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Abstract In order to obtain maximally innovative and successful product designs, the uti- 
lization of optimization strategies at the product deslgn planning stage is of prime 
importance, and the methods proposed in this paper enable multiobjective opti- 
mization technologies to be effectively applied. The necessity and effectiveness 
of utilizing optimization techniques at the product design planning stage are first 
explained, and the features that this requires are then clarified. Optimization 
solutions provided at the product design planning stage, while far from final, 
can nevertheless be used to obtain guidelines for more preferable product de- 
signs. For this purpose, even if characteristics evaluated at the product design 
planning stages are simplified andlor idealized, the interrelationships among all 
related characteristics should be simultaneously and thoroughly explored. The 
successful application of optimization techniques at the product design planning 
stage requires the rapid presentation and evaluation of a variety of alternative 
designs, a deeper understanding of the reasons for the optimized designs that are 
developed, and breakthrough of the initial optimized design solutions, so that the 
most effective design can ultimately be implemented in a manufactured prod- 
uct. This paper proposes multiobjective design optimization methodologies and 
procedures, utilized at the product design planning stage, to achieve these goals. 

keywords: Product design planning stage, Multiobjective optimization, 
Pareto optimum solutions, Comparison of alternative designs, Hierarchical op- 
timization problem, Rapid evaluation, Deeper insight into design solutions 

1. Introduction 
Today's rigorous manufacturing environments require the application of op- 

timization techniques from wider points of view. To accomplish this, strategic 
utilization of optimization techniques at the product design planning stage, a 
process far upstream of product manufacturing, is essential. In this paper, the 
significance of conducting optimization at the product design planning stage 
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is first clarified. Next, problem areas concerning the use of optimization tech- 
niques at the product design planning stage, and desirable features that such 
techniques should offer, are described. 

At the product planning stage, principal product performances for the prod- 
uct should be considered and evaluated, and the conflicting relationships among 
the characteristics should be quickly but roughly evaluated. Many alternative 
designs are usually generated and compared at this stage and, for the most part, 
multiobjective optimization methods are applied. In multiobjective optimiza- 
tion problems, a Pareto optimum solution set, namely a set of feasible solutions 
for each of which there exists no other feasible solution that yields an improve- 
ment in one objective without causing degradation in at least one other objective, 
is obtained to evaluate conflicting objectives of the design optimization prob- 
lem at hand [l] [2]. In order to effectively apply multiobjective optimization 
methods to the product planning stage, new methods need to be developed, 
to incorporate fundamental improvements in the multiobjective optimization. 
This paper presents methodologies for executing optimization at the product 
design planning stage, and several applied examples are given. Several meth- 
ods developed by the author and his colleagues are organized and presented so 
that they can be effectively applied at the product design planning stage. 

2. Significance of Optimization at the Product Design 
Planning Stage 

2.1 Features of the product design planning stage in 
manufacturing processes 

Figure 1 shows the sequence of manufacturing processes, where the product 
design planning is the first step. The product design planning, located furthest 
upstream, determines practically all of the downstream manufacturing process 
details. Current design environments require careful consideration not only of 
increasingly demanding requirements for product performances, qualities, and 
product cost, but also many other factors such as the product's environmental 
impact, lifecycle and recycling, and safety. Aggressive and relentless compe- 
tition among companies developing new products under such circumstances 
makes the application of optimization strategies throughout product manufac- 
turing processes a practical requirement. Particularly important to successful 
manufacturing is the application of optimization methods that start from the 
initial planning stages of product design. 
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Figure 1. The sequence of manufacturing processes 

2.2 Features of design optimization applied at the product 
design planning stage 

The most effective application of optimization methods is based on careful 
inquiry and consideration of the features of the product design planning stage. 
This stage is more or less equivalent to the conceptual design, or fundamen- 
tal design stage, where details of the product design have not yet been deter- 
mined but various conceptual designs are considered, compared, and evaluated. 
This is when the design specifications for the product and its requirements and 
characteristics are usually given. Also, the principal characteristics used for 
evaluating the product performances can be defined. At the product design 
planning stage, the product performance and the product manufacturing cost 
for the entire product should be roughly evaluated even if the estimated values 
of the characteristics are imprecise. 

At the product design planning stage, all characteristics should be system- 
atically evaluated, and selection of the design candidates from among many 
design alternatives should be conducted, using an optimization procedure. Mul- 
tiobjective optimization techniques can be effectively applied to systematical 
evaluations of the characteristics being regarded. 

Solutions of optimization at the product design planning stages can be used 
for obtaining guidelines for product designs. For the purposes, the facts that 
characteristics considered at the product design planning stages may be simple 
and lor idealized can be acceptable. But, the relationships among the all related 
characteristics should be totally inquired. 

When existing design solutions are available, searching methods that can 
achieve breakthrough or improved solutions are needed. 



Figure 2 shows the conflicting relationship between two performance char- 
acteristics, f l  and f2. A larger value is preferable for each of these performance 
characteristics. The shaded area corresponds to the feasible region formed by 
design solutions that can be realized using present technologies and knowledge. 
The line PQ corresponds to the Pareto optimum solution set of global optimum 
solutions, achieved by concurrent optimization of all related characteristics. 
Product designers generally look for practical design solutions on a Pareto op- 
timum solution line. From the Pareto optimum solution set, the most suitable 
solution is selected by considering the design requirements and the product 
environments. 

Figure 2. Concept of the proposed methods 

If an alternative design results in a new optimum solution line, such as P'Q' 
shown in Fig.2, it can represent an improved new Pareto optimum solution 
set line. The display of such Pareto optimum solution sets is effective since 
designers can quickly understand the features of entire solutions. 

2.3 Requirements for applying optimization techniques at 
the Product Design Planning Stage 

In order to apply optimization techniques at the product design planning 
stage, the following points should be realized: 

1 Since designers usually have a wide range of initial ideas, numerous al- 
ternative designs should be quickly formulated and effectively compared 
with each other, so that the most suitable small number of designs can be 
selected. 

2 The many performance characteristics of the designs at hand must be 
concurrently evaluated and optimized. 
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Multiobjective optimization methods that incorporate new and improved ad- 
vanced techniques can be applied to achieve the foregoing points. The details 
of such methods are explained below, along with some applied examples that 
illustrate their application. 

3. Methodologies of Design Optimization at the Product 
Design Planning Stage 

3.1 Comparison of many alternative designs 
In the first method, many design alternatives in the multiobjective functions 

space are displayed in detail, and a relational tree diagram of design alternatives 
is shown to aid a deeper understanding of the optimized solutions [3]. To explain 
the process, the design of industrial multi-link manipulators that are used to 
transport an object in a workspace within a given operational time is used. 

Alternative designs are constructed from a group of modules. Basic module 
is one link mechanism with a motor corresponding to a minimum unit of linked 
mechanisms. To create systems of practical complexity, we add design variables 
and increase the number of degrees of freedom. Here, two kinds of operators, 
operators 1 and 2, that control modules during the process of constructing a 
more complex system are introduced. Operator 1 adds a new module to the 
group of modules that make up the system. The degrees of freedom of the 
system are increased, and higher functionality can be realized. Operator 2 is 
an operator that alters the properties of a given module. Concerning operator 
2, modification of link shapes by operator 2-1 and of the number of joints by 
operator 2-2 can be used any number of times. 

Examples of system modifications by these operator actions are shown in 
Fig.3. The change from system fl to system f2 is an example where operator 
I is applied to add a module. The linked mechanism is changed from having 
one degree of freedom to two degrees of freedom for the serial drive type 
mechanism (manipulator). The change from system fi to f3 corresponds to 
the modifications of the internal variables of links. The action of operator 2-1 
where a joint is added to a link produces a parallel drive type manipulator having 
two motors on a pedestal. By using these two kinds of operators, a variety of 
systems can be expressed using combinations of modules. 

The requirements set by the user are: 1) minimization of consumed energy 
and 2) maximization of the operational simplicity of the link mechanism. The 
user's requirements concerning the amount of energy consumed and the dy- 
namic manipulability are used as the criteria for this product design. 

The consumed energy is calculated from the magnitudes of torques applied 
to the joints. The requirement concerning the consumed energy is expressed 
by minimizing the summation fl of the consumed energy of each motor over 
all motors, while the manipulability requirement is expressed by minimizing 
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Figure 3. Examples of operator actions 

the summation f2 of the reciprocal of the dynamic manipulability measure w,jj 
over the all measuring points of the system. The objective functions f l  and 
f2 concerning the consumed energy and the manipulability are respectively 
formulated [3]. 

Fig.4 shows an example of a tree diagram for a design that was constructed 
and later stored in a database. Fig.5 shows changes in Pareto optimum solutions 
for the example. The history of the tree formation shown in Fig.4 is explained 
as follows. Operator i ( i=l ,  2-1, and 2-2) between various nodes represents 
operators active in the generation of subsequent systems. Operator type 1 alters 
the combination of modules, while type 2 operators change internal variables. 
Here, operator 2-1 changes the number of joints of the link, while operator 2-2 
changes the position of the center of mass. Both operators 2-1 and 2-2 change 
internal variables of a given module. 

S, 

1 operator 1 

operator J 2-1 ' y a m r  2-2 

s3 s4 

Figure 4. Tree form data of design solutions 

First of all, from a unit link mechanism S1, a serial drive type manipulator S2 
was obtained by the addition of a module. Next, the action of operator 2-1 upon 
S2 generated S3 , a parallel type drive manipulator, while applying operator 2-2 
to S2 yielded S3, in which the center of mass was changed by changing the 
cross-sectional shapes of the links. After evaluation of S3 and Sq , S5 was 
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Figure 5. Changes in Pareto optimum solutions 

obtained by applying operator 2-2 to S3. But S4 became a dead-end, since the 
action of any operator upon Sq generated an identical system. For the same 
reason, Ss became a dead-end. Ultimately, the tree-form data shown in Fig.4 
was obtained. 

Next, the changes in Pareto optimum solutions during the design generation 
processes are shown in Fig.5. Fig.5 is a space showing two criteria, f l  and fi , 
where the Pareto optimum solution set for each generated system is displayed. 
Since smaller magnitudes are preferable for each of the criteria, the design 
solution near the origin of the coordinates in the criteria space shown in Fig.5 
is more preferable. For S2 , features of optimized results including discrete 
design variables of four kinds of motors are displayed for each kind of motor. 
For each of the other systems, the best Pareto optimum solution is shown. It 
can be understood from Fig.5 that the order of preferable solution lines is S5, 
S3 ,S4, and Sz . 

At this time, examining the generational history represented by the tree form 
diagram shown in Fig.4 will aid understanding the solution sequence, since the 
origin of the obtained preferable solution can be seen. From Fig.5, the optimum 
solution set for the design problem being regarded is S5. The design system is 
a parallel drive type manipulator having two links. 

3.2 Concurrent evaluations and optimization of related 
performance characteristics 

Next, product performances that are related to the product design are con- 
currently optimized at the product design planning stage. For this purpose, a 
hierarchically decomposed structure of multiobjective optimization problems 



having multiple performance characteristics is displayed, and corresponding 
relations among hierarchical Pareto optimum solutions are obtained to aid a 
deeper understanding of optimized solutions [4] [5]. A hierarchical multiob- 
jective optimization method is one in which multiobjective optimization models 
are hierarchically constructed. 

Characteristics expressing product performance are here included in the ob- 
jective functions when the multiobjective optimization problem is formulated. 
The characteristics are here called "performance characteristics". When each 
characteristic in a group of characteristics has individually different optimum 
design solutions, the characteristics of the group will have conflicting inter- 
relationships during the optimization of the system as a whole. Generally, 
the group of characteristics included in the objective functions has conflicting 
interrelationships. 

(i) Hierarchical construction of optimization problems 
In the first stage of the proposed product design optimization method, each 

performance characteristic in the group of product performances is decomposed 
into simpler basic characteristics according to its structure. Alternatively, sim- 
pler characteristics are extracted from performance characteristics, to accom- 
modate the specific features, or difficulties, of the particular design problem. 
Decomposition and extraction techniques are sequentially applied until the char- 
acteristics become sufficiently simple to use in the next stage of the procedure. 
The decomposed and extracted characteristics are placed in hierarchical lev- 
els that are below those of the original characteristics. The decomposed or 
extracted characteristics are here simply called "characteristics" to distinguish 
them from performance characteristics. 

In this research, the decomposed or extracted characteristics and design vari- 
ables are ordered in a hierarchical structure, creating a hierarchical display of 
system components, based on the clarification of input and output relationships 
among the components comprising the system. This ultimately provides an 
easily understandable global view of the system as a whole, such as is shown in 
Fig.6. The construction of optimization strategies is then based on this global 
structural model. 

Characteristics on the same hierarchical level have different input variables. 
The set of characteristics sharing common input variables is denoted as a basic 
optimal unit group. 

In Fig.6, characteristics f7 and f8 have common design variables, vector dl 
, while characteristics fg and flo have common design variables, vector d:, . In 
such cases, f7 and f8 , and f9 and fio are respectively unified as basic optimum 
unit groups. f 3  and f4 have common input variables, namely f7 , fs , fg and 
flo . In such cases, f3 and f4 are unified as a basic optimum unit group at a 
higher hierarchical level. Characteristics existing in the same basic optimal unit 
group are essentially simultaneously optimized as a multiobjective optimization 
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Figure 6. Hierarchical construction of the optimization problem 

problem. Optimizations start at the bottom level of the basic optimal unit groups, 
for example, f7  and f8 , and then proceed to the higher levels. Basic optimum 
units existing at the same hierarchical level can be optimized separately or 
concurrently as needed, reducing the required computation time. 

The Pareto optimum design solutions obtained in a basic optimal unit group 
are included in the input variables for the optimization of basic optimal unit 
groups located at higher levels along the decomposition path. Here, design 
solutions at discrete points on the Pareto optimum solution set are transferred 
for use in upper level optimizations. The Pareto optimum solutions obtained 
by each optimization are added one after another, to obtain Pareto optimum 
solutions for the whole basic optimal unit group. Finally, the Pareto optimum 
solutions at the top hierarchical level are achieved. 

(ii) Deeper insight into the results of design optimization 
The results derived from the design optimization are only solutions obtained 

based on the initially given formulations. Even if multidisciplinary optimiza- 
tions are applied, it is impossible to include all the product design factors in 
the initial formulations. Optimization methods should not simply be used just 
to obtain final design solutions to the problem at hand, but also for effectively 
and rationally obtaining candidate design solutions for further design inves- 
tigations and improvement. The information and knowledge obtained by the 
design optimization should, ideally, be used as investigational data for further 
design improvements. 



One of the advantages of the hierarchical optimization method proposed in 
this paper is that it allows explicit investigation of Pareto optimum solutions at 
the lower hierarchical levels, leading to deeper insight into the results of design 
optimization and improved optimization formulations so that superior design 
solutions can be obtained. 

Designers can assess the corresponding relationships between a design so- 
lution selected from the Pareto optimum solution set at the highest hierarchical 
level of the optimization, and a design point on a Pareto optimum solution set 
at a lower hierarchical level. Fig.7 shows the correspondence of various design 
solution points on the Pareto optimum solution set curves at different hierar- 
chical levels. In Fig.6, BOU7 is composed of characteristics fl and f i .  Point 
A on the BOU7 Pareto optimum solution curve corresponds to both point B 
on the BOU5 Pareto optimum solution curve and point C on the BOU6 Pareto 
optimum solution curve. Furthermore, at the lower hierarchical level, point 
A corresponds to point D on the BOU1, point E on the BOU2, point F on 
the BOU3, and point G on the BOU4 Pareto optimum solution curves. Such 
detailed clarification of corresponding design points is a useful and important 
feature of the proposed method. 

Figure 7. Correspondence of design solution points 

In Fig.7, given the conflicting relationship of the essential characteristics 
f 9  and f lo  at the lowest hierarchical level of the optimization problem, the 
breakthrough design alternative that yields the improved Pareto optimum so- 
lution shown by the dashed line R'S' can now be considered. When the new 
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f9/ f io Pareto optimum solution is applied during further optimization, a new, 
enhanced Pareto optimum solution line for performance characteristics f l  and 
f2 at the highest hierarchical level is obtained, indicated by the dashed line P'Q' 
[dl [5l. 

4. Concluding Remarks 
In current product design scenarios, rapidly changing customer preferences 

make reductions in product developmentJdesign time a practical necessity for 
many companies. Furthermore, competition among companies for products that 
can be offered at lower cost, while providing better performance and quality, 
higher reliability, and so on, is relentless and ongoing. Since product cost and 
product performances/characteristics are essentially determined at the product 
planning stage, the success or failure of product development depends on how 
appropriately optimization methods can be applied at this stage. As explained 
in this paper, many alternative designs should be generated and quickly com- 
pared at the product planning stage, and the relationships among associated 
characteristics should be effectively evaluated. The application of multiobjec- 
tive optimization methods where Pareto optimum solution sets are obtained and 
displayed on the characteristics space can be useful and effective. 

The methods proposed in this paper, based on the use of particularly so- 
phisticated multiobjective optimization methods, can be effectively used for 
comparison of many alternative designs and concurrent evaluations of related 
performance characteristics. 
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