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Abstract. To quickly coordinate conflicts in product performance design, a
transformation bridge method was proposed. Specifically, the design problems
of performance conflicts were analyzed in terms of the quantification and colla-
boration. Based on the analysis, the mathematical models for conflict resolution
and correlation function were developed. Thus the relationship between per-
formance and design variables could be identified, and then used for searching
similar cases from a repository. In addition, a core solution was developed by
identifying the correlation among performance, combining the collaborative
resolution method and case-based reasoning. The transformation bridge method
was leveraging the extensibility of the basic-elements. Furthermore, the method
for obtaining revised solutions was developed based on extension theory in
particular the transformation operator and the cyclic transformation based on
performance constraints, as the core of the approach to product performance
optimization. The viability is evaluated in a case of screw air compressor
design.

Keywords: cooperative design, case based-reasoning, extension theory,
conflict resolution, fuzzy matter-element, retrieval.

1 Introduction

Production design holds the key to the development of the manufacturing industry [1].
In the context of modern design, customers' requirements for a product are to a large
extent fulfilled by the performance it can achieve, raising the need of study perfor-
mance-driven design [2]. As performance improvement for modern products becomes
increasingly demanding, it is hard to meet this requirement by simply adjusting some
design parameters as it may adversely affect other performance factors. Many methods
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have recently been performed by researchers from all over the world to address design
conflicts. For example, Lee [3] developed a ship design system in which Case-Based
Reasoning (CBR) was applied to conflict resolution by effectively utilizing similar
experiences in the past. Wang [4] developed a conflict resolution module in the Pro/E
CAD system based on the CBR method through analyzing the reasons of conflicts in
smart CAPP. Resolution methods based on rules and CBR can effectively and quickly
resolve some conflict problems which are common and involve low degree of coupling
[5]. They, however, cannot deal with the conflict problems that involve coupled
correlation in the design process [6]. To solve this problem, Zhou etc. [7] developed an
interactive consultation conflict resolution method and Beheshtietc [8] established a
consultation mechanism by applying multi-objective genetic algorithm to the applica-
tion of conflicts. These methods, though, are not effective in terms of product design
time. Conflict resolution based on TRIZ theory has been proposed as the main solution
in product design [9, 10], but the methods proposed tend to focus on specific problems
and thus generalization becomes a challenge.

Performance-driven product design has typical features of multiple-input-multiple-
output tightly coupled performance, requiring collaborative performance optimization
as a core solution and conflict coordination as a key enabling method. Hence, it raises
the need of researching the complexity of the mapping between product performance
and product structure, the uncertainty of changes in design variables and the viability
of transforming solutions to address conflicts. Transforming bridge is a technique for
researching how to transform conflict problems into solvable ones in the extension
theory [11], which aims to achieve conflict resolution in the design process by
establishing extension model, affair-element analysis and extension transformation.

2 Collaborative Product Performance Optimization Based on
Similarity Matching

To achieve product performance optimization, it is firstly necessary to develop a
formalized model for product performance based on the meta-model of product
requirements. Product performance design unit is such a model that aims to meet
customer’s performance requirements by adjusting the properties of its key parame-
ters and the constraints imposed on them. It is based on matter-element representation
[11] and can be used to describe the correlation between product structure and product
performance as well as to construct a case base for existing design solutions. The
formalized model of product performance can be expressed using the following
formula Mark case O,, as an object (matter), c,, as its properties and v,, as the values
of ¢,, (v, = ¢,(0,,)), then the model of performance requirements can be described as
PHO,c,v] and the product performance model can be described as a multi-dimensional
matter-element model as follows.
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[ CaseName, ID_ Confidence, Vl_ ID_Confidence: the product ele-
ment; ID_Class: the product class

ID _Class, %)
element; PE_Performances: the

PE _ Performances, v3 product performance set element;

PC =
PE _ Modules, v4 PE _Modules: the number of module
PE _ Functions,  vs PE_Functions: the product function
element.

Based on this formalized model, similar cases can be retrieved by matching the
ID_Class and the values of performance factors against those required by a designer.
The measure for evaluating similarity can be obtained by using the extension distance

[12]: sim(v(P),Y)zl—‘d WY )‘ . If the interval about the value of a performance factor in
the case base is v(P)=[y1,y2], then the left side-distance and right side-distance are

shown as follows.

+ + n
URIOMIESSS M2
4 (p)Y)= . L domn= o
()=t zyz’v(p) y12y2 V(p)—yz,v(p)z%

After retrieving some cases by evaluating similarity using the above distance-based
measures, these cases can be quickly used as a reference for new solutions. In terms
of the performance requirements met by them, the cases can be divided into two
classes: (1) those successfully meeting performance requirements with sin;>0; (2)

those requirement further optimization with sim;<0.

3 Analyzing the Conflict Problem in Collaborative
Performance Optimization

Mark product performance as an object element G which represents the optimization
objectives and product structure as a condition element L which represents the
variables to be transformed to eliminate conflict and find optimal solutions. The con-
flict resolution problem for collaborative performance optimization, then, can be de-
noted as CQ=G*L where * means a logical operator. The key issue in this problem is
the correlation function k(v(P)) which quantifies the changes made to the problem as
well as the resultant changes in performance. The deviation of the formula for this
function is out of the scope of this paper and has been published elsewhere [11, 13].

Collaborative performance optimization based on the formalized model discussed
above may incur three kinds of conflicts as follows:

1) Independent performance conflict which can be formally denoted as
C011={CQ 1IGp, TL,ResimP<0}



114 Y. Zhao et al.

2) Conflict between different performance factors, which can be formally denoted
as CO12=(CQI2I(Gp,AGp; )TL,P,,PjesimP<0}

3) Conflict between a performance yet to be optimized and other factors that have
been optimized denoted as CO2={COLI(Gp, /\Gpj )TL.Pe simP<0,Pje simP>0}

Generally, there are three methods to solve CQ as follows.

1) Perform transformation Tg on G and mark ¢ as the threshold of the corres-

ponding product performances, then the range of the application of this method is:
k(v(P)e(-¢.0)ek'(v(P)) .

2) Perform transformation Ty on L, and then the range of the application of this
method is k(v(P))e(-o> ;) with the transformation result k'(v(P))e(-@,) .

3) Perform transformation T¢o=(Tg, T;) on both G and L. This method will only be
selected when correlation function keeps in the range k'(v(P))ex(@,%0) in the condi-
tion of cyclic transformation.

4 Reasoning Based Transformation Bridge for Collaborative
Performance Optimization

4.1 Constructing the Core Conflict Problem

The relationship between the performance of a product and its structure is not as
explicit as the relationship between its function and its structure as a specific
performance is resulted from several different functions. Performance design is not as
explicit as functional requirements. There are generally two different situations in the
mapping process from performance and structure.

1) The mapping from performance and structure is explicit. For instance, the dis-
placement and exhaust pressure of a screw air compressor are dynamic performance
of the compressor as well as noise the dynamic performance of the nose, and thus can
be mapped to the parts of the noise.

2) The mapping relationship between performance and structure is complex and
fuzzy. For instance the noise of a screw air compressor is the green performance of
the compressor but involves many complex parts. The noise of the compressor, then,
may include aerodynamic noise, mechanical noise and electromagnetic noise.

There are several rules of implication analysis as follows.
Implication rule 1: If R is achieved, then R; and R, are achieved at the same time.
This is the case where R implicates R/ and R2, being denoted as R=R| ARy

Implication rule 2: If R; and R, are achieved at the same time, then R is achieved.
This is the case where R, and R, implicate R, being denoted as R AR, =R

Implication rule 3: If R is achieved, then R; or R, is achieved. This is the case
where R implicates R, or R,, being denoted as R=R|VR)
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Implication rule 4: If R, or R, is achieved, then R is achieved. This is the case
where R, or R, implicates R, being denoted as RjvRy=R

Many transformation programs for product structure can be obtained through im-
plication analysis and the case-based reasoning method in the extension theory. This
program is denoted as 4;={A;1,4j2,4;3.....Ajy} wherei=1,2,3,....m and n denotes
the transformation programs for product structure. If there are n™ characteristics, it
contains dominating object, application object, accepting object, time, address,
degree, manners and tools. Core problem of CQ can then be denoted as KCQ=G*A;; .

4.2  Structure Transformation Reasoning Based on the Core Problem

The normal extension transformation methods, priority, weight of these methods are
denoted, and then, the basic transformation can be expressed using the matrix [11].

Three transformation results will be obtained due to different transformation
directions. There are meeting requirements direction, not meeting requirements, and
no effectiveness to the results. So the process model of conflict coordination based on
transformation bridge method can be given as in

Product case base

Performance
rrequirementss

V*

Satisfactory
performance

Performance requires
optimization

|
|
|
|
Lo ———

Analysis of resolyin,
performance conflic

ysis of
performance conflict
problems

Implication analysis
of performance and
structure

v

‘ Establishing core

problemof
performance conflict

Active transformation
of performance and
structure

Conductive change of
performance and
structure

[ Structural parameters are mapped
| to performance attributes

Output
program

Fig. 1. Flowchart of the process of conflict resolution based on the extension theory




116 Y. Zhao et al.

5 Application and Example

Air compressor is widely used in the industrial sectors oil extraction, chemical
engineering, electricity generation and mechanical engineering. The structure of a
screw air compressor is shown in Figure 2.

The components of the compressor are explained as follows. 1-55kw motor
(10- absorber component, 11-motor vibration damper); 2-center resting; 3- coupling
component; 4- nose assembly(12- absorber component, 13- host damping frame, 14-
male and female rotors, 15 air filter assembly, 16- inlet valve component); 5- oil and
gas separator component; 6- minimum pressure valve; 7- inner cooler; 8- thermostat
valve; 9- oil filter components; 17- axial flow fan assembly.

Fig. 2. Main components and schematic diagram of the screw air compressor of LG-6.7/10

Then a set of correlation functions of evaluation characteristics are established and
denoted as ki(x). And the condition of transformation can be determined by judging

n
by judging K(P)= A k(x;) . Take the noise performance as an example to illustrate how
i=l

to calculate correlation functions. A correlation function can be constructed as the
following equation with X (dB)=(50,107), X, (dB) =(60,70) and optimal value x,=62
dB. So k4(x) can be established seen in [11]. The noise of a similar case retrieved from
the design case base is 80dB, then the correlation degree between this case and the
desired value is given as in k4(80)= -0.27<0. So the case base can be calculated as

) ((60)) =kl /\k2 /\k3 /\k4 /\k5 /\k6 /\k7 =005 AIAONA (02 A A(-025) A1<0 . This indi-
cates that the attributes of noise, weight and lubrication oil need to be transformed. So

the conflict problem can be resolved by applying collaborative performance optimiza-
tion in terms of the three attributes, as shown in the following.
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[ reduce dominating object noise

g4*myP A= application object  designer
L accepting object  LG-6.3/10 |
[lighten ~dominating object weight |
P=G*L-|y g5*msPAp= application object  designer
accepting object  LG-6.3/10 |

reduce dominating object lubrication oil
86*mg PA3= application object designer
accepting object LG-6.3/10

Set the effect size of the correlation function as ¢=0.5, o1=1.2, and ap=1.1, then it

is obtained k5=0.83>0 and k¢=0.65>0, which means weight and lubrication oil meet-
ing customers' requirements. Comparing this with the matter-element method which
can achieve noise properties requirement, the conductive contradiction path of differ-
ent structures can be obtained. Through the comparison of several aerodynamic noise
characteristics and the noise values, noise conflict problems are resolved by several
main matter-element solution paths in this work, as shown in Table 1.

Table 1. matter-element method to reduce noise of screw air compressor

performance characteristic matter element method Configuration element set

. . A,y reduce intake noise Inlet strainer PE1 A inlet muffler PE3
aerodynamic noise Ay,

Aj4reduce fan noise electrical machinePES A cooling fan PE6

The inlet noise of the screw air compressor belongs to low-middle frequency noise,
for which resistance muffler is generally selected. Formula about noise reduction of
resistance muffler is described. Some types of screw air compressors in the case base
contain the intake muffler while some do not. The most similar case is retrieved the
noise performance of which, however, does not meet the requirement. Moreover,
intake muffler is not installed in this compressor because different types of air inlet
have different fundamental frequency and the fundamental frequency of its inlet noise
is 99HZ. Thus the muffler configuration element in the case base cannot be applied to
this type and the extension transformation (the different transformations for this case
are listed in Table 3) is needed with the condition matter-element of muffler structure
parameters shown in the following equation.

[ expansion type silencer material corrosion resistant plate | | h ]
shape circle )
I the diameter of entrance 60mm B
outlet diameter 60mm lg
expansion type diameter 180mm I5

L expansion type length 140mm 11%]
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A set of transform operators is generated randomly by computer. Transformation
control is done through the implication relationship between noise reduction, cost and
product configuration. Then the following three groups of transformation operators
{T,} are obtained. As a result of a series of transformations, a group of programs
about product structure is obtained, as shown

! 2
l = (129 /\tllo)l=

Expansion type silencer Material Glass steel&Galvanized steel sheet |
Shape Circle
Entrance diameter 85mm
Exit diameter 85mm
Expansion type diameter 340mm
The first exp ansion chamber 161.5
| The second exp ansion chamber 58.4 |

At present there is no precise method for calculating noise, so the overall noise is
not the result of simply adding the noises from all the sources. Assume the noise in-

tensity in k™ noise, overall noise z, can be obtained as: z, = log10™ +10" + L+10").

Some measures will be taken to reduce noise since it exists in the compressor, then
the overall actual noise, denoted as f, after noise reduction is the difference between
the total noise intensity and the noise reduction z,, i.e.: 7=7,-z,-

Based on the analysis of the above transformation operators, the muffler -Py and
Py after transformation can be calculated using noise theories and the correlation
degrees of the noise performance after a series of transformations can be obtained.
The resultant configuration program set is shown in Table 2.

Table 2. The muffler configuration schemes after transformations

new muffler Configuration schemes view muftler cutaway model -Py dB Py dB K(CQ)

1 Ty AN AT AT ATY AT AT Q\\r 14.3 713 -0.058

2 TUANIATI ATV AT ATO ATA AT AT > 18.1 68.5 0.088
S

3 Ty AGATIAT AT ’ 12.1 74.2 -0.148

6 Conclusion

In this paper, a method for coordinating conflicts in collaborative performance opti-
mization is described in detail, which is based on the extension model, affair-element
analysis and extension transformation. Through developing quantitative analysis
methods of correlation function and several affair-element solution programs, a
method for performance optimization is developed, with which, designers can search
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for similar cases in the past that will be transformed by the design system automati-
cally. As demonstrated in the application, the method is successfully used in the opti-
mization of a screw air compressor. In our future work, I will further improve the
method and develop a computer-based decision support system to help designers in
complex engineering systems with complex performance requirements.
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