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Abstract. Effective product development process modeling can help manage
the overall process efficiently and organize multi-functional team to develop
product concurrently and cooperatively. In this paper, the development process
is viewed as a dynamic system with feedback on the basis of feedback control
theory. The dynamic model and its design structure matrix are developed. The
model and its design structure matrix can be divided farther to reflect the
interaction and feedback of design information. The mode and direction of the
development process can be selected to satisfy constraints of process data flow
and process control. A fuzzy evaluation method is presented to evaluate the
performance of the dynamic development process; this allows the development
process to be optimized based on re-organizing design constraints, re-
organizing design processes and re-organizing designer’s preferences. An
application shows that modeling the product development process as a
dynamic system with feedback is a very effective method for realizing life
cycle design, optimizing the whole development process, improving the degree
of concurrent, speeding information flow and reducing modification
frequency.

1 Introduction

The demand for higher quality and lower cost products with shorter development
lead-time to meet the dynamic global market’s needs has made the performance of
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product development projects an increasingly important area of competitive
advantage. In response to these challenges many industries have shified from a
sequential, functional development paradigm to a concurrent, team based paradigm.
Increasing concurrence and cross functional development also dramatically increases
the dynamic complexity of product development [1-3].

Effective modeling of product development can optimize the development
process and the accumulation of design information, and it also can improve the
degree of concurrent, optimize the design structure, improve product quality, and cut
development cost and time. However, in practice the development process has
dynamic uncertainty, time overlapping and constraint coupling, which coupled with
the imperfection and fuzziness of design information leads to fluctuations in
resource allocation and the accumulation of information that hampers process [3].

Moreover, product development itself is a complex, dynamic and uncertain
system with feedback, and rather resembles a network (process net), where processes
are highly interconnected, including feedback-loops and interactions on different
hierarchical levels [4]. Because the feedback control system and product
development process share the common feature of information feedback, feedback-
control theory can be viewed as a very effective method for modeling the product
development process.

This paper aims to analyze the dynamic characteristics of the product
development process, model the product development process as a dynamic system
with feedback, and present a suitable method to evaluate the performance of product
development process. Section 2 gives a dynamic model with feedback and a design
structure matrix for the product development process. Section 3 provides process
evaluation and Section 4 illustrates a case of applying the model to Gear
Transmission System Development. The research results are discussed in Section 5.
Finally, conclusions are provided in Section 6.

2 A Dynamic Model of the Product Development Process with
Feedback

2.1 Feedback Control Theory

Feedback control theory arose from the need to analyze the stability and performance
of technological systems by means of information interaction and feedback. It, then,
can be used as a very effective tool to model the dynamic product development
process.

There are two methods for improving the feedback process. One is to simplify
the process and delete the redundant processes that have no value to system output.
The other is to strengthen the information feedback and process control.

In order to change a system output as expected by designers, all states in the
system should be well controlled. There are two necessary and sufficient conditions
that should be satisfied.

(i) The system output can affect all the states in the system.
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(ii) All information in the system should be obtained.

In order to eliminate the adverse influence of process feedback, information
interactive feedback should be strengthened to optimize the development process. In
the development process, both the positive feedback and negative feedback processes
should be strengthened to make the balance point of the development process either
be transferred or be perfected in the initial point. In this way the design resources and
process programming can be optimized.

2.2 Dynamic Characteristics of the Product Development Process

Many uncertain factors bring disturbance to the development system to some extent,
and make the system unstable, which can stop or suspend the development process.
The instability of a development process will be resulted in poor quality, delay in
development time and high development cost.

In order to reduce the instability, the product development should be viewed as a
dynamic system with feedback. A dynamic system has dynamic characteristics in
each development process where the process has three different states: proceeding
state, stop state and feedback state (see Figure 1).
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Fig. 1. Dynamic model of development process
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In Figure 1, the model can be seen as two parts by the diagonal. The upper right
part describes the proceeding state and the lower left part describes the feedback
state. The black points in the figure express constraint evaluation points. For
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instance, the satisfaction of a constraint evaluation point determines the proceeding
modes of development process (i.e. serial mode and parallel mode) and process flow.
However, it should be pointed out that the satisfaction of the constraint evaluation
point is only the necessary condition to decide process flow, not the sufficient
condition. Based on the satisfaction degree and satisfaction number to constraint
evaluation points, many process flows could be selected.

Due to the time characteristic of product development, there exist several time
relations between processes on the basis of the satisfaction degree, satisfaction
number and satisfaction sequence to constraint evaluation points.

However, meeting the constraint evaluation points is only the necessary
condition, not the sufficient condition to decide time series of a process. If the
relations above want to be followed strictly, the preconditions and transform
conditions of a process, i.e. process control flow, must be satisfied. The feedback
state of a process can be depicted by lower left part of Figure 1. Let
X = (Xi-z,X,_l,X,,XM,XHj be the state vector of the dynamic system. The
state vector not only could be the state that the designer masters the customer’s
requirements or the customers understand and express their requirements, or the state
that the designer masters the design technology related to the product in the design
process, but also could be the manufacturing state in the development process, or the
state that the product satisfies the customer’s requirements after it was checked and
tried out. The state vector has a time characteristic, and its dimension depends on the
complexity of the system. Moreover, the state vector is a fuzzy concept. The ideal
state can be expressed as 1, and the most ambiguous state can be expressed as 0.

Let P = (B_Z ,P_,P,P, ,P,,) be the set of state vectors of the dynamic

i+12 7 i+2
system. i+2
P X x[][S, > X, k=i-2,i-1i,i+1,i+2
n=k (1)
Let E = (Ei—Z’Ei—l’Ei’Ei+15Ei+2) be the feedback state after the process is
evaluated.
E : X,->8,,k=i-2i-Li,i+1i+2 ()

State feedback is the precondition that makes the development process be carried
out successfully. When the process proceeds, the process information should be fed
back to all the upstream processes. From the viewpoint of control theory, this is a
full-feedback model. Information feedback can make the constraints be adjusted in
advance and make design information self-supplement, which can eliminate the
influence of system perturbation and make the development process collaborative
and optimal.

Theoretically speaking, full-feedback of information not only benefits the
process collaboration and information interaction, but also makes the design
information be fed back completely and embodies the dynamic characteristic
adequately. However, under the full-feedback state, the more feedback loops there
are, and the more the difficult the operation is. Moreover, it can result in redundant
feedback of design information. Redundant feedback is a main reason that can make
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system unstable and result in the bad convergence of system optimization. Therefore,
in order to increase the maneuverability of process programming, and to adapt the
requirements of multi-function team and a multi-disciplinary working mode [5], not
only should the number of feedback loops be reduced, but also the correct design
information should be fed back to the correct location in the right time, and the
redundant feedback of design information should be reduced. Therefore, the dynamic
model proposed above should be modified to reduce intermediate feedback loops and
make all the design information be fed back to the initial design stage. Through the
revised dynamic model, the designers can analyze the problems together, and find
where the problems occur. The model can be described as shown in Figure 2.
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Fig. 2. Dynamic model of revised development process

After the process model is revised, the state mapping of system can be denoted

by i+2
P, X x[]S, X, k=i-2 ®)

n=k

P: X, ,->X, k=i-Lii+Li+2 @)

The state feedback of the system can be expressed as

E: X, -8 ,k=i-2,i-1Li,i+Li+2 )
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Design Structure Metrics (DSM) provides a compact and clear representation of a
complex system and a capture method for the
interactions/interdependencies/interfaces between system elements (i.e. sub-systems
and modules) [6-9]. The DSM method assumes that each design task can be modeled
as an information processing task, using and creating information. The output
information from one task becomes the input information to another task. The
input/output relationships may include cycles, which indicate the need for iteration.
Tasks in the matrix may be re-sequenced [1].

In this paper, a new design structure matrix is defined and used to describe the
dynamic development process with feedback. The design structure matrix can be
divided into two parts by the diagonal. The one part describes the interdependence
relations among processes, i.e. the correlative information among different processes.
The information can be the number of parameters of a process output or the
communication quantity among processes. The other part describes the feedback
relations among different processes, and the feedback information can be the number
of feedback loops or the number of feedback parameters.

3 Process Evaluation

Process evaluation is based on factors such as quality, cost and development time.
Let {“1:”2:"'a”n} be vector set of evaluation factors, with the range of value
representing the degree of membership of the corresponding factor’s satisfaction
degree. Let 4, (v, ) be the degree of membership, and v; be the corresponding value
ofy, . The weight vector of evaluation factors can be given by experts and expressed
as Wy, Wy, o, W, §.
The evaluation method can be carried out step by step as follows.

i Ifv gy (v,.), then the feedback information is

e The corresponding indices of structure matrix.

e  The difference between the index and its lowest value.
(i) Ifv, € , (v,.), giving the threshold of satisfaction degree and denoted by S, .

Let y; (v,.) be the degree of membership of the evaluation factor. Such that

S= Z Wik, (vi) )

e IfS =S, the process is’sdtisfied.

e IfS<S,, it has to carry out the process optimization and information

feedback. The o tlimizatiﬁ)n mode] is as follows:
Min A—Ajp;s.t;w,ﬂigvi)sz;,uf‘“‘ <p,(v,)<1 (®)
where A = w,u(v . A =wpT . ™ is the biggest vector of degree of
membership. ,uin " is the least vector of degree of membership. B A-A4 ||} isthe
norm that P > 1.
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The feedback information A is:

(a) If vi lower limit > vl > then Ai = l vilowerlimit - vi I
val lower limit < vl < vz upper limit > then A: = I viupper limit ~ vi
Ifv, upper limit < Vi ,‘then i =1 vV, =V, upper limit

(b) The corresponding indices of structure matrix.

After the feedback information is fed back to the initial design stage, the multi-
function design team can carry out three re-organization activities as follows based
on the practical development environment to optimize the development process: (1)
re-organize constraints, (2) re-organize the process, and (3) re-organize the structure
of the designer’s preference.

4 Application to Gear Transmission System Development

The development of a gear transmission system for the ZL50G loader is an example

analysis of the dynamic characteristics of product development. In order to develop a

high quality product in short time, the dynamic characteristics of the development

process should be analyzed to establish an effectual process model. At the same time,
because the development of a new loader inherits the features of ZL50, the
interdependence and feedback relationships are more complicated.

There are seven sub-processes: (1) Prepare product specifications, (2)
Preliminary design, (3) Evaluate development cost, (4) Mechanical analysis, (5)
Design process features, (6) Analyze the product data of identical series products,
and (7) Finalize design details.

From the analysis we identified the following:

(i) Through the dynamic analysis of the development process, the uncertain factors
and some rules that can be followed can be found. Therefore, the development
process activities can be organized and managed more effectively.

(ii) The development process can be optimized by the optimization of the
interdependence and feedback relationships among processes. The number of
feedback loops and the complexity of development process are reduced. The
number of feedback loops is

b= M,(i,j)=6

(iii) From the analysis ofistructure matrix we can see that the feedback loops exist
mainly in processes 2, 4, S and 6. That is to say the feedback loops exist mainly
in the detailed design stage. By substituting the big feedback cycle with micro-
cycles, the development efficiency can be improved and the redundant feedback
can be reduced.

(iv) By improving and optimizing the relations among processes, the degree of
concurrent can be improved and the development time can be reduced. Most
process can be carried out in parallel or partly in parallel.
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We select cost, weight and quality of transmission as evaluation factors; they can
be denoted by an evaluation vector, U = (ul, u2, u3) = (cost, weight, transmission
quality). The weights of evaluation factors can be given by experts and expressed as
a weight vector W = (w1 SW,, Wy ) = (0.3,0.3,0.4 . For a certain process, the value
of range and the degree of membership of the corresponding range’s satisfaction
degree can be given in advance, and the threshold of satisfaction degree S, can also
be given in advance. S, = 0.90. Based on the evaluation results, we can change or
adjust the helical angle, material, tooth number, modulus, tooth length, and so on,
and this information is fed back to the frontward processes to modify the design
processes and design constraints. The final evaluation result is that S = 0.947 . The
implementation of dynamic analysis brings great benefits to our development. The
development time is shortened more than 30 percent, and the development cost is cut
down more than 40 percent.

S Discussion

There exists over-amplitude in product development process, i.e. an iterative process.
The number of feedback loops, time of feedback and location of feedback has a very
important influence on information interaction and product development. In order to
make the development process continue successfully, the correct design information
must be fed back to the correct location at the right time, so that the redundant
feedback processes can de reduced. Take the state variables in the development
process of gear transmission system of ZL50G loader as example, let X, be the
state vector that the designer masters the customer’s requirements or the customers
understand and express their requirements. Let X, be the state vector that the
designer masters the design technology related to the product in the design process.
Let X; be the state vector that the manufacturing state in the development. Let X,
be the state vector that the product satisfies the customer’s requirements after it was
checked and tried out. As shown in Figure 3, 3(a) denotes that manufacturing process
successes after many repetitions, and 3(b) denotes that manufacturing process
successes with no repetitions.

The reasonable analysis of dynamic characteristics can bring many additive
benefits, such as shortening development time, cutting development cost, improving
product quality, and so on. Failure to complete such a reasonable analysis leads to
additive losses in the process. The evaluation precision, feedback information and re-
organization activities significantly influence the convergence speed of process
optimization.

From Figure 3 we can see that the customer’s requirements and the instability of
design technology are the main contributors to the instability of the development
system. Because of increasing new requirements and the emergence of new
technology, these two state variables should be emphasized to reduce the over-
amplitude of the product development process.
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Enhancing the evaluation precision and using the intelligent tools (such as a
neural network) to real-time evaluate development process can make the best of the
design information and reduce the redundant interactive process.
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Fig. 3. The variation of process state variables

6 Conclusions

Product development process modeling is the heart of product development activities
that determine the engineering productivity and industrial competitiveness. The rapid
changing information technology and the competitive nature of global market make
the research and application efforts in development process modeling a fast moving
target. Modeling the product development process as a dynamic system with
feedback is a very effective method for realizing life cycle design, optimizing the
whole development process, improving the degree of concurrent, capturing
designer’s preferences, speeding information flow and reducing modification
frequency.

However, due to the complexity of the product development, there are several
problems should be taken into account in the future research.
(i) Because some processes are carried out partly in parallel, there exist limitations in
the design structure matrix that is expressed as 0 and 1.
(ii) In order to speed up the convergence of process optimization, the re-organization
activities of process, constraints and preference’s structure should be implemented in
parallel based on the feedback information.
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(iii) The insufficiency of process dynamic analysis and the impropriety of process
evaluation and information feedback can increase the instability of system to a great
extent.
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