e.g. ask for advice) with his reference groups to 
gather advice and improve the intermediate configuration. 
Likewise, M2.2 supports the design evaluation by supporting the 
user in sharing a final configuration not yet purchased. 

SI: medium. M2.2 enables the user to interact with his reference 
groups in the SM platforms. Members of the u s e r ’ s  reference 
groups are interested in supporting him and highly trustworthy. 
However, interactions between the user and his reference groups 
occur only outside the configuration environment. Thus, the 
M2.2 satisfies the SI need by providing a medium level of social 
presence to the user. 

SF: medium. M2.2 supports the user in transmitting his 
configuration from the WBSC to the SM platforms where he can 
ask and receive feedback information from his reference groups. 
The sharing of information is enabled only one-way: from the 
WBSC site to the SM platforms, not vice versa. The user can share 
his configuration outside the WBSC but he can collect feedback 
information only in the SM platforms. Thus, M2.2 provides a 
medium level of SF. 

4.2.3. Variant M2.3 

SM icons are inserted into the WBSC, each icon brings the user to 
his correspondent SM profile where he can automatically publish 
a partial configuration while the configuration is on-going. The 
user can also add personal comments along with the partial 
configuration that he is going to publish in his SM profiles. 
Example of WBSC: Nike. 

M2.3 supports the consumer during his decision process at the 
purchase stage (c). The M2.3 supports the configuration process 
during the intermediate design evaluation since it enables the user 
to share his partial configuration with his references groups. Thus, 
the user can consult his reference groups about the configuration 
options previously chosen, and the options he is going to choose. 

SI: medium-high. M2.3 supports the user in interacting with his 
reference groups on the SM platforms while he is configuring a 
product. The user feels confident that if needed he can contact and 
be supported by his reference groups during the configuration 
process. By doing so, M2.3 recreates a shopping situation similar 
to retails shopping where a customer can shop in company of 
relevant others (i.e. friends, family, etc.). Any interaction between 
the user and his reference groups takes place only outside the 
WBSC. Thus, M2.3 satisfies the need for SI by providing a 
medium-high level of social presence to the user. 

SF: medium. M2.3 supports the transmission of information from 
the WBSC to the SM platforms but not vice versa. The user can 
gather feedback information about his configuration only in the SM 
platforms. Thus, M2.3 provides a medium level of SF. 

 
4.3 M3: Direct browse/upload from the WBSC of 

files shared in the personal SM profile(s) 

The WBSC embeds one or more SM icons, by clicking on them, 
each icon brings the user to his SM folders to browse and directly 
upload an item in the configured product (e.g. photo, image, 
drawing). Example of WBSC: Personalwine. 

M3 supports the consumer during his decision process on both 
stages of the evaluation of alternatives (b) and the purchase (c). 
M3 supports the development of an initial idea and the 
evaluation of an intermediate configuration since it provides 
additional choice options from external sources (e.g. user's 
personal photos on SM). M3 supports the design evaluation by 
enabling browsing into the user's personal archives previously  

shared with his references groups on the SM platforms. 
SI: not provided. M3 does not enable the user in perceiving 

the company of others. No interaction is enabled while the user 
browses and uploads items from the SM folders to the WBSC. M3 
does not provide social presence to the user thus it does not satisfy 
the SI need. 

SF: indirectly provided. M3 does not support the user in 
gathering feedback information, since the user cannot exchange 
information with others. However, M3 enables the user to 
collect a kind of indirect feedback hints (e.g. other SM users 
positive or negative comment on a certain photo of his SM folders, 
the number of likes etc.). In other words, by choosing items from 
his SM folders the user can select those items that have been 
previously positively evaluated by his reference groups on the 
SM platform and avoid the ones that received a negative 
response. 

 
4.4 M4: Simplified WBSC embedded in company 

SN profile(s) 

A simplified WBSC configurator is embedded into a company’s 
SN profile (e.g. Facebook). The simplified WBSC is inserted as an 
application of the company's SN profile and it is visible as an ad 
hoc page. Since the configuration choices are very limited the 
simplified WBSC works as a demo-configurator by providing a 
very constrained configuration process. A complete configuration 
process is only possible on the full WBSC website. Often the link 
to the full WBSC is available on the company’s SN profile. 
Example of WBSC: Vauxhall Facebook profile. 

M4 supports the consumer in two stages of the decision process: 
the search for information (a) and (b) the evaluation of 
alternatives. M4 supports the configuration process during the 
development of an initial idea by enabling a user to experience the 
configuration in a highly interactive environment like a SN 
platform. In the SN platforms, a SN user is not specifically looking 
for a WBSC. The opportunity to face an existent simplified WBSC 
allows him to deal with a customization process, to start a sample 
of configuration or simply to be informed on how a WBSC works. 
M4 supports the evaluation of an interim configuration by enabling 
the user in sharing his intermediate configuration with his reference 
group on that specific SN. 

SI: high. M4 allows the user to feels the support of his reference 
group and the company without leaving the configuration 
environment. Thus, M4 satisfies the need for SI by providing a 
high level of social presence. 

SF: high. M4 supports users in transmitting information and 
gathering feedback from reference groups and company 
representatives directly where the configuration occurs. The 
configuration process happens in an environment where the user 
feels confident because he already knows how to reach information 
easily from his reference groups. Moreover, the user can exchange 
information by using different communication features enabled 
by SSAs (e.g. publish or add comments, endorse, like a content, 
chat, etc.). M4 delivers a high SF to the user. 

 
4.5 M5: Weblog (Blog) in the company website to 

connect WBSC users to relevant others 

We observed two different types of Blogs, type 1 refers to a blog 
that supports only the reading features for external users. Type 2 
refers to a blog type that supports both the features of reading and 
writing for the external users of the Blog. We named type 1: Blog- 
Diary and type 2: Blog-Post. 
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4.5.1 Variant M5.1 

The company website provides a link to connect website users to 
the Blog Diary. The Blog-Diary mainly presents contents that 
report information about brand events, sponsorships, and 
competitions. Thus, Blog-Diary's contents inform the user not only 
about functional topics (e.g. product functionalities or features) but 
also ludic news (e.g. curiosity, unedited news about the company). 
M5.1 brings the user outside the configuration environment. 
Example: Renesim. 

M5.1 supports the customer during the search for information (a) 
and the evaluation of alternatives (b). M5.1 supports the 
configuration process by providing hints that can inspire and guide 
the user in the development of his initial configuration idea (e.g. 
information about the company's new product, new fashion trends). 

SI: not provided. M5.1 does not enable the user to perceive 
proximity either of the company representatives or with other 
Blog-diary users. 

SF: not provided. M5.1 provides a one-way communication flow 
from the company to the user. The M5.1 does not provide SF since 
communication exchanges are not supported. 

4.5.2 Variant M5.2 

The company website provides a link to connect WBSC users with 
the company' Blog. The Blog-Post reports additional information 
not present in the WBSC environment but provided in the Blog-
Post by the company and by other blog users. The Blog-Post’s 
contents are mainly centred on utilitarian information (e.g. 
product’s functionalities and features) that can help the user to 
gather hints, find answer to his questions or simply share his 
experiences with both company representatives and other Blog 
users. M5.2 brings the user outside the configuration environment. 
Example: Puget Systems. 

M5.2 supports the customer decision process from the search 
for information (a) to the post purchase stage (d). M5.2 supports 
the stage of post purchase (d) because enables the user in share 
his feedback in the Blog-Post once he ends his shopping process 
(e.g. to give advice, details about the WBSC etc.). The user will 
share a positive or negative feedback based on the perceived quality 
of his shopping experience. M5.2 supports the development of the 
user’s initial idea since it provides additional information useful for 
self-configuration. M5.2 supports the evaluation of an intermediate 
configuration and the design evaluation by enabling communication 
exchanges between the user and both the company representatives 
and peers (e.g. people not from his reference groups like other 
customers, brand followers, blog users). Thus, the additional 
information reported in the Blog-Post by the company and/or peer 
can help the user to improve his intermediate configuration or 
convince him to directly purchase his final configuration. 

SI: medium-low. M5.2 supports the user in interacting only with 
peers and company representatives, however, the user has to move 
outside the WBSC in order to perceive the proximity of others. The 
Blog-Post environment provides a site where the user does not 
know in advance with whom he will interact or if he can reach 
someone when he needs support. The chances for the WBSC user to 
interact with someone depend on the other Blog Post users 
availability to participate in the blog’s activities as well as interest 
in the WBSC user request. Thus, M5.2 satisfies the need for SI by 
providing a medium-low social presence. 

SF: low. M5.2 allows the user to gather feedback information but 
the chance of receiving feedback will depend on the Blog-Posts 
users’ availability in answering, as well as on their knowledge 
about the WBSC user’s request. Thus, there are no guarantees that 
the WBSC user will receive feedback when he requires it or indeed 
that he will receive a feedback coherent with his request. For those 
reasons, M5.2 provides a low SF. 

4.6 M6: Company Discussion Forum to connect 
WBSC users to relevant others 

The company website provides a link to bring WBSC users to a 
company’ Discussion Forum (DF). The link is placed outside the 
WBSC thus SSAs are not directly accessible during the 
configuration process. Example: Dell. 

M6 supports the customer during the decision process from 
the search for information (a) to the post purchase stage (d). M6 
supports the development of an initial configuration idea by 
providing hints and information that can guide the user since the 
contents are provided i both by the company and peers (e.g. other 
customers, blog users). M6 supports the evaluation of an 
intermediate configuration and the final design evaluation by 
allowing two-ways interactions between the user and the company or 
other peers. Thus, the user can feel supported to achieve advices 
about how to improve his configuration or decide to buy the final 
one. 

SI: medium. M6 enables the user to interact with unknown peers 
as well as with company representatives but not with his reference 
group. The user has to move outside the WBSC to perceive the 
proximity of others. The M6 brings the WBSC user to a site where 
even if he does not know in advance with whom he will interact,  
he can be confident that the other DF users are highly motivated 
to support each other as members of the same community. M6 
satisfies the need for SI by providing a medium social presence. 

SF: medium. M6 supports users in receiving feedback 
information from trustworthy sources since most DF users are 
experienced consumers, professionals, or experts in a specific topic 
discussed in the forum. However, there are no guarantees that the 
WBSC’ user will gather the feedback he requires when he needs it 
(the interaction between DF users depends on their availability and 
interest to interact). Only if the DF provides a chat as additional 
communication tool between its users, the interactions can occur in 
real-time exactly when a user asks for feedback. Thus, M6 provides 
a medium SF to the WBSC’ user. 

 
4.7 M7: E-mail service to connect WBSC users to 

relevant others 

4.7.1 Variant M7.1 

The WBSC provides an e-mail service directly accessible from the 
WBSC at the end of the configuration process. M7 supports the 
sending of a final configuration to one or more members of the 
user's reference groups. Example of WBSC: Ecremary. 

M7.1 supports the customer in the purchase stage (c) of his decision 
process. M7.1 supports the configuration process at the final design 
evaluation by enabling the sharing of a final configuration with one or 
more members of the user’s reference groups. M7.1 enables to send 
from the WBSC to outside but no vice versa. Thus, the user has the 
advantage to collect information, hints, or ask for advice to someone 
he already knows, but outside the configuration environment. 

SI: low. M7.1 supports users by sending his configuration by e-
mail to someone from his reference groups. The user is confident in 
addressing his requests of interaction to someone already known and 
interested in help him. M7.1 satisfies the need for SI by providing a 
low social presence since e-mail is an online communication tool 
with a low level of social presence [35]. 

SF: low. M7.1 enables the user to receive feedback from 
members of his reference groups, but there are no guarantees that 
feedback will be available when the user demands it. The 
communication exchanges via e-mail are a-synchronous, rarely the 
e-mail exchanges take place exactly when the user asks for 
feedback (i.e. on demand). Thus, SF provided by M7.1 is low.
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4.7.2. Variant M7.2 

The company website provides the e-mail service as customer's 
service. E-mail’s exchanges are enabled only between company 
representatives and users. Example of WBSC: JL Hufford (almost 
all the analysed WBSCs provide an e-mail contact). 

M7.2 supports the customer in each stages of his decision 
process. M7.2 supports the configuration process by providing an 
additional communication tool to the WBSC user, but it placed 
outside of the WBSC environment. 

SI: low. M7.2 provides the users the feeling of being in contact 
with the company by sending a request by e-mail. More and more 
often companies adopt e-mail automatic reply systems thus 
customers mainly perceive the company as a distant and impersonal 
interaction partner. M7.2 satisfies the need for SI by providing a 
low social presence to the user [35]. 

SF: low. M7.2 supports the user in gathering feedback only from 
the company. The user has the advantage of receive feedback from 
a high trustworthy source but there are no guarantees that the user 
will receive feedback on demand. M7.2 satisfies the need for SI by 
providing a low SF to the user [35] 

 
4.8 M8: Instant message services to connect WBSC 

users to company customer service 

The company website provides a real-time messaging service 
(Chat) for customer service. M8 can be placed either outside or 
inside the WBSC, in both cases it enables real-time communication 
only between the company representative and the users. The user 
cannot interact in real-time with his reference groups or with other 
peers. Example of WBSC: CustomInk. 

M8 supports the customer in real-time at each stages of his 
decision process from the search for information (a) to the post 
purchase stage (d). M8 supports the post-purchase stage by 
providing the user with a real-time communication channel to 
contact the supplier while he is waiting for delivery of his 
product. M8 supports the configuration process since it provides 
real-time professional support as well as additional information not 
presented in the WBSC product space. 

SI: medium high. M8 enables the user to interact in real-time 
only with company representatives. The user is confident that he 
will be in contact with professionals at each stage of the 
configuration-shopping process but he cannot be supported by his 
relevant others. M8 satisfies the SI need providing a medium-high 
social presence. 

SF: high. The M8 supports the user in gathering real-time 
feedback from company representatives whenever he asks for it 
during at each stage of his configuration-shopping process. Thus, 
the user is confident that feedback will properly fit with his request 
and it provided by a highly trustworthy source. However, the user 
cannot collect feedback from his reference groups. Thus, M8 
provides a medium-high level of SF. 

 
5 CONCLUSIONS 

The present study investigated the connections of WBSCs with 
SSAs. More specifically, we (i) identified and described eight 
different connection modalities (Table 1 columns 1 & 2), (ii) 
explained which stages of the configuration-shopping process are 
supported by the different WBSCs-SSAs connections (Table 1 
columns 3-6) and (iii) explained how the different connection 
modalities support the fulfilment of the needs for SF and for SI that 
WBSC users perceive during their shopping experiences (Table 1 
columns 7-8). 

Table 1 – Synthesis of the research results 
Connection 
Modality 

Variant EBM stages SF SI 
a b c d 

1-2 3 
CONF. process 

M1 - Icons in the 
company website to 
connect WBSC users to 
company SM profile(s) 

-      
Ip 

 
Ip   

M2 - Icons on the 
WBSC to connect WBSC 
users to their SM 
profile(s) 

M2.1     Low Low 
    

M2.2     Med Med 
 

M2.3     Med- 
High Med 

 
M3 - Direct 
browse/upload from the 
WBSC of files shared in 
the personal SM profile 

-      
Np 

 
Ip   

M4 - Simplified WBSC 
embedded in company SN 
profile 

-     High High   
M5 - Weblog (Blog) on 
the company website to 
connect WBSC users to 
relevant others 

M5.1     Np Np 
  

M5.2     Med- 
low 

Med- 
low     

M6 - Company 
Discussion Forum to 
connect WBSC users to 
relevant others 

-      
Med 

 
Med     

M7 – e-mail service to 
connect WBSC users to 
relevant others 

M7.1     Low Low 
 

M7.2     Low Low 
    

M8 - Instant message 
services to connect 
WBSC users to company 
customer service 

-     Med- 
High 

 
High     

EBM Stages. a: information search; b: alternative evaluation; c: purchase; d: post-purchase. 
CONF. process. 1: initial idea development; 2: intermediate evaluation; 3: configuration 
evaluation. SF/ SI. Ip: support for the fulfilment of SF/SI is indirectly provided; Np: support is 
not provided; Low: support is low; Med-low: support is medium-low; etc. 

 
While shopping, a WBSC user perceives greater SF in WBSC- 

SSA connections modalities: M4 and M8, which (a) deliver 
feedback to the user directly in the configuration environment, (b) 
make the user confident to achieve feedback when he asks for it (c) 
provide feedback from highly trustworthy source (e.g. from a 
member of his/her reference groups or from company 
representatives). 

Likewise, a WBSC user perceives greater SI in WBSC-SSA 
connections modalities: M4 and M8, which (a) provide social 
support at each stage of the configuration-shopping process, (b) 
enable social support directly in the configuration environment, 
and (c) allow the user to interact in real-time while the 
configuration occurs. 

Our findings, if confirmed by future research, provide the 
following guidelines to WBSC designers: 
• Connect a WBSC with SSAs in a way that supports two-way 

exchange of information (i.e. from the WBSC to SSAs and vice 
versa). 

• Insert a connection with SSAs in the WBSC, so as to provide 
support and feedback directly in the configuration environment. To 
prevent the user from leaving the WBSC, both support and feedback 
have to properly fit the user request. 

• Insert SSAs that enhance the WBSC user’s perception of being 
real-time supported by her/his reference groups. 

• Insert SSAs that enable the user to choose from whom to be 
supported without leaving the configuration environment (e.g. 
from his/her reference groups, company representatives, peers, 
other users). 
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• Insert SSAs that provide support and feedback to the WBSC user 
exactly when he/she requires (on demand). 

The present research, once completed, will allow new research to 
be started with the aim to: (a) describe the current frequency of 
adoption of the various WBSC-SSA connection modalities, 
eventually analysing possible dependences on the type of product; 
(b) empirically test the differences in SF and SI provided by the 
different WBSC-SSA connection modalities; (c) evaluate whether 
the different WBSC-SSA connections impact on benefits arising 
from self-personalized products and from experiences of self 
personalization, such as utilitarian, hedonic and creative 
achievement benefits. 
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Abstract. Configuration knowledge bases are a well-
established technology for describing configurable products
like cars, computers, and financial services. Such knowledge
bases are characterized by sets of constraints, variables, and
domains. Lot of research has been done for testing knowledge
bases, finding conflicts, and recommending repair actions.

In contrast, less work has been done in the area of measur-
ing the quality of configuration knowledge bases. Such qual-
ity measurements can help knowledge engineers to improve
the maintainability, understandability, and functionality of
knowledge bases. Based on a literature review we first give an
overview of the state-of-the-art in knowledge base metrics. We
will extend the current research by using the goal-question-
metrics (GQM) approach of the software engineering disci-
pline to find gaps for the characterization of knowledge bases.
We will also identify further metrics to complete the model.
The results of this paper help knowledge engineers to reduce
the effort to develop and maintain configuration knowledge
bases.

1 Introduction

Products like cars, computers, and software product lines
can be customized according to consumers’ preferences. For
supporting users to get valid configurations and to support the
manufacturing department in companies to get an overview
of their production lines, models of their products are neces-
sary [29]. Knowledge bases describe a part of the real world
(e.g., the set of valid product configurations for bikes). The
implementation of a knowledge base is typically done coop-
eratively between domain experts and knowledge engineers
[5, 42]. Configuration knowledge bases can be represented,
for example, as constraint satisfaction problems (CSP [39]).

Configuration knowledge bases (CKB) represent the com-
plete set of valid product configurations. Adding, changing,
and removing constraints of such knowledge bases is neces-
sary, because the set of valid product configurations changes
over time. Humans in general and knowledge engineers in par-
ticular tend to keep efforts related to knowledge acquisition
and maintenance as low as possible. Due to cognitive limita-
tions [11, 21, 37] anomalies such as inconsistencies, redundan-
cies, and well-formedness violations are in CKBs. The CKB
maintenance task gets even more complicated, if a couple of

knowledge engineers has to develop and maintain the knowl-
edge base.

In this paper we describe how to measure the quality of
configuration knowledge bases.1 Therefore, we use the goal
question metric approach (GQM). The first step in the GQM
approach is to define possible goals for the knowledge base,
like understandability, maintainability, and functionality. The
achievement of the goals will be measured by answers for a set
of questions. These answers will be aggregated and weighted.
After the aggregation and the weightings of answers, the qual-
ity of the current version of the configuration knowledge base
can be measured in terms of fulfilling the goals. Third, ques-
tions will be answered by sets of metrics. In this paper we
define goals, questions, and metrics and show, how we can
measure them. These results will help knowledge engineers in
focusing on relevant aspects of the configuration knowledge
base to improve the management of a configuration knowl-
edge base, e.g., the efforts for maintainability, understand-
ability, and functionality of a knowledge base.

The remainder of this paper is organized as follows: Sec-
tion 2 introduces a working example for this work, anomalies
and their definitions. Section 3 gives an overview of the state
of the art for goals, questions, and metrics for configuration
knowledge bases and other research areas. In Section 4 we
discuss the GQM model and compare it with the results of
other research areas. Finally, Section 5 summarizes this paper
and gives an overview of further research in this area.

2 Configuration Knowledge Base

A configuration knowledge base can be defined as a
triple (V,D,C) with a set of variables V where each vari-
able v ∈ V has a domain dom(v) ∈ D. For example, a
bike configuration knowledge base could contain the variables
V = {Reflector, Pedal, Framecolor} where each variable has
a domain D = {dom(Reflector) = {yes, no}, dom(Pedal)
= {Standard, Clip}, dom(Framecolor) = {Green, Red}}.
The assignments to a variable (e.g., Pedal = Clip) are de-
fined as constraints c ∈ C [39]. While such assignments

1 Please consider, that the approach presented in this paper can
also be used in other models like knowledge-based recommenda-
tion [9] and feature models [4].
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are defined by users, other constraints are defined by do-
main experts and are restricting the number of valid com-
binations of variable assignments. For example, a constraint
ci = ¬(Pedal = Standard ∧ Framecolor = Red) does not
allow a consistent configuration with Pedal = Standard and
Framecolor = Red. We call user assignments customer re-
quirements c ∈ CR and constraints which are describing the
relationship between customer requirements and product vari-
ables knowledge constraints c ∈ CKB . The sets CR and CKB

describe C, such that CR ∪ CKB = C [18]. Customers try
to find a valid configuration for the configuration knowledge
base which means, that they assign values to variables {CR}
and the set of assignments is not in conflict with CKB (see
Definitions 1 and 2).

Definition1: A consistent configuration is defined as a
set of customer constraints CR. This set of constraints is not
in conflict with CKB , such that, there exists one possibility to
assign a value to each variable, formally defined as CKB ∪CR

is consistent.
Definition2: A configuration is a consistent complete

configuration, iff the knowledge base is a consistent configu-
ration (see Definition 1) and each variable has an assignment,
such that @vi∈V vi = ∅.

Figure 1 gives an example about a configuration knowledge
base for a bike domain. The graphic is based on the notation
of feature models [6] where each variable is represented as a
feature and each feature has the same domain (dom(vi) =
{true, false}). The notation of constraints of feature models
is described in Figure 1.

The following configuration knowledge base (CKB) reflects
a constraint-based (CSP-based [39]) representation of the
configuration model depicted in Figure 1. Each of the
constraints in Figure 1 is part of the set CKB .

V = {
Bike,Reflector, Pedal, Framecolor,Green,Red
Standard, Clip

}
D = {

dom(Bike) = dom(Reflector) =
dom(Pedal) = dom(Framecolor) =
dom(Green) = dom(Red) = dom(Standard) =
dom(Clip) = {true, false}

}
CKB = {

c0 : Bike = true;
c1 : Bike = true↔ Reflector = true;
c2 : Bike = true↔ Pedal = true;
c3 : Bike = true↔ Framecolor = true;
c4 : Reflector = true→ Pedal = true;
c5 : ¬(Pedal = true ∧ Framecolor = true);
c6 : Framecolor = true↔ (Green = true∨

Red = true);
c7 : (Standard = true↔ (Clip = false∧

Pedal = true)) ∧ (Clip = true↔ (Standard
= false ∧ Pedal = true));

}

In this example there are different types of anomalies.
Anomalies are patterns in data that do not conform to a well
defined notion of normal behavior [10]. Anomalies can be con-

flicts, redundancies and forms of well-formedness violations.
For a detailed description of anomalies we refer the reader to
[14, 16, 20, 28].

In our example, we can see that the set of constraints
{c0, c2, c3, c5} is in conflict because there does not exist a valid
assignment for these constraints such that all constraints are
fulfilled. We call such scenarios conflicts [23] and they are
defined in the Definitions 3 and 4.

Definition 3: a conflict is given, iff there exists a set of
constraints CS which can not result in a valid configuration
(see Definitions 1 and 2), such that CS ⊆ C is inconsistent.

Definition 4: a minimal conflict is given, if the constraint
set CS leads to a conflict (see Definition 3), and there does
not exist a subset of CS with the same property of being a
conflict, such that, @CS′ ⊂ CS is inconsistent.

The example of this paper contains one minimal conflict:
CS1 = {c0, c2, c3, c5} because this constraint set leads to no
valid configuration of the configuration knowledge base and
it is not possible to remove a constraint from CS1 without
loosing the property of beeing a minimal conflict (see Defini-
tions 3 and 4). A minimal conflict can be calculated with the
QUICKXPLAIN algorithm [23]. If our model has more than
one conflict and we want to have all minimal conflicts we
need to calculate an acyclic graph (HSDAG) which is defined
in [35].

Solutions for such conflicts are called diagnoses [35, 17]. By
removing a set of constraints ∆ from the configuration knowl-
edge base, we receive at least one valid assignment for each
variable of a configuration knowledge base, formally described
in the Definitions 5 and 6.

Definition 5: A set of constraints ∆ is called diagnosis,
iff the removal of ∆ from the knowledge base C leads to a
valid configuration (see Definition 1 and 2), such that C \∆
is consistent.

Definition 6: A set of constraints ∆ is called minimal di-
agnosis, iff it is a diagnoses (see Definition 5) and it is not
possible to remove a constraint from ∆ without loosing the
property of being a diagnoses, such that C \∆′ ⊂ ∆ is con-
sistent.

In our example the constraint sets ∆1 = {c0}, ∆2 = {c2},
∆3 = {c3} and ∆4 = {c5} are minimal diagnosis because re-
moving one of these constraint sets would lead to a consistent
configuration knowledge base.

While conflicts and diagnosis are well discussed, little at-
tention has been done to redundancies in configuration knowl-
edge bases. Piette [28] and Felfernig et al. [20] focused on the
problem of redundant constraint sets in knowledge bases and
defined the term redundancy (see Definition 7).

Definition 7: A set of constraints R is redundant, if the
removal of R leads to the same semantics of C, such that,
C \R |= R.

In our example, we have two different sets of redundant
constraints: R1 = {c2} and R2 = {c4}. A redundancy does
not have an impact on the semantics of a knowledge base
but probably leads to a higher effort for maintenance tasks of
knowledge bases and decreases the performance of the config-
uration knowledge base. We can calculate such sets with the
SEQUENTIAL [28] or CoreDiag [20] algorithm. Both algo-
rithms use the negation of C (C = ¬c0 ∨ ¬c1 ∨ ... ∨ ¬cn}) for
calculating redundant constraints. For checking the semantics
of C \R the algorithms check, if C \R∪C is inconsistent. An
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Figure 1. Feature Model of the bike configuration example.

inconsistency means, that the set R is redundant. For get-
ting all different sets of redundant constraints we can also use
HSDAG [35].

The third type of anomalies are well-formedness viola-
tions. Such violations do not have an impact on the consis-
tency of a knowledge base (see Definitions 1 and 2). While
well-formedness is well discussed in the research area of fea-
ture models (see e.g., [6]), less research has focused on well-
formedness violations in configuration knowledge bases. How
we use well-formedness violations for calculating metrics for
configuration knowledge bases will be described in the next
Section.

Anomalies and other aspects of a configuration knowledge
base have impacts on the maintainability, understandability,
and functionality of the knowledge base. In the following, we
give an overview of goals, questions, and metrics for config-
uration knowledge bases which helps knowledge engineers to
get an understanding of the quality of the knowledge base.

While conflicts, diagnoses, and redundancies focus on con-
straints, well-formedness violations identify anomalies based
on variables and domain elements. We now introduce well-
formedness violations in configuration knowledge bases.

The first well-formedness violation focuses on dead domain
elements. A dead domain element is an element which can
never be assigned to its variable in a consistent instance (see
Definition 1). Definition 8 introduces a formal description of
dead elements.

Definition 8:: A domain element val1 ∈ dom(vi) is dead iff
it is never part of a consistent instance, s.t. CKB∪{vi = val1; }
is inconsistent.

On the other hand, we can have domain elements which
have to be assigned to each consistent instance. We denote
such domain elements full mandatory (see Definition 9).

Definition 9:: A domain element val1 ∈ dom(vi) is full
mandatory, iff there is no consistent (complete or incom-
plete) instance where the variable vi does not have the as-
signment val1, s.t. CKB ∪ {vi 6= val1} is inconsistent.

The configuration knowledge base can never be consistent,
if Bike = false or Reflector = false or Pedal = false.
For that domain elements, we can say that these domain ele-
ments are full mandatory and the other domain element false
is a dead domain element. Note that all domain elements of a
domain are false optional if one domain element is full manda-
tory.

Another well-formedness violation is called unnecessary re-
finement. Such an unnecessary refinement consists of two vari-
ables. If the first variable has an assignment, it is possible to
predict the assignment of the other variable. A formal defini-
tion is given in Definition 10.

Definition 10 (Unnecessary refinement): A configura-
tion knowledge base contains a variable pair vi, vj . For each
domain element val1 of variable vi, we can say that vari-
able vj always has the same assignment vj = val2, s.t.
∀val1∈dom(vi)∃val2∈dom(vj)vi = val1 ∧ vj 6= val2 is inconsis-
tent.

In our example the variable pair Bike and Reflector
is unnecessary refined because whenever Bike = true
the Reflector = true, and Bike = false respectively
Reflector = false leads to an inconsistency. If such a vio-
lation occurs, we can recommend the knowledge engineer to
remove the variable Reflector and rename the variable Bike
with BikeWithReflectors.

3 A GQM model for Configuration
Knowledge Bases

For the overview of the metrics for configuration knowl-
edge bases we use the GQM method. For each goal we use a
set of questions to define the achievement of each goal. It is
also necessary that the goals, questions, and metrics can be
calculated automatically, and with explanations [2, 36].

In this section we first give an overview of the possible
goals for configuration knowledge bases. Thereafter we give an
overview of the questions in (configuration) knowledge bases.
Finally we operationalize the questions by listing metrics for
configuration knowledge bases.

3.1 Goals for Configuration Knowledge
Bases

Nabil et al. [27] define five basic goals for knowledge bases.
Reusability means, that the knowledge base can be reused in
another application area. The flexibility defines the possibility
to change the semantics of the configuration knowledge base.
Understandability defines the possibility that knowledge en-
gineers have correct assumptions. Functionality describes the
applicability of the knowledge base. For example, if the model
does not describe the real product assortment, the knowledge
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base has no functionality. Extendability describes the possibil-
ity to extend the knowledge base. In our example (see Figure
1) we can extend the model by adding the bike type (V ′ = V ∪
{Type,MountainBike, CityBike};D′ = D ∪ {dom(Type) =
dom(MountainBike) = dom(CityBike) = {true, false}};).

Lethbridge [25] identifies three goals for knowledge bases.
First, it is necessary that knowledge engineers can monitor
their work. Therefore it is necessary to offer baselines for
its continous improvement. Another aspect is the support for
knowledge engineers when they maintain a knowledge base.
Finally, Lethbridge also focuses on the understandability of
knowledge bases.

From the perspective of software product lines there are
three goals: the analyzability focuses on the capability of a sys-
tem to be diagnosed for anomalies. Changeability is the pos-
sibility and ease of change in a model when modifications are
necessary. Understandability also means the likelihood that
knowledge engineers and designers understand the knowledge
base [2].

To sum up, we define the following goals for configuration
knowledge bases:

• A configuration knowledge base must be maintainable,
such that it is easy to change the semantics of the knowl-
edge base in a desired manner [2, 27].

• A configuration knowledge base must be understandable,
such that the effort for a maintainability task for a knowl-
edge engineer can be evaluated [2, 25, 27].

• A configuration knowledge base must be functional, such
that it represents a part of the real world (e.g. a bike con-
figuration knowledge base) [27].

3.2 Questions for Configuration Knowledge
Bases

After defining the goals for configuration knowledge bases
we describe the questions relating to one or more goals. The
concordance with the application will be defined by the com-
pleteness. It suggests the applicability of the current state of
the knowledge base for representing the application area. For
instance, in our example (see Figure 1) a Bike can have a
green and a red frame color. If it is possible to combine those
colors, the coverage is high. If a frame can only have either a
red or a green frame color, the model does not represent the
application area and the coverage will be low.

Q1: Is the configuration knowledge base complete?

Anomalies are a well researched area in the context of con-
figuration knowledge bases [30]. The term ’anomalies’ is used
synonymously for errors and subsumes the terms inconsis-
tencies, redundancies, and well-formedness violations. Errors
can have an impact on each of the goals, since it has negative
impacts on the reusability, maintainability, and understand-
ability. It can also have a negative impact on the functionality,
if there exists an inconsistency in the knowledge base.

Q2: Does the configuration knowledge base contain anoma-
lies?

The performance describes the time which is required to
calculate characteristics of a knowledge base. These charac-
teristics are e.g., error checking, calculating consistent con-

figurations, and generating user recommendations. This per-
formance mainly influences the functionality of a system (la-
tency) and the reusability.

Q3: Does the configuration knowledge base have an admis-
sible performance?

If it is necessary to develop and maintain the knowledge
base a high modifiability will help to reduce the effort for the
update operation. The modifiability has a positive impact on
the reusability and maintainability of a knowledge base. For
example, when updating redundant constraints in a knowl-
edge base (e.g. constraint c2 in the example in Section 2) it’s
probably necessary to update the redundant constraints (c4)
too. This may lead to a low functionality because the knowl-
edge base doesn’t have the correct behavior.

Q4: Is the configuration knowledge base modifiable?

The development effort describes the effort when updat-
ing a configuration knowledge base. This effort contains the
time for the update operation. This includes the update of
the semantics of the knowledge base and the time, which is
required to remove all new errors. This effort has an impact on
the maintainability and reusability of a knowledge base and is
mainly influenced by the understandability of a configuration
knowledge base.

Q5: Is the configuration knowledge base understandable?

Not each goal has a relationship with each question. In
Table 1 we give an overview of the relationship between goals
and questions:

Question / Goal MT US FT

Q1 (completeness) +
Q2 (anomalies) - - -
Q3 (performance) +
Q4 (modifiability) +
Q5 (understandability) +

Table 1. Relations between goals and metrics (MT = maintain-

ability, US = usability, FT = functionality)

3.3 Metrics for Configuration Knowledge
Bases

The metrics are based on a literature review focusing on
knowledge engineering [3, 5, 7, 16, 25, 26, 27, 30, 31, 32, 40]
as well as on software product line engineering [2, 6, 22, 24].
The assumptions in this section are based on the literature of
configuration knowledge bases and other research areas like
feature models and software product lines, software engineer-
ing, and rule-based knowledge bases.

After having defined the questions for configuration knowl-
edge bases, the next task is to quantify the metrics. There-
fore, we describe possible metrics for configuration knowledge
bases. Most of the metrics require a consistent CKB. The
metrics are based on literature study in configuration, feature
model and software engineering research areas.

The next list shows some metrics derived from MOOSE and
function point analysis [2, 12, 25, 36]:

• Number of variables |V |: In the example (see Figure 1)
|V | = 8.
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• Average domain size: domsize =
∑

vi∈V |dom(vi)|
|V | = 2

• Number of constraints: |C| = 8

The number of minimal conflicts |CS| is the first
anomaly metric [23]. In our example (see Section 2), we have
1 minimal conflict, such that |CS| = 1. We can also evaluate
the smallest number of constraints in a conflict set. The low-
est number of constraints in a conflict set CS is the minimal
cardinality of conflict sets MCCS and can be defined as
@CSj : |CSj | < |CSi|. The example in Section 2 has a mini-
mal cardinality MCCS = 4.

We can also evaluate diagnoses for knowledge bases. For
example, with the FastDiag algorithm [17, 19] we can cal-
culate the number of diagnoses |∆| and the number of
constraints in a minimal cardinality diagnosis MC∆.
A minimal cardinality diagnosis ∆i is a minimal diagnosis
which has the property of having the smallest number of con-
straints in the diagnosis, such that, @∆j : |∆j | < |∆i|. The
example described in Section 2, contains 4 minimal diagnoses
(∆1 = {c0},∆2 = {c3},∆3 = {c5},∆4 = {c1, c2}, |∆| = 4)
and a minimal cardinality diagnosis of 1 (MC∆ = 1).

The number of redundant constraints can also be used as
a measure for knowledge bases [20, 28, 30, 31] if the config-
uration knowledge base is consistent.2 The number of sets of
redundant constraints is denoted as |R| and the maxi-
mum cardinality of a redundancy set Ri is 1. We cal-
culate the maximum cardinality for Ri by checking, if there
exists another set Rj which has a bigger cardinality, such
that Ri has the property of having the maximum cardinality,
iff @Rj |Rj | < |Ri|. The example in Section 2 contains one
set with redundant constraints (R1 = {c4}, |R| = 1) and the
maximum cardinality of these sets is 1 (MCR = |1|).

A domain element domi ∈ dom(vj) is a dead domain
element, iff there does not exist a valid configuration, such
that, C ∪ {vj = domi; } 6= ∅ [5, 6]. When assuming that
C′ = C ∪ {c8 : Standard = true; } it is not possible, that
Clip is also true, such that, C′ ∪ {c9 : Pedal = true} = ∅,
such that, DE = 1. We use the sum of all dead elements as a
metric 0 < DE < 1 by using Equation 1 where a value nearer
0 means that there are no or less dead elements and a value
nearer to 1 means that a high number of domain elements
in the knowledge base can not be selected in a consistent
configuration knowledge base.

DE =

∑
vi∈V

∑
dj∈dom(vi)

{
0 C ∪ {vi = dj} 6= ∅
1 else

|V | × domsize
(1)

A domain element domi ∈ dom(vj) becomes dead if another
domain element domk ∈ dom(vl), vj 6= vl is selected (Condi-
tionally dead domain elements CD [6]). In the example (see
Section 2) the constraint c7 does not allow the configuration
Standard = true ∧ Clip = true.

On the other hand, a domain element can be full manda-
tory (FM). Full mandatory means, that there does not exist
a consistent instance of the knowledge base where this domain
element isn’t selected, formaly described as:

2 To receive a consistent configuration knowledge base we remove
the constraint c5 from the set C.

FM =

∑
vi∈V

∑
dj∈dom(vi)

{
0 C ∪ {vi 6= dj} = ∅
1 else

|V | × domsize
(2)

Since each domain in our example knowledge base has two
values (true, false) we can say, that whenever a domain ele-
ment is dead, the other value becomes full mandatory auto-
matically. When domains have more than two values, it can
be the case, that a domain element is dead but there is no
other domain value with the property of being a full manda-
tory domain element.

The third well-formedness violation is called unnecessary
refinement (UR). Such a violation occurs when there are
two variables and the domain element of the first variable in
a valid configuration can be suggested by the assignment of a
second variable. An unnecessary refinement can be described
as dom(vi)→ dom(vj).

In the example in Section 2 we can say that the vari-
ables Standard and Clip are an unnecessary refinement,
because whenever Standard = true Clip = false and
Standard = false Clip = true. In that case, we can recom-
mend, that the domain of the variable Pedal can be replaced
by Standard, Clip and the variables Standard and Clip can
be removed from the knowledge base without changing the
semantics of the knowledge base.

The restriction rate RR compares the number of con-
straints with the number of variables. In the example de-
scribed in Section 2 the restriction rate RR = |C|

|V | = 8
8

= 1.
A value greater than 1 means that there is a high restriction
[2, 25].

The metric RR is influenced by the design of the knowledge
base. For example, while one knowledge engineer requires a
single constraint for subsuming the constraints c0∧c1∧c2∧c3
another knowledge engineer is using four single constraints. To
consider these different design approaches in the metric, the
restriction rate RR2 is considering the number of variables

in a constraint, such that, RR2 =

∑
ci∈C

#vars(ci)
#vars(C)

|C|
|V | where

#vars(ci) is the number of variables in ci.
Another metric from the domain of software engineering

is the variable inheritance factor V IF [1]. Adapted for
configuration knowledge bases, we define V IF as the num-
ber of constraints in which a variable vi appears related
to the number of constraints, e.g., V IF (Framecolor) =

∑
ci∈C

1 vframecolor ∈ ci

0 else
|C| = 0.375 because the variable

framecolor appears in three constraints and |C| = 8.
To receive a CKB metric we calculate the V IFall for all

variables. When calculating the arithmetic mean of the V IFall

of all variables, we can evaluate the importance distribution of
all variables. A value near to 0 means, that all variables have
the same importance and should be considered in the same
way. On the other hand, a high value means that there are
some important and less important variables in the knowledge
base. In such cases, it makes sense to focus on the important
variables when maintaining the knowledge base. V IFall =

∑
vi∈V

√
(V IF (vi)−

∑
vj∈V V IF (vj)

|V | )2

|V |
Finally, we evaluate the metric coverage. The coverage
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measures the number of all consistent complete configura-
tions (see Section 2) compared to the maximum number of
complete configurations in a knowledge base. In our exam-
ple in Section 2 the maximum number of configurations is∏|V |

i=0 |dom(vi)| = 256 (8 variables and each variable has a
domain size 2). This will be compared with the number of
consistent configurations. In our example we have the follow-
ing consistent configurations:
{
Bike = true∧
Reflector = true∧
Pedal = true∧
Framecolor = true∧
(Standard = false ∧ Clip = true ∧Green = true∧
Red = false)∨

(Standard = false ∧ Clip = true ∧Green = false∧
Red = true)∨

(Standard = false ∧ Clip = true ∧Green = true∧
Red = true)∨

(Standard = true ∧ Clip = false ∧Green = true∧
Red = false)∨

(Standard = true ∧ Clip = false ∧Green = false∧
Red = true)∨

(Standard = true ∧ Clip = false ∧Green = true∧
Red = true)

}
Now we can compare the number of consistent configura-

tions (= 6) with the number of all configurations (= 256).
This leads to a coverage of 6/256 ∗ 100 = 2.34375% which is
very low and the example configuration knowledge base is very
restrictive. For the example knowledge base it is quite easy
to evaluate all possible combinations of variables and domain
elements. For knowledge bases with more variables, domain
elements, and constraints we have millions and more possi-
ble combinations of variable assignments. For such scenarios
we introduced the simulation technique in the context of
knowledge based systems to approximate the coverage. For a
detailed description to approximate this metric in large con-
figuration knowledge bases we refer the reader to [33].

Finally, we can refer the questions to the metrics. Table 2
gives an overview of the relationships between the questions
and the metrics.

Q1 Q2 Q3 Q4 Q5

|V | + -
domsize + -
|C| + -
|CS| - - -
|∆| - - -
MCCS +
MC∆ +
|R| - - -
MCR +
DE - - - -
FM - - - -
UR - - - -
RR - -
RR2 - -
V IFall - -
Coverage - -

Table 2. Relations between metrics (rows) and questions

(columns). A ’-’ means, that the metric has a negative impact on

the question, ’+’ represents a positive impact.

For a detailed description of the calculation of metrics
focusing on anomalies (conflicts, redundancies, and well-
formedness violations) and the coverage metric we refer the
reader to [33].

4 Discussion

In this Section we want to discuss relevant aspects of sev-
eral metrics and give an insight in the implementation of the
goal-question-metrics in the iCone interface.

Most of the research in the area of configuration knowl-
edge engineering focuses on the area of verifying configura-
tion knowledge bases (functionality goal, see Section 3) and
ignores the question how to validate the knowledge base [30]
(maintainabilty and understandabilty). Felfernig et al.
[15] present an empirical study about the understandability
of constraints in knowledge bases but there does not exist a
metric for the understandability of constraints and the knowl-
edge base.

Briand et al. [8] measured the effects of the structural com-
plexity of software and its relationship to the maintainabil-
ity of software. Bagheri and Gasevic [2] transferred this model
into the area of feature models and found out, that the num-
ber of leaf features, the cyclomatic complexity, the flexibility
of configuration, and the number of valid configurations in-
fluence the maintainability of feature models. While the sim-
ple metrics are easy to transfer into configuration knowledge
bases, the depth of a tree or the number of valid configurations
can not be calculated.

The number of redundant constraints is an important
metric since a low number of redundant constraints can im-
prove the maintenance task, simplify the understandability,
and reduce the time for calculating valid configurations. An
important issue in that case is, that redundant constraints can
also improve the understandability of a configuration knowl-
edge base. If a redundant constraint is declared as a desired
redundant constraint, the metric should not contain such con-
straints, but should list it as a desired redundancy.

In a simple configuration knowledge base like the example
in Section 2 it is easy to calculate the consistency of each
possible configuration for the coverage metric. For example,
in a configuration knowledge base with a medium number of
variables (e.g. 10) and average domain size (e.g. 5) we have
approximately 10M possible configurations. Since it is not
possible to calculate so many possible configurations in real-
time, we developed a simulation strategy to approximate the
number of consistent configurations. For a detailed description
of the simulation strategy, we refer the reader to [34].

While showing the GQM to knowledge engineers can help
understand and maintain the configuration knowledge base,
it is also important to interpret the results. Therefore we im-
plemented a history for each metric in our iCone-interface3.
When updates in a configuration knowledge base in the iCone-
system are saved, a new version of the knowledge base will be
created and metrics will be actualized. In Figure 2 we can see
the changes of the value of the DEAD elements metric.

3 iCone is an ’intelligent environment for the devel-
opment and maintenance of configuration knowledge
bases’ (http://ase-projects-studies.ist.tugraz.at:
8080/iCone/index.jsp).
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Figure 2. Visualization of changes for the metric DEAD. The

y-axis shows the number of DEAD variables in each version of the

configuration knowledge base (x-axis).

Felfernig [13] gives an overview of the usage of function
point analysis for configuration knowledge bases. Therefore
he analyzed the input of a configuration knowledge base from
customers and the complexity of a configuration knowledge
base. They use the customer requirements as external input
(EI), the data, which are required by the user as external
query (EQ), the consistent domain elements of variables as
external output (EO), knowledge elements as internal logical
files (ILF), and external information like the product assort-
ment from an ERP-system as external interface file (EIF).
While this approach takes input and output into account, it
does not evaluate the quality (e.g., the number of dead domain
elements) of the input and output.

We have implemented the GQM and the FPA approach in
our iCone implementation [41]. Table 3 gives an overview of
the performance. Note, that the time contains the calcula-
tion / approximation of the metrics and the calculation of all
anomalies. The notebook domain is calculated six times and
the mobile phone domain is calculated seven times.

Notebooks Mobile phones

Product variants 115.00 13,999.00
Product variables 28.00 34.00
product variable domain sizes 1.00 - 45.00 2.00 - 47.00
Customer variables 4.00 5.00
avg. customer variable dom. size 3.75 4.00
constraints 12.00 8.00

min. calc. time 669 msec. 6,811 msec.
max. calc. time 1,715 msec. 18,643 msec.
median calc. time 1,213 msec. 10,842 msec.
mean calc. time 1,252 msec. 11,307 msec.

Table 3. Duration for the calculation of all anomalies (conflicts,

diagnoses, redundancies, well-formedness violations), metrics, goal-

question-metrics and function-point-analysis for two configuration

knowledge bases (notebooks and mobile phones)

In this paper we gave an overview of metrics in configu-
ration knowledge bases, focusing on knowledge base engi-
neering processes [38] is out of scope of this paper. We can

measure the metrics of an existing configuration knowledge
base, but we can not identify the causes of bad configuration
knowledge base engineering. To give recommendations for op-
timizing the knowledge base engineering process, we have to
observe the whole process.

5 Conclusion

This paper introduces a goal-question-metric approach to
evaluate configuration knowledge bases. We gave an overview
of configuration knowledge bases and introduced a running ex-
ample for this paper and defined goals, questions, and metrics
for configuration knowledge bases. Furthermore, we showed
how to calculate time-consuming metrics efficiently and pre-
sented the iCone-visualization of metrics. It also points out
some practical issues when dealing with metrics.

Future research should evaluate the relations between goals,
questions, and metrics. Our future work will contain empiri-
cal evaluations about the correlation between the goals, ques-
tions, and metrics and their weightings in the aggregation
process from metrics to questions and from questions to goals.

Future work should take a look at the knowledge engineer-
ing process. When calculating metrics for knowledge engi-
neers, we can list some possible improvements. Preece gives
an overview about verification and validation techniques for
knowledge bases [30]. He aligns different V&V techniques to
different models of a knowledge base, e.g., conceptual and de-
sign models and an implemented system. The metrics listed
in Section 3 only focus on the implemented system. A GQM
for the conceptual and design model does not exist.

Another relevant fact is the volatility of requirements [36].
If the requirements for the configuration knowledge base are
changing frequently, it is also hard to keep the CKB up to
date. For calculating metrics referring to the quality of a CKB
and its requirements, it is necessary to integrate a require-
ments management system in the CKB maintenance tool or
offer an interface for both tools.
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Formal Analysis of the Linux Kernel Configuration with
SAT Solving

Martin Walch1 and Rouven Walter1 and Wolfgang Küchlin1

Abstract. The Linux kernel is a highly configurable software sys-
tem. The aim of this paper is to develop a formal method for the
analysis of the configuration space. We first develop a Linux prod-
uct overview formula (L-POF), which is a Boolean formula repre-
senting the high-level configuration constraints of the kernel. Using
SAT solving on this L-POF, we can then answer many questions,
such as which options are possible, mandatory, or impossible for any
of the processor architectures for which the kernel may be config-
ured. Other potential applications include building a configurator or
counting the number of kernel configurations. Our approach is anal-
ogous to the methods we use for automobile configuration. However,
in the Linux case the configuration options (e.g. the individual de-
vice drivers) are represented by symbols in Tristate Logic, a special-
ized three-valued logic system with several different data types, and
the configuration constraints are encoded in a somewhat arcane lan-
guage. We take great care to compile the L-POF directly from the
files that hold the configuration constraints in order to achieve max-
imum flexibility and to be able to trace results directly back to the
source.

1 Introduction
Linux is a kernel for a broad range of platforms with highly versa-
tile configurations of peripheral components. Static configuration at
compile time helps to adapt to the different requirements. The central
tool for configuring this is LinuxKernelConf, abbreviated LKC. The
input to LKC uses a domain specific language to describe configu-
ration constraints. A common alternative name for LKC is Kconfig,
and they are often used interchangeably. In this document, we refer
to the configuration system as LKC and we denote the language as
Kconfig. The input is large and stored in files which we call Kcon-
fig files. They continuously change as kernel development goes on.
Automatic checks for semantic consistency on Kconfig files are de-
sirable, but LKC has no such checks implemented.

At the Workshop on Configuration 2010 in Lisbon, Zengler and
Küchlin presented an approach [11] to encode the whole Linux ker-
nel configuration in Propositional Logic. Conceptually this work
parses the Kconfig files and stores the relevant information in a
database. Subsequently, this database is translated into a product
overview formula2, abbreviated POF, in Propositional Logic. While
it demonstrates central ideas and shows the technical feasability of

1 Symbolic Computation Group, WSI Informatics, Universität Tübingen,
Germany, www-sr.informatik.uni-tuebingen.de

2 A POF is a single Boolean formula which captures all configuration con-
straints of a high-level configuration model (cf. [3]). Historically it has
been introduced in [4] to capture the high-level configuration model of
Mercedes-Benz, which is called “Product overview” (German: Produkt-
übersicht).

the project, it is a first prototype with only a simplified view on the
Kconfig files. As a consequence, the results were of the proof-of-
concept type and of very limited use for verification purposes.

The comprehensive VAMOS project3 at Friedrich-Alexander-
Universität Erlangen-Nuremberg has lead to numerous results and
publications, including the uncovering of hundreds of real world
bugs. It also analyses the Linux kernel configuration with the means
of Propositional Logic, but goes much further by considering the ac-
tual effects on the kernel code and applying the tools to other projects
that use LKC as well. The PhD Thesis of Reinhard Tartler [9] from
2013 gives a detailed overview over the model, the implemented
tools, and most of the applications and results.

The PhD Thesis of Sarah Nadi [5] from 2014 picks up the VAMOS
project and extends it to not only consider the Kconfig files and the
kernel code, but to additionally take the build system into account.
Even more, it extracts configuration constraints from the implemen-
tation.

In this work, we focus solely on the Kconfig files. Although the
VAMOS model proves to yield good results, it does not aim at being
exact and relies on parts of LKC. We present a fairly precise model
and translation process into a product overview formula in Proposi-
tional Logic with the goal to account for all details that are relevant in
real-world use cases. Our implementation works independently from
LKC and we show the results from running it against Linux 4.0.

This work is loosely based on the paper by Zengler and Küchlin
from 2010 [11] in that it picks up and uses central ideas, but elabo-
rates on many more details.

There is no precise specification of Kconfig. So we consider what
information is available in the documentation, the implementation,
and the way the input language is used. Section 2 gives a rough
overview over this input language.

Our translation uses several intermediate stages. First we create
what we call the Zengler Model in Section 3. In this step we abstract
from technical details of reading the configuration input and isolate
the data that is relevant for our purposes.

The Zengler Model retains some parts of the input structure that
have an impact on the meaning. In Section 4, we transform it into the
Attributes Model, resolving these parts and switching from a repre-
sentation that focuses on input structure to one that revolves around
the constraints.

LKC uses a three-valued logic, called Tristate Logic, that is un-
common in academic discourse. We take a look at this logic system
in Section 5 and introduce some extensions to it. We then proceed by
generating a product overview formula in this extended logic from
the Attributes Model, encoding the set of all valid Linux kernel con-

3 VAMOS: Variability Management in Operating Systems,
www4.cs.fau.de/Research/VAMOS/
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figurations.
Eventually, we translate the product overview formula from the

three-valued logic into Propositional Logic in Section 6. With com-
mon transformation into CNF and SAT solving, we can reason about
the set of valid configurations, yielding first results in Section 7.

2 The Linux Kernel Configuration System
Kconfig is a specialized input language for LKC that describes
available features in terms of symbols and offers several different
means to encode constraints and interdependencies. Kernel devel-
opers maintain this information in hierarchically organized Kconfig
files.

Listing 1. Example Kconfig file

config T0
tristate
prompt " f e a t u r e T0 "
select T1
depends on T2 && !C0

config T1
tristate
prompt " f e a t u r e T1 " if C0

config T2
tristate
default y

choice
tristate
prompt "CHOICE 0 "

config C0
prompt " f e a t u r e C0"

config C1
prompt " f e a t u r e C1"

endchoice

menu " submenu "
visible if T1

config S0
string
default " d e f a u l t s t r i n g "

config B0
bool
prompt " cus tom S0 "

if B0

config S0
prompt " S0 "

endif

endmenu

LKC reads these files with a scanner and a parser that are gener-
ated using flex4 and GNU Bison.5 Exploring the Bison grammar is
clearly beyond the scope of this document as it consists of more than
100 production rules. Suffice it to say that the grammar we use very
closely ressembles the grammar of LKC.

To give an overview over the relevant parts of the configuration
language, we confine ourselves to explaining an artificial example. A
concise formal description of the relevant parts was done by She and
Berger [7].

Listing 1 contains most of the relevant language features. The
central element everything else is built around is the configuration
block. Its purpose is to declare and to describe symbols. The keyword
config starts a configuration block and is followed by the name of
the symbol it refers to. A configuration block contains one or more
lines that further specify what we call properties of that symbol. Each
symbol must have at least one configuration block. In practice, for the
majority of symbols there is exactly one configuration block for each
symbol, but there may be more. In Linux 4.0, there are up to six per
symbol.

Each symbol has one of the five types tristate, bool,
string, int, and hex. In our example, the symbols T0, T1, and
T2 have the type tristate, the symbol B0 has the type bool, and
the symbol S0 has the type string. We call a symbol declared if it
has at least one configuration block and one of the five types.

On actual configuration, each symbol is assigned an unambigu-
ous value from their respective domains. The domain of tristate
symbols is {0, 1, 2} and the domain of bool symbols is {0, 2}. The
purpose of the three-valued tristate type is to encode the three
possible activation states that apply to many features in the kernel:
Turn it off (0), compile it as a runtime-loadable module (1) or com-
pile it into the kernel (2). The bool type is the same except that it is
missing the value 1 for the module state.

To identify the three different states in syntax, there are the three
constants n, m, and y, which evaluate to 0, 1, and 2, respectively.

The domain of string symbols is the set of all valid strings.
Similar to the domain of bool being a subset of the domain of
tristate, the domains of int and hex symbols both are subsets
of the domain of string symbols, in that their elements are strings
that read as valid integers or hexadecimal numbers, respectively.

There are different types of dependencies that affect properties,
thus most properties can be active or inactive. The symbol type is the
only unconditional property. It is always active and cannot dynami-
cally change during configuration. It is also the only property that is
mandatory for every symbol. However, to allow the user to directly
assign a value, the symbol needs a prompt property. In our exam-
ple, there are several such prompt properties, one of them for the
symbol T0. The prompt keyword is followed by a string parame-
ter "feature T0". This parameter is mandatory and shows up as short
description in the configuration interface.

The symbol T0 also has a select property with the argument
T1. This property is only valid with bool and tristate symbols.
The select property sets up a direct relation between the values of
two symbols. The value of the selected symbol is always at least as
high as the value of the symbol that the select property belongs
to. So, in our example the value of T1 is always at least as high as
the value of T0. The documentation calls this a reverse dependency.

The last line of the configuration block of T0 starts with depends
on and is followed by an expression in Tristate Logic T2 && !C0.

4 flex: The Fast Lexical Analyzer, flex.sourceforge.net
5 GNU Bison, www.gnu.org/software/bison/
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This is a dependency that applies to the whole configuration block,
i.e. in our case it is a dependency to the prompt and to the select
property. The actual dependency is encoded in the expression. It has
no direct influence on the value of the symbol, but rather on the prop-
erties which in turn set up constraints to the value.We take a closer
look at Tristate Logic and the mechanisms of dependencies in sec-
tion 5.

It is possible to add a dependency to a single property by append-
ing an expression with if to the respective line, like for the configu-
ration prompt of T1.

A default property is used to non-bindingly suggest a value,
but it is also used to automatically set values of symbols that have
no active prompt. In our example, the symbol T2 uses the trivial
expression y as default value, but more complicated expressions
are possible.

Our example contains a choice block. This language con-
struct encloses a series of configuration blocks with choice and
endchoice, constituting a set of symbols that logically exclude
each other. This is useful for features that serve the same purpose
and which therefore naturally cannot be simultaneously active, like
e.g. the compression algorithm of the kernel image or the preemption
model. Like a symbol, a choice block has a type, but only the two
data types bool and tristate are valid. A choice block of type
bool enforces that exactly one of the enclosed symbols is set to 2.
The tristate type relaxes this strict constraint and allows to not
assign 2 to any of the symbols, while setting an arbitrary number of
symbols to 1. There is a property optional that even allows setting
all symbols to 0. In contrast to a symbol, a choice block must have a
prompt property. There may also be default properties, suggest-
ing one of the enclosed symbols, and dependencies using depends
on, which analogously to configuration blocks apply to the whole
choice block.

A hierarchical menu can be constructed using the menu blocks.
Its primary purpose is organizing the features to ease navigation. Just
like the prompt property, the menu keyword is followed by a string
that serves as user visible label for the menu. For our point of view it
is important that there may be dependencies added using depends
on that apply to the whole menu, and a second type of dependency
that is set up with visible if. That second kind of dependency
toggles only the parts that concern direct configurability by the user,
but leaves all other properties unaffected.

Finally it is also possible to add dependencies to an arbitrary se-
quence of configuration blocks, choice blocks, and menus as long as
it does not violate the logical hierarchy. This is done with the enclos-
ing keywords if and endif with the dependency expression right
behind if.

Our example covers those language constructs that we regard as
most important for variability, but there is more: For symbols with
the int or hex type, there is a range property that fixes a lower
and an upper bound for the value. Both bounds may depend on freely
changeable values of other symbols. In practice nearly all bounds
have constant values and those few bounds that are variable can be
manually checked for inconsistencies. From our perspective the im-
pact of range properties on the variability of the overall configura-
tion is mostly negligible in current versions of Linux. Therefore, we
incorporate range properties in our model, but ignore them when
creating a product overview formula as we do not expect any observ-
able consequences.

Another language feature that does not occur in our example is
the generic option line in configuration blocks, which allows ex-
tending the language with only minimal changes to the grammar and

possibly gaining forward compatibility. It starts with the option
keyword, followed by one of a few option names, and depending on
that, the meaning varies and an argument may be appended. As of
Linux 4.0, two different options are defined that may be relevant in
our context: modules and env. The modules option makes only
sense with a bool symbol, and it may be only used once in the
whole configuration. It associates the corresponding symbol with the
availability of support for loading modules, i.e. as a consequence,
deactivating that symbol basically prohibits assigning the value 1
from the tristate domain. The env option is usually only used
for string symbols that have no prompt property as it imports
a value from the runtime environment of the system the configura-
tion system is running on. Only very few symbols use this option at
all and even fewer have an effect on the configuration that is worth
mentioning. Still, as we want to be precise, we account for them, too.

From our example it is also not apparent how Kconfig files are hi-
erarchically organized. It works similarly to #include directives
of the C preprocessor: A file inclusion is done with the keyword
string and a string argument. The string argument is treated as
path and the content of the file at that path is pasted at the position of
the string line.

Kconfig still offers more constructs that we have not mentioned,
but they are irrelevant at this point.

3 Zengler Model
Linux 4.0 supports 30 different main architectures. Each architecture
has its own tree of Kconfig files, but there are big overlaps across all
architectures by using common files. Accordingly we want to be able
to reason about the configurations across all architectures. However,
capturing several architectures in one data structure without losing
precision is very complicated as this requires keeping track of which
files are included for each architecture and in which order they are
read. Therefore, we create a separate model for each architecture and
consider them together if needed.

By considering one fixed architecture, we can deduce the full in-
clusion hierarchy of Kconfig files for that specific architecture. Ac-
cordingly, our parser moves through the file hierarchy in the same
way as LKC does, without the need to store which files we in-
clude. However, it produces different data structures. We create two
databases, a symbol database DS , and a choice database DC . They
are heavily extended versions of the databases created by Zengler and
Küchlin [11], hence we call these two databases the Zengler Model.

The symbol database contains symbol descriptors. Each configu-
ration block corresponds to a symbol descriptor. They are grouped by
the symbol they belong to. So, our symbol database is a set of pairs
DS = (s,

−−−→
desc) where s is a symbol and

−−−→
desc is a list of symbol

descriptors desc with

desc = (t,
−−−−→
pmpt,

−→
sel,
−−→
def ,−−−−→range,dep,opt, kdesc)

pmpt = (ep, kp)

sel = (ss, es, ks)

def = (ev, ed, kd)

range = (esl , e
s
h, er, kr)

dep = (−→eif ,−−→edep,−−→evis)
opt = (benv, bmod).

The type t is one of the five types or it is a special type “unknown”
if the configuration block has no type property. It suffices if only one
descriptor holds a regular type.
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The properties prompt, select, default, and range appear
in the descriptor as the tuples pmpt, sel, def , and range, respec-
tively. As the input order plays a role, each of them and the descriptor
contain unique indices kdesc, kp, ks, kd, and kr that are ascending in
input order.

The string argument of a prompt property is unimportant for the
configuration logic, so we only store the expression of the optional
if dependency ep. If there is no such dependency, we store a spe-
cial symbol as placeholder for an empty expression. Analogously,
the optional if dependencies for select, default, and range
properties are stored as es, ed, and er .

The target of a select property is a single symbol es. A
default value may be the result of a non-trivial expression ev . The
lower bound of a range property esl may be either another symbol
or a constant value. The same goes for the upper bound esh.

We do not store any menus or enclosing ifs explicitely. Instead we
propagate their dependencies to the contained descriptors and store
the dependency expressions in lists that distinguish between the dif-
ferent types. The dependencies of surrounding ifs are stored in −→eif .
Those of depends on dependencies add up to −−→edep, including any
such dependencies contained in the configuration block under con-
sideration. The third list −−→evis contains the visible if dependen-
cies from menus.

The pair of bits opt indicates if there is a module or env option.
Even though env carries an argument in the configuration block, we
only care whether it is present.

Our choice database DC is a set of tuples which we call choice
descriptors:

(t, bopt,
−−−−→
pmpt,dep,

−−−→
kdesc, kc)

Each choice block translates into a choice descriptor. The type t
is one of bool, tristate or “unknown”. The bit bopt indicates
whether the choice block carries the optional flag. Just like in a sym-
bol descriptor, there is a list of pmpt tuples, dependencies lists dep,
and an index kc. Rather than storing the symbol names of the con-
tained symbol descriptors, we create a list of their indices

−−−→
kdesc.

In contrast to the symbol descriptors, the default properties of
choice blocks have no influence on variability and we ignore them.

4 Attributes Model

Although the Zengler Model is an abstraction from the underlying
Kconfig files, storing the relevant information in a normalized way,
its focus lies on the input structure: The symbol database holds in-
dividual symbol descriptors desc and lists of dependencies dep re-
flecting artifacts from the input structure. Furthermore, we have yet
to determine the final types of the symbols and choices and which
symbols a choice includes as this is not trivial in all cases.

In the next step, we resolve all this and create a model that fo-
cuses on the effective impact of the descriptor properties on the sym-
bols. For a better distinction from the properties of the descriptors in
the Zengler Model, we refer to their resulting equivalents in the new
model as attributes. Therefore we call the new model the Attributes
Model.

First we associate the attributes directly with the dependencies
from dep that control them. As already mentioned in Section 2, the
dependencies in−−→evis do not affect all types of attributes. In fact, they
control only our prompt attributes aP . We define them as

aP = (Ep, kp) = (−→eif ∪ −−→edep ∪ −−→evis ∪ ep, kp)

We write E to denote sets of expressions. The other attributes are
only affected by the other dependencies, hence we define them as
follows:

aS = (Es, s, ks) = (−→eif ∪ −−→edep ∪ es, s, ks)

aD = (Ed, ev, kd) = (−→eif ∪ −−→edep ∪ ed, ev, kd)

aR = (Er, e
s
l , e

s
h, kr) = (−→eif ∪ −−→edep ∪ er, esl , esh, kr)

With these definitions we collect for each symbol s the prompt at-
tributes aP in a set P (s), the default attributes aD in a set D(s),
and the range attributes aR in a set R(s). We also create a set S(s)
for each symbol, but note that the symbol in the definition of aS is
the symbol of the descriptor that contains the property and not the
symbol ss that is the select target. Accordingly we add each aS

to the set of the target symbol. If there is no descriptor of the target
symbol we discard the attribute.

To determine the symbol type that results from the types in the
corresponding descriptors, we take the type of the symbol descrip-
tor with the lowest kdesc that is not “unknown”. If there is no such
descriptor we also set the type of the symbol to “unkown”.

Finally we concatenate the opt bitvectors component-wise with a
logical or and store it with the symbol.

We do not need dep and kdesc anymore and do not transfer them
into the Attributes Model.

Next we transform the choice descriptors from the Zengler Model
into what we call choice groups. Like for symbols, we determine the
type of the choice group. If t in the choice descriptor is bool or
tristate, then this is also the type of the choice group. However,
it is a frequently used feature to skip the explicit type declaration
in choice blocks, resulting in choice descriptors with the special type
“unknown”. In that case the type is taken from the first symbol that is
enclosed in the choice descriptor and has a regular type. If any sym-
bol in the choice descriptor is lacking a regular type then it inherits
the type of the choice group.

Now that we have completed the type resolution for choice groups,
we determine which symbols are part of the choice group. This is not
trivial as not all symbols that correspond to symbol descriptors in the
choice descriptor are necessarily transferred. Symbols can be moved
into their own submenu by depending on a symbol that is immedi-
ately above, excluding them from the choice group. We actually see
this constellation intentionally used in Linux 4.0 and have to process
it adequately. LKC involves an extensive logic to determine whether
to move a symbol into a submenu, but a simple heuristic suffices to
correctly capture any real-world case.

As LKC ignores the attributes S(s) and D(s) of all symbols of
the choice group, we clear them if they have any content.

To complete the choice group, we generate a prompt attribute
aP the same way we do from a symbol descriptor and we keep the
optional bit bopt.

Our new databases D′S and D′C are now

D′S =
−−−−−−−−−−−−−−−−−−−−−−−−→
(s, t, P (s), S(s), D(s), R(s),opt)

D′C =
−−−−−−−−−−→
(t, bopt, a

P ,−→s )

5 Tristate* Logic and POF
Our next step is to translate the Attributes Model into a coherent
product overview formula. While our goal is to arrive at a POF in
Propositional Logic, we prefer to split this translation into two steps.
First we define Tristate* Logic, an extension to Tristate Logic that
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we specifically design to create an initial POF. Then we translate the
POF from Tristate* Logic into Propositional Logic in Section 6.

The following grammar describes the general syntax of expres-
sions in Tristate Logic:

〈expression〉 → 〈expression symbol〉
| 〈expression symbol〉‘=’〈expression symbol〉
| 〈expression symbol〉‘!=’〈expression symbol〉
| ‘(’ 〈expression〉‘)’
| ‘!’〈expression〉
| 〈expression〉‘&&’〈expression〉
| 〈expression〉‘||’〈expression〉

〈expression symbol〉 → symbol name
| constant value

There are five operators and there are parentheses to override op-
erator precedences. We distinguish two groups of operators: The
tristate operators !, &&, and ||, and the string operators =
and !=. Both groups operate on their respective domains.

The tristate operators and their domain form a three-valued
logic like those of Łukasiewicz and Kleene. A comprehensive
overview of these logics has been done by Gabbay and Woods [2].

In fact, the three base operators !, &&, and || correspond to the
operators ¬, ∧ and ∨ in K3 and Ł3 from Kleene and Łukasiewicz.
This observation has already been made in 2010 by Berger et al. [1].
However, Tristate Logic itself is not expressive enough for a full POF.
We need to extend it for our purposes.

The nature of our dependencies is Boolean and not three-valued,
because either they are met or they are not. There is no third value
like the module state in Tristate Logic. Hence, when extending Tri-
state Logic to allow encoding all constraints in a POF, we look for
operators that operate on tristate values, but only yield two dif-
ferent values. Such operators are not typically part of K3 or Ł3 and
hence we exclude these logics from further consideration.

Instead we introduce our own new operators⇒ and⇔ and define
their semantics as shown in Table 1 and Table 2.

Table 1. Truth table of tristate* operator ⇔

⇔ 0 1 2

0 2 0 0
1 0 2 0
2 0 0 2

Table 2. Truth table of tristate* operator ⇒

⇒ 0 1 2

0 2 2 2
1 0 2 2
2 0 0 2

They express equality and “less than or equal to” inequality on
tristate values. We call this extended version of Tristate Logic
the Tristate* Logic.

Note that Tristate* Logic also contains the string operators =
and !=. They compare values from the string domain and also
yield one of the two values 0 and 2. Mixing tristate and string

operators and symbols in expressions is actually a feature, leading to
frequent conversions between the two domains.

This may become quite complex. Consider the short expression
A=B. If both, A and B, are declared string symbols, their values
are compared, yielding 2 if they are exactly identical and 0 otherwise.
However, if A is a tristate symbol and B is undeclared, then the
values 0, 1, 2 of A are interpreted as the strings “n”, “m”, and “y” and
B is interpreted as the string “B”, i.e. in this case a string com-
parison is done on these letters, always yielding 0. We take all these
details into account when producing our POF in Tristate* Logic.

Encoding the constraints of bool and tristate symbols that
originate from their respective attributes, works in an indirect way:
For each of these symbols, we add two auxiliary variables which
represent a lower and an upper limit to the value of the symbol in
consideration, and, using the ⇒ operator, we append the constraint
that the value of the symbol must not exceed the values set up by the
auxiliary variables.

This is in contrast to encoding the choice groups: We encode the
exclusiveness of symbols with expressions that directly relate to the
symbols instead of their associated auxiliary variables.

Finally, we also take account of the mode without module support
by adding two different subformulae for tristate symbols and
tristate choice groups which depend on the symbol that has the
bmod bit set.

6 POF in Propositional Logic

Translating the POF from Tristate* Logic into Propositional Logic
is mostly straightforward. We encode each symbol with the type
tristate or bool and all auxiliary variables using two variables
in Propositional Logic. The three values of the tristate domain
correspond to three states that the two Propositional Variables can
encode. We explicitely prohibit the fourth possible state.

Translating tristate constants, symbols, and operators works
mostly the same way as in the paper by Zengler and Küchlin [11]
with the two projections π0 and π1 as listed in table 3. The three
constants y, m, and n map to corresponding combinations of > and
⊥, and similarly each tristate symbol AT maps to two proposi-
tional variables p0(AT ) and p1(AT ). Mapping the unary operator !
is simple, but the entries for the binary operators operators && and
|| stick out by being generalized to n-ary operators. This is an opti-
mization to keep the size of the formulae smaller for long chains of
the same operands.

Of course, the Tristate* operators ⇔ and ⇒ also have to be
translated into Propositional Logic. However, due to our definition
of these operands this is trivial for π1 as they yield only 0 and 2, and
π0 is intuitive. We use these two translations to also cover the usage
of the string operator = with tristate operands.

Finding a Propositional encoding for string symbols requires
more work, because Propositional Logic is not well suited for encod-
ing arbitrary strings. For each string symbol, we iterate over our
POF in Tristate* Logic and collect all occurrences in expressions.
In our method we consider only cases of equal strings and resulting
other equalities and inequalities and define new propositional vari-
ables PXS←s to encode that the string variable XS has the value
s and accordingly (XS =Y S) to encode if XS and Y S have the
same value. This suffices, because for the configuration space the ac-
tual value of a string is not important. The same goes for int and
hex symbols. Finally we use the mappings for = and ! to define the
mappings for != .

With these mappings we create our POF in Propositional Logic.
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As it encodes the configuration space of the Linux kernel, we call it
L-POF.

To use modern SAT solvers we do one final step: Our L-POF is
not in CNF. So we use the Warthog Logic Framework6 to generate an
equisatisfiable formula using the Plaisted-Greenbaum algorithm [6].

7 Results

Our implementation consists of more than 7,000 lines of Java Code,
using the features of Java SE 6. We measured execution times on a
computer with an Intel Core2Quad Q6600 using the Java implemen-
tation of the IcedTea project in version 6.1.13.7 on Gentoo Linux.
Creating the L-POFs from the Kconfig files for all 30 architectures,
takes on average less than 3 seconds per architecture. Transforma-
tion into CNF varies between 20 and 42 seconds, depending on the
architecture.

To give a rough impression of size of the configuration space, we
show the distribution of symbol types for each architecture in Table 4.
Across all architectures, the vast majority of symbols has one of the
two types tristate and bool which has a major impact on the
form of the formula.

Table 4. Distribution of symbol types in Linux 4.0

arch tristate bool string int hex total

alpha 6317 3402 34 192 27 9972
arc 6293 3352 36 194 29 9904
arm 6371 4724 38 209 41 11383
arm64 6366 3511 36 195 27 10135

avr32 6360 3462 36 193 30 10081
blackfin 6380 3676 36 702 43 10837
c6x 6292 3293 35 189 28 9837
cris 6345 3436 45 254 78 10158

frv 6316 3378 35 192 28 9949
hexagon 6292 3292 35 190 27 9836
ia64 6400 3519 36 195 27 10177
m32r 6324 3361 34 194 31 9944

m68k 6322 3453 35 192 37 10039
metag 6293 3363 37 193 28 9914
microblaze 6294 3335 37 195 32 9893
mips 6391 3964 36 198 28 10617

mn10300 6316 3426 35 199 33 10009
nios2 6292 3303 36 191 36 9858
openrisc 6292 3292 36 188 27 9835
parisc 6325 3384 34 191 27 9961

powerpc 6404 3933 37 205 40 10619
s390 6313 3453 35 195 27 10023
score 6292 3292 35 188 28 9835
sh 6374 3640 37 198 34 10283

sparc 6370 3444 37 193 30 10074
tile 6306 3393 36 191 29 9955
um 6297 3362 38 193 27 9917
unicore32 6363 3425 36 191 27 10042

x86 6420 3781 40 206 32 10479
xtensa 6326 3379 41 194 29 9969

Table 5 gives a rough overview of how big the formulae grow.
It comes to no surprise that the translation from Tristate* Logic
to Propositional Logic and the transformation into CNF using the
Plaisted-Greenbaum algorithm both significantly increase the size.

6 Warthog Logic Framework: github.com/warthog-logic/warthog

The fact that there are more regular variables in the POF in Tristate*
Logic than there are declared symbols on the respective architecture
comes from the fact that it still contains expressions with undeclared
symbols. They are cleaned in the translation process into Proposi-
tional Logic. Each of our formulae in CNF contains roughly one
million Propositional variables. For some very basics analyses with

Table 6. Redundant or necessary symbols in Linux 4.0

arch redundant (⇔ n) necessary (not ⇔ n)

alpha 3223 55
arc 4263 63
arm 1691 75
arm64 3159 135

avr32 4522 54
blackfin 4430 47
c6x 4644 42
cris 3785 34

frv 3700 37
hexagon 4625 45
ia64 3454 74
m32r 4937 32

m68k 3741 32
metag 4301 67
microblaze 3251 71
mips 2773 64

mn10300 3702 39
nios2 4428 45
openrisc 4424 56
parisc 3499 51

powerpc 2652 94
s390 4149 107
score 7068 36
sh 3297 67

sparc 3201 51
tile 3633 57
um 7368 28
unicore32 3541 58

x86 2301 138
xtensa 3248 43

globally 135 1

SAT solving, we use PicoSAT.7 Processing the CNF formula without
any additional clauses takes PicoSAT between 6 and 10 seconds. We
search for redundant bool or tristate symbols, i.e. symbols that
can never be active, and for symbols that are necessary, i.e. it is not
possible to fully deactivate them. We find out if a symbol is redun-
dant by assuming that one of the two corresponding Propositional
variables is true. If this is not satisfiable, then the symbol is always
inactive. Vice versa by assuming that both Propositional variables are
false we find out whether a symbol must always be active. More than
99.8% of the individual tests run in less than three seconds.

Table 6 shows the results of these tests. The reason for the high
numbers of features that cannot be activated on each architecture is
that there are many features that run only on few architectures, but the
corresponding Kconfig files are common for all architectures. Sym-
bols that cannot be deactivated on the other side are less, but still a
lot. They are symbols that are intentionally not deactivatable and in
general they do not represent selectable features, but basic aspects of
an architecture.

7 PicoSAT: fmv.jku.at/picosat/
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Table 3. Translation rules for tristate* operators

e′ π0 (e
′) π1 (e

′)

y > ⊥
m ⊥ >
n ⊥ ⊥
AT p0(A

T ) p1(A
T )

!e ¬π0 (e)∧¬π1 (e) π1 (e)
e0 && · · ·&& en π0 (e0)∧ · · · ∧π0 (en)

∧
i∈{0,...,n} (π0 (ei)∨π1 (ei))∧

∨
i∈{0,...,n} π1 (ei)

e0 || · · ·|| en π0 (e0)∨ · · · ∨π0 (en)
∧

i∈{0,...,n}(¬π0 (ei))∧
∨

i∈{0,...,n} π1 (ei)

e1 ⇔ e2 (π0 (e1)↔π0 (e2))∧ (π1 (e1)↔π1 (e2)) ⊥
e1 ⇒ e2 π0 (e2)∨¬π0 (e1)∧ (¬π1 (e1)∨π1 (e2)) ⊥
AT = t π0

(
AT ⇔ t

)
⊥

AT =BT π0

(
AT ⇔ BT

)
⊥

XS = s PXS←s ⊥
XS =Y S PXS =Y S ⊥
es1 != e

s
2 ¬π0 (e

s
1 = es2) ⊥

To get meaningful results, we merge the results. We collect all
symbols that do not have any architecture that allows activating, and
we collect all symbols that are declared across all architectures, but
may not be deactivated on any of them. These numbers are in the
line globally. For most of the 135 symbols that cannot be activated,
this is actually the intention of the maintainer. The one tristate
symbol that can never be deactivated may intentionally only alternate
between the two other possible states.

These results do not surprise as similar tests were also done in
the context of the VAMOS project and hence many problems have
already been uncovered and solved.

8 Conclusion

Our approach successfully leads to a precise product overview for-
mula. Although Linux has reached more than 10.000 features, our
implementation quickly creates the L-POF, a product overview for-
mula of the Linux kernel in Propositional Logic. Despite its consid-
erable size, fast SAT solving on the formula is in general possible. If
needed there is still much room for optimization.

A future research direction could be to investigate the possibility
of further verification tests beyond redundant and necessary symbols,
e.g. specialized verification tests for a choice block analogously to
verification tests for positions of a Bill of Materials as it is done in
automotive configuration [8].

As we do not use parts of LKC in our implementation, we now
have the option to extend our program to do fine-grained tests con-
sidering individual lines in Kconfig files and easily locate the origin
of inconsistencies.

Another interesting topic is re-configuration. Although LKC does
not permit invalid configurations by disabling options during the con-
figuration process, it might be useful for users to select all wanted
options first without caring about the validation. Afterwards, if the
configuration is invalid, we can re-configure the selections of the user
in an optimal way, i.e. by solving a MaxSAT optimization problem.

The reverse is also imaginable: If the selections of a user lead to
an invalid configuration, the user might want to know which config-
uration constraints have to change in order to make the configuration

valid. Thus, we want to find the minimal set of constraints to remove
or change. Such MaxSAT re-configuration use cases have been de-
scribed in the context of automotive configuration in [10] and could
be adopted for the Linux kernel configuration.
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Table 5. Sizes of POFs for Linux 4.0

arch regular variables
in POF in

Tristate* Logic

auxiliary variables
in POF in

Tristate* Logic

total number of
variables in POF
inTristate* Logic

variables in L-POF variables in CNF clauses in CNF

alpha 10673 48845 59518 117417 996839 1812856
arc 10602 48481 59083 116538 954428 1718683
arm 11976 55760 67736 134270 1299812 2849653
arm64 10824 49640 60464 119333 1007563 1828031

avr32 10793 49366 60159 118671 1001036 1816464
blackfin 11539 51058 62597 123096 1026513 1861942
c6x 10548 48174 58722 115799 949031 1708805
cris 10867 49279 60146 118559 999006 1812066

frv 10666 48722 59388 117126 990489 1797565
hexagon 10540 48169 58709 115795 981542 1781667
ia64 10866 49850 60716 119837 1010856 1834072
m32r 10643 48681 59324 117039 993691 1804508

m68k 10717 49136 59853 118115 1008800 1836987
metag 10605 48535 59140 116671 955382 1720572
microblaze 10591 48406 58997 116370 985108 1788040
mips 11249 52034 63283 125090 1048937 1909971

mn10300 10721 48974 59695 117738 994158 1804015
nios2 10566 48235 58801 115951 950035 1710610
openrisc 10544 48168 58712 115783 949121 1709044
parisc 10658 48794 59452 117297 996712 1810111

powerpc 11247 51964 63211 124935 1055822 1917736
s390 10699 49084 59783 117997 998901 1813210
score 10539 48168 58707 115783 949788 1710461
sh 10955 50336 61291 121037 1020515 1854779

sparc 10774 49327 60101 118582 1004762 1823946
tile 10655 48748 59403 117195 990749 1798113
um 10606 48550 59156 116723 998908 1821791
unicore32 10753 49191 59944 118246 998333 1811566

x86 11135 51280 62415 123314 1051478 1913811
xtensa 10674 48786 59460 117278 993296 1802906

References

[1] Thorsten Berger, Steven She, Rafael Lotufo, Andrzej Wąsowski, and
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Abstract. 1 Engineering-To-Order (ETO) companies making 
complex and highly engineered products, face the challenge of 
delivering highly customized and engineered products with high 
quality and short delivery time. In order to respond to those 
challenges ETO companies strive to increase commonality between 
different projects and to reuse product related information. For that 
purpose companies need to be able to retrieve previously designed 
products and identify which parts of the design can be reused and 
which parts to redesign. This allows companies to reduce 
complexity in the product range, to decrease the engineering hours 
and to improve the accuracy of the product specifications. In this 
article we suggest a framework where product features from the 
company’s configuration system are listed up in order to compare 
with previously made products by retrieving information from 
internal ERP/PLM systems. The list of features consists of defining 
features with potential sets of values e.g. capacity, dimensions, 
quality of material, energy consumptions, etc. When identifying a 
specific previously designed product, it allows access to all of the 
specifications of the existing product along with the engineering 
hours used, materials used, and hours used in the workshop. The 
aim of this paper is to make a framework for setting up a database 
before starting the comparison. 

1 INTRODUCTION AND PROBLEM 
STATEMENT 

A configurator supports the user in specifying different features of 

a product by defining how predefined entities (physical or non-

physical) and their properties (fixed or variable) can be combined 

[1]. Improving the quotation process with the help of configuration 

systems is a great opportunity for enhancing the presale and 

production process efficiency in the companies [2]. There are 

several benefits that can be gained from utilizing product 

configuration systems, such as a shorter lead-time for generating 

quotation and fewer errors, increased ability to meet customer 

requirements with regards to functionality and quality of the 

products, increased customer satisfaction, etc. [3]. Theoretical 

elaboration of the empirical evidence suggests that, in order to 
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reach all the advantages that can be gained from utilizing product 

configuration systems, changes in the organization and the 

supporting systems in the order acquisition and fulfillment process 

are needed [4]. These issues can be solved by double checking all 

the outputs generated by the configurator through an automated IT 

solution. “All designs are redesigns” has long been a popular cliché 

in design research [5]. More generally it has been observed that in 

many firms the reuse and generalization of past experiences (often 

called "lessons learned") is becoming a key factor for the 

improvement, in time and in quality, of operational processes [6]. It 

is rational to say that all the attributes of the products and all their 

relations are available in the configuration system; and for every 

received order from the customer, changes and specifications for 

the product are entered into the configuration system. The idea is to 

make a connection between ERP and the configuration system, 

when generating quotations in the product configuration systems 

and compare it with the previous done projects saved in the ERP 

system from different perspectives. ETO companies producing 

complex highly engineered products have a significant problem 

when calculating the prices for the presale and sale processes. That 

is especially the case when domain experts cannot determine 

accurate price curves or when vendors are not providing sufficient 

information to be modeled inside the configurator. Therefore 

estimates are used or markup factors are added. When 

underestimating costs in projects the company will lose profit and 

when overestimating the cost the customer might go elsewhere 

where he can buy the product at a reasonable price. The accuracy 

of calculations is affected, as previous projects are not easily 

accessible and it requires significant work to compare potential 

new projects with previous projects manually in order to find the 

relevant information.  

Hvam et al. [1] explains this problem by using an example from 

F.L. Smidth, which is an ETO company selling cement plants. In 

this example, the company strives to reuse information from 

previously made projects to calculate the most accurate price based 

on weight and capacity. According to Hvam et al. [1], the price and 

weight curves are made by inserting the capacity, price and weight 

based on information from 3-5 previously produced machines. A 

curve is then drawn through the points as is demonstrated in  

Figure 4. This allows identification of prices and weights for 

machines that have not previously been produced.  
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Figure 1. Price and weight curve for main machines in F.L Smith 

 

However, with regards to highly complex products, the price 

curves are not thought to be the most accurate method as there are 

several dependent features and great numbers of neighbors on the 

curve. Another important drawback from the price curves is that 

the user is only provided access to some of the previously made 

projects. Therefore the most similar previous projects might be 

missed. 

The first benefits of using an automated IT process, where an 

integration between the configuration system and the company’s 

internal ERP in order to get access to previously saved project 

information, is to avoid time consuming redesigning activities in 

the production phase. This means that it will be possible to produce 

the same component or product while spending the least possible 

time and resources. 

Salvador and Forza [7] offer much anecdotal evidence of the 

issues related to product configuration systems. These are listed in 

terms of: excessive errors, too long time between sales and 

installation due to inadequate product information supply to the 

sales office, an excess of repetitive activities within the technical 

office, and a high rate of configuration errors in production. Even if 

there are often concerns regarding product configuration projects 

and the possible errors in the early phases of deploying the 

systems, the confirmation of the configuration system is not the 

only benefit from the mentioned solution. 

Salvador and Forza [7] describe product configuration systems 

as aid systems for the end users or customers for creating 

communication value. Comparing the new project with previous 

ones could also turn into a recommendation system in the 

companies. Felfernig [8] discusses different recommendation 

systems that are divided into Collaborative Filtering (CF), Content 

Based Filtering (CBF) and Knowledge Based Recommendations 

(KBR). The available recommendation technologies in e-

commerce are potentially useful in helping customers to choose the 

optimal products configuration [9]. It seems that the mentioned 

idea is similar to the values that come from recommendation 

systems. This means that if a 95% similarity between the current 

project and a previous project is found, the previous project can be 

re-used and thereby cost related to making the product 

specification significantly reduced. This includes costs in the sales 

phase, engineering and production. Furthermore, this is likely to 

improve the quality and the accuracy of the cost estimations. It also 

makes it easy to reach an agreement with the customer, and to 

recommend to them a consultancy to confirm the success of the 

project by small changes in the order.  

Furthermore, this approach enables companies to analyze the 

products statistically for future product development. Using the 

configuration systems and comparing different orders can provide 

valuable information to managers, as it helps them to keep track of 

product features and to get an overview of market demands. This 

helps companies to be more in control over the product assortment 

and eliminates the complexity related to the diversity of product 

features offered in the production line. 

Modular architecture is a term that usually refers to the 

construction of a building from different instances of standardized 

components, and in manufacturing it is used for interchangeable 

units that are used to create the product variants [10]. Dahmus et al. 

[11] defines a Modularity Matrix to find the similarities between 

product platforms across columns for a single function in the 

matrix. Thereafter, architecting of the product portfolio is 

recommended to take advantage of possible commonalities through 

the reuse of modules across different product families. If an 

existing product has standardized and decoupled interfaces, the 

design of the next product can re-use heavily from the components 

of the previous product. Holmqvist [12] identifies existing 

modularization methods and analyses them with regards to their 

ability to deal with different degrees of product complexity. Based 

on that he proves that modularization methods are really useful for 

a simple product architecture but for higher degrees of product 

complexity, when several functions are allocated to several 

physical modules, or large variation of variants, these methods 

seem inefficient [12]. Zamirowski et al. [13] presents three 

additional heuristics to find common modules across products in a 

product family. By knowing the previously ordered products, there 

will be the opportunity of decoupling of design and production 

tasks.  

The potential benefits that can be gained from using the 

comparison capabilities between configuration systems and other 

databases at the companies are summarized in Table 1. 

 
Table 1. Benefits from reusing the previous projects 

Area Benefits 

Management 1. Lean management by avoiding all the 

presales, production and sales activity 

that have been performed before. 

Configuration system 

development 

2. Reducing errors and increasing 

reliability of the configuration system. 

3. Facilitating the testing process for the 

configuration systems development. 

Standardization, Product 

planning, Configuration 

system 

4. Recommending previously successful 

projects to the end users. 

5. Basis for product standardization. 

Product planning, 

management 

6. Statistical approach to the  information 

and market requirements of the 

product. 

Product planning, 

Configuration system 

7. Improve the quality of the 

configuration system, lead time, 

manufacturing, sales engineering. 

 

Inakoshi et al. [14] propose a framework for product configuration 

that integrates a constraint satisfaction problem with a Case-based 

Reasoning tool (CBR), where the framework is applied to an on-

line sales system. This framework contains the following steps: 

 

1. Case retrieval: similar cases are retrieved from the case 

base in accordance with the similarities between the 

current query and the cases. 

2. Requirement formalization: a well-defined requirement 

consists of the current query and the object function, and 

it is supplied to a Constraint Satisfaction Problem (CSP) 

solver. 

3. Requirement modification: The well-defined 

requirement is modified only if there is no configuration 

and the CSP solver returns no solution back to the CBR 

Wrapper.  
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4. Parts database: a parts database that contains the 

definition of a product family. It defines the types of 

parts, the constraints on parts connectivity, and other 

kinds of restrictions on the products. 

5. CSP solver: The CSP solver receives a well-defined user 

requirement and solves the problem. 

The physical structure of the configuration system is illustrated in 

Figure 2.  

Figure 2. Physical architecture of configuration system [14] 

 

This research work has been used as an inspiration for creating a 

database development framework and then doing a comparison and 

integrating it with the product configuration system. There is no 

discussion in detail on how to make a database from the ERP 

system, where all the previous projects are stored. 

2 RESEARCH METHOD 

In accordance with the overall objective, the first phase is focused 

on the development of the framework, devoted to selecting a 

framework for product configuration, which integrates a constraint 

satisfaction problem with Case-Based Reasoning tool (CBR) from 

previous literature.  

The framework development is an ongoing research project to be 

developed further and tested by a group of researchers and 

practitioners with an applied research background in modelling 

products, product architecture, knowledge engineering and product 

configuration, software development, combining traditional 

domains of mechanical engineering with product configuration and 

software development. The framework will be tested in an ETO 

company specializing in production of catalysts.  

 

3 SUGGESTED METHOD FOR 
IDENTIFICATIO AND COMPARISON 
BETWEEN PRODUCT FEATURES 

Previous researchers define different tools and methods to measure 

the similarities between product features. Using configuration 

systems and techniques for comparing products, it is possible to 

compare different product features that have been ordered with the 

new coming orders. One of the prerequirements for using the 

automatic comparison is to have product configuration system in 

the sales process. The scenario is to use product features in the 

configuration system to compare with all the previously generated 

quotations, which are documented in a desired database. In Figure 

3 the process needed for the comparison accomplishment is 

illustrated.  

 

Figure 3. The process of comparing and find similar products 

3.1 Set up of the database with previous 
projects, comparing the configured 
products with the previously designed 
products 

Inakoshi et al. [14] introduce a framework for comparing a product 

configuration that integrates a constraint satisfaction problem with 

a Case-Based Reasoning tool (CBR) for a specific case and with 

specific tool. In this paper the aim is to make a framework in order 

to create a database for the comparison, which allows the 

comparison to be done in a standardized way where the currently 

available tools and methods can be utilized. Based on literature a 

seven step framework has been developed, the individual steps are 

illustrated in Figure 4. The process is not a complete waterfall 

process, as it is necessary to iterate some of the steps depending on 

the product. 

 

 

Figure 4. Database set up process in 7 phases 

3.1.1 Identify relevant features according to features 
from configuration model 

Previous research that describes how to use modules across 

different products [13] [15] will be used in order to compare 

different products. Commonality is best obtained by minimizing 

the non-value added variations across the products within the same 

product family without limiting the choices for the customers [16]. 

According to Ulrich [10], if an existing product has standardized 

and decoupled interfaces, the design of the next product can 
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borrow heavily from the components of the previous product. 

Thevenot and Simpson [16] discuss a framework where 

commonality indices are used for redesigning the product families 

to align with cost reductions in the product development process 

aligned with the standardized and modularized product structure 

incorporated to the configuration system, makes it easier to pick 

the relevant features or add them to the configurator. 

E. Lopez-Herrejon et al. [17] introduce Software Product Line 

Engineering (SPLE) to represent the combinations of features that 

distinguish the system variants using feature models. 

3.1.2 Retrieve specifications on previous designed 

products from ERP / PLM system 

The current generation of database systems is designed mainly to 

support business applications and most of them offer discovery 

features using tree inducers, neural nets, and rule discovery 

algorithms [18]. One of the fundamental problems of information 

extraction from ERP systems is that the formats of available data 

sources are often incompatible, requiring extensive conversion 

efforts [19]. Knowledge discovery in databases represent the 

process for transformation of available data into strategic 

information, which is characterized by issues related to the nature 

of data and desired features [20] [21]. Brachman et al. [22] define 

Knowledge Discovery (KD) process elements to be in three steps: 

1. Task discovery, data discovery, data cleansing, data 

segmentation  

2. Model selection, parameter selection, model 

specification, model fitting  

3. Model evaluation, model refinement, output evaluation 

KD has a variety of meanings. It includes, at one end the derivation 

of useful information from a database like “which products are 

needed for the specific amount of engineering hours for 

installation?” [23]. 

3.1.3 Retrieve features from product files and 

determining the values  

Most companies use the old technique called “British 

classification” when naming different components according to the 

product variants. However as the products get more complicated 

this technique becomes impractical. In this technique, as shown in 

Figure 5, there is a “surname” of five digits it is the general class of 

an item and the “Christian name” of three digits for an exact 

identity of for the particular item [24].  

 

Figure 5. Expansion of a major class [24] 

 

This technique could be used for finding the projects or products 

with the same specification but for a high level of similarities. This 

could help us to identify some of the product features and then 

search for their range of values.  

3.1.4 Classifying the products based on features 

For identifying and classifying relevant features in order to make a 

database, classification techniques are required. Burbidge describes 

how to classify the needs for the product components and coding 

them by introducing the Group Technology (GT) method [24]. 

Martinez et al. [25] then use the GT technique as a base for 

developing a new GT method [25] they provide an example where 

the GT technique is used in manufacturing plant where it help in 

the processes of minimizing unnecessary variety by making 

designers aware of existing components [24].  The aim of 

classification and coding is to provide an efficient method of 

information retrieval for decision making. To be efficient enough a 

code must be designed for the particular purpose for which it will 

be used [24]. Leukel et al. [26] discuss the design and components 

of product classification systems in B2B e-commerce and 

suggested a data model based on XML. Fairchild [27] discuss the 

application of classification systems and the requirements on them.  

Simpson [28] uses GT for adding, removing, or substituting one or 

more modules to the product platform for product platform design 

and customization. Sousa et al. [29] suggest an automated 

classification system for specialization of life cycle assessment. 

First of all they manage to have a conceptual framework for 

environmental performance of product concepts. Then, the 

hierarchical clustering has been used in several applications to 

show useful ways of grouping objects according to their 

similarities and product descriptors data. Finally, it is used to 

develop an automated classification system based on decision trees 

algorithms. Sousa et al. [29] also use Matlab and C4.5 decision tree 

algorithm, which seems to be applicable in all classification cases. 

C4.5 is an algorithm used to generate a classification in form of a 

decision tree that is either a leaf indicating a class or a decision 

node that specifies some test to be carried out on a single attribute 

value. This algorithm has a few base cases as below [30]: 

 

1. All the samples in the list belong to the same class. When 

this happens, it simply creates a leaf node for the decision 

tree saying to choose that class. 

2. None of the features provide any information gain. In this 

case, C4.5 creates a decision node higher up the tree 

using the expected value of the class. 

3. Instance of previously unseen class encountered. Again, 

C4.5 creates a decision node higher up the tree using the 

expected value. 

Ho [21] introduces OSHAM system generated in hierarchical 

graphical browser which is competing with C4.5. 

Magali and Geneste [6] propose object oriented modeling 

language, Unified Modeling Language (UML) as a standard 

modelling of domain knowledge for their research work to 

represent field data. The exploitation of the object modeling as an 

indexing base is suggested to allow a fast selection of potentially 

interesting objects during the similar case search [6]. 
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Guillaume et al. [31] developed six heuristics for clustering and 

weighting the logical, syntactical and semantical relationships 

between feature names. The other representation introduced as the 

so-called Product Comparison Matrices (PCMs), can help to make 

a choice, where the aim is to visualize all the products 

characteristics through a metrical representation, [32]. 

3.1.5 Set up database with previous products design 

Ramakrishnan et al. [33] give an overview of database design in 

the following three steps: 

1. Requirement analysis: Understanding of what data is to 

be stored in the database, what applications must be built 

on top of it, what operations are most frequent and subject 

to performance requirements. 

2. Conceptual database design: The information gathered in 

the requirements analysis step is used to develop a high-

level description of the data along with the constraints to 

be stored in the database. 

3. Logical database design: Database Management System 

(DBMS) has to be chosen to implement the database 

design, and convert the conceptual database design into a 

database schema in the data model of the chosen DBMS. 

3.1.6 Comparing the new order products with the 
previous designed products in the ERP/ PLM 
system 

There are extensive research works in the field of IT illustrating 

different methods to do the comparison in an automated way. 

Classical Case-based Reasoning tool (CBR) methodologies [34] 

[35] are based on four tasks, which are: Retrieve, Reuse, Revise 

and Retain are highly used for this purpose. 

Navinchandra’s [36] developed CYCLOPS, which was the first 

system to explore CBR in interactive design. Vareilles et al. [37] 

proposed an approach to use ‘contextual knowledge corresponding 

to past cases’ and ‘general knowledge corresponding to relations, 

rules or constraints that link design variables’. In this research, 

Constraint Satisfaction Problem (CSP) is used regarding general 

knowledge and CBR operates with conceptual knowledge. 

Magali and Geneste [6] propose a method to define the 

neighborhood of the retrieved case to propagate domain 

constraints. In this method they use Fuzzy Search is divided in two 

steps that are: rough filtering process and similarity measuring. 

Coudert et al. [38] suggest an integrated case-based approach by 

using ontology of concepts for guiding project planning and system 

design processes. 

3.1.7 Integration of the database with the product 

configuration system 

According to Inakoshi [14], there is the possibility to integrate a 

constraint satisfaction problem with CBR for a product 

configuration system. 

 

4. PLAN FOR THE CASE STUDY 

The case study is planned based on a group of researchers from the 

Technical University of Denmark in collaboration with Haldor 

Topsoe. The aim is to test and make further developments to the 

proposed framework. The case study should aim to find the major 

and minor drawbacks in the current framework and refines it based 

on experiment. The main things that will be tested in the case study 

are listed below: 

1. Can we retrieve the products’ features out of the ERP 

system? 

2. Can we classify the products? 

3. Can we make a data base according to the product 

features? 

4. How to do the comparison between the new product and 

the previous designed products? 

5. How to integrate the data base and configuration 

systems? How to make the user interface in the 

configuration system? 

5. CONCLUSION  

 

In this paper we suggest an approach for comparing a new order 

that is being configured with previous made configurations, which 

are usually stored in various internal systems at the companies. 

This will lead to some advantages such as increased commonality 

across different products and reuse of modules across the family of 

products. To achieve the goal of comparing different products a 

database for the necessary features is needed. The proposed 

approach includes 7 separate phases. Finally after the database 

setup, the comparison method based on literature will be 

accomplished and the integration between the configuration system 

and database will be performed. The paper is just mentioning a 

problem realized as one of the configuration system drawbacks and 

suggests a framework for using comparison method to solve this 

problem. To have a generic framework to retrieve data from ERP/ 

PLM systems and compare them in configuration projects further 

research work is required as listed below: 

1. Framework testing for a case study and test the available 

tools for retrieving and comparing the features. 

2. Development of the possible ways to integrate database 

with product configuration system. 
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