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Abstract. This paper presents the use of a multi-agent framework for evaluating
parameters of new products and estimating cost of product design. Companies
often develop many new product projects simultaneously. A limited budget of
research and development imposes selection of the most promising projects. The
evaluation of new product projects requires cost estimation and involves many
agents that analyse the customer requirements and information acquired from an
enterprise system, including the fields of sales and marketing, research and devel‐
opment, and manufacturing. The model of estimating product design cost is
formulated in terms of a constraint satisfaction problem. The illustrative example
presents the use of a fuzzy neural network to identify the relationships and esti‐
mate cost of product design.
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1 Introduction

Decreasing product life cycles, increasing variety of products, and quick adjustment to
market trends require the successful new product development (NPD) that is one of the
most important factors in maintaining company’s competitiveness. New product success
depends on customer satisfaction that is related to utility, quality and price of a product
[1–3]. Incorporating customer requirements in a new product incur expenditures during
the NPD phases such as product design, prototype manufacturing and testing. The
expenditure budget in research and development (R&D) is often limited, and company
has to select the most promising NPD projects according to the criteria such as the
expected profitability and R&D cost of a new product. Consequently, cost estimation
for the NPD projects is needed.

The product design phase includes design reusability and engineering design, and it
precedes phases such as product manufacturing and commercialisation. The poor
product design raises many categories of cost relates to special equipment or modifica‐
tions, inefficient assembly, excessive part proliferation, difficulties with part fabrication
and product reliability, and finally, customer dissatisfaction [4, 5].
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Today’s enterprise information systems support the user in managing different
phases of the NPD process, and also register and store the performance of the previous
NPD projects (e.g. customer requirements, design parameters, product manufacturing).
More and more companies are using solutions such as customer relationship manage‐
ment (CRM), computer-aided design (CAD), computer-aided engineering (CAE),
computer-aided manufacturing (CAM), and enterprise resource planning (ERP) system.
The data stored in an enterprise system can be used to identify the key factors influencing
cost of a particular phase of the NPD process, and finally, improve the performance of
the current NDP projects and the product success.

Product design involves many individuals and groups, including customers, analysts,
project managers, R&D employees, chief marketing, production officers, etc. The
product design process can be supported through an integrated business information
system that combines the different agents and enables their communication. A multi-
agent approach can replace the conventional centralized systems (for manufacturing,
product design etc.) with a network of agents that are endowed with a local view of its
environment and the ability to respond locally to that environment. As a result, the
overall system performance is not globally planned, but emerges through the dynamic
interactions between agents in real time [6].

Despite increasing popularity and applications of agent-based technology in the
business domain, there is still a lack of unifying framework that would used the multi-
agent paradigm to cost estimation of product design. This study aims to develop an
agent-based framework for estimating cost of product design providing a foundation for
conceptual analysis. The proposed multi-agent system includes client agent, marketing
agent, research and development agent and data mining agent that identify variables
suspected of significant impact on the cost of past products. Relationships between the
cost of past products and variables influencing the cost are sought with the use of a fuzzy
neural network that is able to discovered complex nonlinear relations and is suitable tool
for estimating the cost.

The cost estimation model is formulated in term of a constraint satisfaction problem
(CSP) as a set of variables, their domains, and constraints linking and limiting the vari‐
ables. CSP can be treated as a knowledge base that includes the identified patterns and
expert knowledge, and enables formulating routine questions such as what is the cost of
product design, what is the most promising NPD project portfolio, or what values should
have the parameters of a NPD project to fulfil the cost expectations. Knowledge base
formulated as CSP can be effectively implemented in constraint programming environ‐
ment that is an emergent software technology for a declarative CSP description and can
serve as a pertinent framework to develop a decision support system [7, 8].

The remaining sections of this paper are organised as follows: Sect. 2 presents the
use of multi-agent approaches in new product development. Section 3 presents a model
of cost estimation of product design in terms of constraint satisfaction problem. The
proposed multi-agent framework for evaluating parameters of new products and esti‐
mating the cost of product design is shown in Sect. 3. An illustrative example of the
proposed approach is presented in Sect. 4. Finally, some concluding remarks are
contained in Sect. 5.
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2 Multi-agent Systems in New Product Development

Multi-agent systems (MAS) are systems with multiple agents and are suitable for
complex problems that have alternative problem solving techniques, involve reasoning
with multiple models at different levels of abstraction and representations, and usually
involve distributed knowledge sources [9]. MAS are intelligent distributed approach
suited for applications that are modular, complex, and changeable, for example, in
product design. These systems have capabilities such as autonomy, integration, reac‐
tivity and flexibility, and they are an emerging sub-field of artificial intelligence that is
concerned with a society of agents interacting in order to solve a common problem [10].
The paradigm of MAS provides a very suitable architecture for a design and imple‐
mentation of integrative business information systems. The complex information
systems development can be supported with the use of agent-based technology in the
context of natural decomposition, abstraction and flexibility of management for organ‐
isational structure changes [11].

Agent technology is a result of convergence of many technologies within computer
science such as object-oriented programming, distributed computing and computational
intelligence [12]. Recently, an increasing number of approaches related to computational
intelligence, including neural networks and fuzzy logic has been used to multi-agent
applications. For instance, the artificial neural networks have been used to the output
regulation problem of the nonlinear multi-agent systems [13], create a machine agent
who determines the appropriate machine in order to fulfil clients’ requirements [14],
form a classifier agent team [15], MAS that incorporates a case-based reasoning system
and automates the business control process [16], or create a multi-agent identifier in
order to identify the dynamics of the plant [17].

The use of fuzzy logic-based approaches in the context of MAS includes the fields
such as modelling the controller that regulates the number of agents in MAS [18],
designing fuzzy model for supply chain modelling based on agents [19], developing the
agent-based negotiation process for e-commerce [20], or making decision rules [21].
There are also hybrid approaches based on fuzzy neural network structures that can be
used to intelligent task planning and action selection in MAS [22] or modelling the
controller in multi-agents [23].

Design is a complex knowledge discovery process in which information and knowl‐
edge derives from various sources. Complex design combines automated software
components with human decision makers. Software agents provide the necessary
support for keeping humans in the loop, and multi-agent framework combines various
sources of information and reasoning [24]. The use of the MAS paradigm in the context
of knowledge management includes tasks such as [25]: knowledge search, acquisition,
analysis and classification from diverse data sources; information given to human and
computing networks once usable knowledge is ready to be consulted; negotiation on
knowledge integration or exclusion into the system; explanation of the quality and reli‐
ability which are related to the system integrated knowledge; and learning progressively
all along the knowledge management process.

Product design strongly impact on assembly planning enabling reduction of manufac‐
turing cost and enhancing production efficiency and product quality. Zha [26] presented
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advantages of a multi-agent framework for developing the integrated design and assembly
planning system. Chu et al. [27] considered the effectiveness of multi-agent technologies to
implement a collaborative three-dimensional design system. A multi-agent system has also
been used to identify the variables influencing the product success and select portfolio of new
product development project [28].

Knowledge acquisition in the field of new product development is of significant impor‐
tance for a contemporary organisation taking into account potential increment of tech‐
nology and infrastructure. As in the knowledge discovery process is not possible to elimi‐
nate a human dimension, a multi-agents approach seems to be a suitable framework to
model the problem of identifying a set of variables influencing the cost of product design
and evaluating the parameters of a new product. This type of information and knowledge
is needed to estimate the cost of product design, and support the project managers in
selecting the most promising NPD project portfolio and conducting what-if analysis.

3 Model of Estimating Product Design Cost

Specifications of the past NPD projects, including design parameters, product portfolios,
and customer requirements are registered and stored in an enterprise information system
that includes e.g. CAD, CRM and ERP system. If new product development is related
to slight modification of previous products, then enterprise database may be used to
identify the factors influencing the cost of designing previous products, and estimating
the cost of a new design. The presented model is formulated in terms of CSP and consists
of a set of decision variables, their domains, and the constraints that refer to the compa‐
ny’s resources and performance indicators. The model description encompasses the
limitations of a company, parameters of new products and a set of routine queries
formulated in the framework of CSP. The structure of the constraint satisfaction problem
may be described in the following form [29]:

CSP = ((V , D), C)

where:

– V is a finite set of variables,
– D is a finite set of discrete domains of variables,
– C is a finite set of constraints.

The presented model of estimating product design cost contains the following variables:

• Number of interviewed clients to survey client’s requirements
• Number of client’s requirements for a new product
• Number of client’s requirements translated into product specification
• Number of ideas for a new product
• Number of components in a new product
• Number of modified components in a new product
• Number of project team members
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The constraints include the total number of team members directly involved in a
NPD project C1,t and financial means C2,t in the t-th time unit (t = 0, 1,…, T). The decision
criterion for product portfolio selection is minimisation of the cost of product design by
the given constraints.

The constraint satisfaction problem can be considered in the context of a knowledge
base that is a platform for query formulation and obtaining answers [7, 30]. The model
formulation in terms of CSP integrates technical parameters, available resources, iden‐
tified patterns (rules) and user requirements in the form of knowledge base, and facili‐
tates the development of a decision support system. The problem solution is related to
seeking the answer to the following questions:

• What is the product design cost and what products should be selected to the product
portfolio to obtain the minimal cost of NPD projects by a fixed amount of resources?

• What values should have the parameters of NPD projects to fulfil the cost
expectations?

Constraints satisfaction problems can be solved with the use of constraint program‐
ming that seems to suit very well for modelling decision problems [31]. Constraint
programming techniques have embedded ways to solve CSP with greatly reduction of
the amount of search needed [32]. This reduces the processing time of calculations,
what is especially important for extensive search space, and it is sufficient to solve many
practical problems such as supply chain problem [33–35] or scheduling problem [36, 37].

A multi-agent approach can be successfully used to solve constraint satisfaction
problems, for example, n-queen problems and coloring problems. In solving a CSP with
this approach, each agent can represent a variable and its position corresponds to a value
assignment for the variable. The environment for the whole multi-agent system contains
all the possible domain values for the problem. The conducted research shows that the
performance of a multi-agent approach in solving CSPs for approximate solution is
time-efficient [38].

4 The Proposed Multi-agent System for Estimating
Product Design Cost

The design parameters of past products are routinely registered and stored in an enter‐
prise information system. The big amount of data and easiness of data retrieval from an
enterprise system increases an opportunity to acquire valuable information, and finally,
improve cost estimation of product design. To automate the process of analyzing huge
amount of data and discovering nontrivial and potentially useful patterns, data mining
techniques are used. One of data mining techniques is a fuzzy neural network that can
identify complex nonlinear relationships and is a suitable tool for modelling, simulating,
and estimating [3].

In the case of product customization, cost estimation of product design can be based on
information obtained from customers and the parameters of past products. The product
design process can be divided into a few sub-processes, such as identification of the
customer requirements, seeking the relationships between different variables suspected of
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the impact on the cost of NPD projects, evaluation of NPD projects, and selection of the
most promising NPD portfolio. To successful performance, these sub-processes require
cooperation and communication between the agents involved. Figure 1 illustrates a multi-
agent system for estimating cost of product design.

Marketing 
agent 

Data 
mining 
agent 

Knowledge 
base

Project 
manager 

Client 
agent 

R&D 
agent 

Fig. 1. Multi-agent system for estimating product design cost

In the phase of identification of the customer requirements, a marketing agent
communicates with customers to investigate their needs for a new product. In the next
phase, a marketing agent communicates with an R&D agent to specify the customer
requirements for a new product. An R&D agent determines the expected time of new
product development and the range of the customer requirements translated into product
specification, and sends these parameters to a marketing agent who in turn investigates
customer acceptance of a new product. A data mining (DM) agent identifies variables
suspected of significant impact on the cost of past products and sends the requests of the
expected values of these variables for a new product to a marketing agent and an R&D
agent. Finally, an R&D agent and DM agent store the identified rules in knowledge base
that is used to estimate the cost of new products, conduct what-if analysis on the basis
of the parameters specified by the project manager, and select the most promising NPD
portfolio. Apart from rules, knowledge base stores the facts related to the constraints
such as the NPD project budget, a number of project team members, the expected time-
to-market for a new product.

The agents have the various objectives and constraints that concern the specific area
of the product design process. Consequently, the cooperation between the agents is
needed to adjust their local tasks and improve the estimating quality of product design
cost. Table 1 presents an example of information that is specified in the messages
between the agents.

The negotiation algorithm between a marketing agent and R&D agent is executed
until the specification of a new product meets the customer requirements in the agreed
range. The customer requirements are verified in the context of available technology
and the cost that the company can incur to obtain the required materials, components
and technology.
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Table 1. An example of message description

Item Description
Sender Marketing agent
Receiver R&D agent
Message type Product design specification
Message task Specifying customer requirements
Deadline Time by which the R&D agent has to respond
Content The description of the customer needs and require‐

ments for a new product

Relationships between the cost of previous products and variables influencing the
cost are sought with the use of a fuzzy neural network that includes advantages of both
neural networks (e.g. learning abilities, optimization abilities and connectionist struc‐
tures) and fuzzy systems (e.g. if-then reasoning, simplicity of incorporating expert
knowledge). A fuzzy neural network identifies if-then rules that are further used to cost
estimation of product design. In this study, the adaptive neuro-fuzzy inference system
(ANFIS) has been used. The parameters of a new product (values of input variables) are
specified by a marketing agent and R&D agent and led to the ANFIS that estimates the
cost of product design. As the NPD cost is criterion of product portfolio selection, the
most promising set of the NPD projects can be determined.

In this study, the knowledge base is formulated as a constraint satisfaction problem
that can be effectively implemented in constraint programming (CP). CP is an emergent
software technology for a declarative CSP description and can serve as a pertinent
framework to develop a decision support system [7, 8]. The next section illustrates the
use of a fuzzy neural network to identify relationships among data, develop knowledge
base and estimate the cost, and the use of CP to seek the admissible solutions according
to a user request.

5 Example

An illustrative example consists of two parts. The first part concerns the use of the ANFIS
to identify relationships and estimate the NPD cost. In turn, the second part illustrates
the use of constraint programming to seek the possible solutions (if there are any) for
the constraints specified by the user.

5.1 Cost Estimation with the Use of ANFIS

Cost of product design (CD) has been estimated on the basis of the following variables:
number of interviewed clients (CS), number of client’s requirements for a new product
(CR), number of client’s requirements translated into product specification (CRT),
number of ideas for a new product (INP), number of components in a new product (CNP),
number of changed components in a new product (CCP), and number of project team
members (PTM). The ANFIS uses data of previous projects and identifies the relation‐
ships (in the form of if-then rules) between input variables and the cost of past product.
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In studies, the ANFIS has been learnt according to subtractive clustering method
implemented in the Matlab® software, with the following parameters: range of influence
– 0.3, squash factor – 1.25, accept ratio – 0.5, reject ratio – 0.15. The membership
functions are specified for each input variables and the identified if-then rules that are
further used to estimate the cost of product design. Figure 2 illustrates the membership
functions of 10 rules identified by the ANFIS.

Fig. 2. The use of ANFIS to cost estimation of product design

The forecast of product design cost is calculated after inputting the expected param‐
eters of a new product to the learnt ANFIS. The values of two input variables (number
of interviewed clients and number of client’s requirements for a new product) are speci‐
fied by the marketing agent. In turn, the values of five input variables (number of client’s
requirements translated into product specification, number of ideas for a new product,
number of components in a new product, number of changed components in a new
product, and number of project team members) are specified by the R&D agent. In the
presented example, the forecast of product design cost (CD) equals 159 monetary units
(m.u.) for the following input variables: CS – 150, CR – 20, CRT – 16, INP – 41, CNP
– 58, CCP – 12, and PTM – 4. The identified rules are stored in knowledge base and can
be further used to feasibility study of the NPD projects and selecting the most promising
projects for development.

5.2 Fulfilling Cost Expectations with the Use of CP

If the NPD cost exceeds the project budget, the project manager can need information
about the conditions to fulfil cost expectations. In this case, such values of input variables
are sought that fulfil the project budget. Let us assume that the budget of product devel‐
opment is limited to 100 m.u., and the range of the selected variables is as follows: CNP
from 45 to 75, CCP from 8 to 18, and PTM from 3 to 6. A large number of admissible
solutions imposes the use of techniques that enable the reduction of the amount of search
needed, such as constraint programming. The considered problem has been implemented
in the Oz Mozart programming environment that includes constraint programming
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paradigms. The number of admissible solutions equals 10 instances by the minimal cost
of product design reaches 93 m.u. Figure 3 presents the explored search tree for the
considered case.

Fig. 3. The use of CP to seek admissible solutions

The search tree illustrates choice nodes as purple circles and solution nodes as green
diamonds. The fully explored subtrees, which do not contain solution nodes, are
presented as a single red triangle.

6 Conclusion

The new product development process involves many agents in the field of customers,
marketing, research and development, manufacturing, etc. As in new product develop‐
ment is required knowledge acquisition from the different local areas and communica‐
tion between these areas, the use of a multi-agent framework seems to be a pertinent
framework to evaluate the parameters of product design, and finally, estimate its cost.
The proposed approach takes a global perspective concerning product design and
presents a mechanism of interaction between agents. As an enterprise information
system stores the data related to the various areas of business, including customer
requirements for a new product and specification of the past NPD projects, enterprise
database can be used to seek the relationships between the cost and variables suspected
of influencing cost. In this study, a fuzzy neural network has been used to identify
potential relationships that can also be used to feasibility study and selecting the most
promising NPD project portfolio.

The characteristics of the presented approach includes the use of expert domain knowl‐
edge to select variables used in the knowledge discovery process, fuzzy neural network to seek
the relationships and their description in the form of if-then rules, and framework of constraint
satisfaction problem to specify a knowledge base. This knowledge base includes the facts
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(e.g. R&D budget), rules identified by fuzzy neural network or/and an data mining agent, and
it allows the project managers to obtain an answer to the routine questions such as what is the
cost of product design, what is the most promising set of NPD projects or what values should
have the parameters of NPD projects to fulfil the cost expectations. The use of constraint
programming environment solves CSP in an effective way and enables creating an interactive
task-oriented decision support tool.

Advantages of the presented approach can be considered in the context of placing
product design in a global perspective that involves the external (customers) and internal
(employees) actors of the NPD process, the low effort of data retrieval to analysis
because the data are stored in an enterprise system, the possibility of sensitivity and
what-if analysis, as well as the selection of the most promising product portfolio
according to the project manager’s preferences. Drawbacks of using the proposed
approach are connected with constructing the stop criterion in the negotiation algorithm
between client and marketing agent, collecting enough amounts of data of the past
similar NPD projects, and specifying several parameters to build and learn a fuzzy neural
network.
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