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Abstract The creativity or unforeseeable nature of the

design process, especially during the conceptual phase,

makes it difficult to apply current design methodologies to

aid designers and help them to reach a conceptual solution

in an effective manner. In this paper we present some

guidelines, based on experimental data about the evolution

of the design process, with which to improve the effec-

tiveness of the conceptual phase, above all as regards

finding solutions. Here, effectiveness is taken as meaning

quickly reaching a design solution that satisfies the

requirements of the problem. Some of the guidelines

obtained allow the effectiveness of a designer or a group of

designers to be enhanced and are oriented towards con-

trolling the divergence and convergence of the design

space. Some guidelines for the development of interactive

computer systems to aid designers are also put forward.

Keywords Design experiment � Conceptual design �
Idea generation � Function � Requirement �
Creative methods

1 Introduction

Obtaining a new design involves a search for solutions that

places a constant demand on the designer’s thinking

capabilities, a demand that varies in intensity depending on

the complexity of the design. Design theories and the

methodologies and techniques deriving from them, help

designers to solve a design problem. However, despite the

excellent results obtained by designers, most design tasks

are still carried out by trial and error or by adopting the

easiest or the most obvious solutions due to the pressure of

the market and limited resources.

One of the most important characteristics of the design

process is that it is a creative or unpredictable activity,

especially during the conceptual phase. A creative process

is understood as that which incorporates new unknown

variables or knowledge that are not previously available

(Gero 1996). The creative process is also opportunisc, that

is, design activities are determined depending on the state

of the design process, as it has been observed in empirical

studies (Visser 1996). These particular characteristics of

the design process make it a complex subject to study.

In addition, the spectacular and continuous growth in

computational potential has meant that computers are now

able to tackle a wider range of engineering design tasks.

Computational design systems for supporting design syn-

thesis are based on different methods to generate solutions

that can be grouped in three categories (Boden 1999). One

of these is combinational creativity in which new ideas

arise from the unusual combination or association of

familiar ideas (Coyne et al. 1993; Maher and Zhao 1993).

A second type is that of exploratory creativity, which

consists of applying search procedures within a defined

conceptual space, as with scientific discovery models or

heuristic search models (Campbell et al. 2003). Finally,

transformational creativity systems include models based

on evolutionary techniques and include procedures for

modifying solutions (Woodbury 1993; Shea et al. 1997;

Parmee and Bonham 2000).

As regards systems that implement the computational

creative methods described by Boden, some research into
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the design process suggests the need to apply procedures

that are linked to the three categories of creative methods

simultaneously instead of applying them in an isolated way

(Chakrabarti 2001; Mulet et al. 2003).

One of the most significant characteristics of conceptual

design is that the problem definition is not static; instead, it

evolves during the course of the design process, in which

continuous interactions take place between the solution and

the definition of the problem. They are said to co-evolve

because they exert a mutual influence on each other (Maher

and Poon 1996).

Taking the above into consideration, this research is

based on the following hypotheses:

• In a creative design, and consequently unpredictable,

oportunistic and constructive process, there are certain

guidelines or parameters related to the design process

that affect the solution obtained and which can be

controlled in order to reach a valid solution in a short

time, or to apply fewer design steps. In other words,

within the creative design process, various guidelines

characterise its evolution and are therefore independent

of the design object or solution. Once these guidelines

have been identified, the design process will be still

unpredictable, but could be partially controlled through

these guidelines to ease the process of obtaining a valid

design solution.

• Experimental research into the tasks carried out by a

designer or a group of designers can provide knowledge

that can be applied not only to help the designer, but

also to the development of computational design

systems that will further assist the designer.

The main aim of the present work is to obtain new

knowledge about the design process in order to improve

creative design, both by individuals and groups, and by

computational design support systems. Its specific objec-

tives are:

• To observe how the evolution of the problem definition

affects effectiveness.

• To connect experimental results and effectiveness to

computational synthesis methods.

In drawing up the hypotheses of this study, the different

approaches to supporting the early stages of design must be

taken into consideration. Authors such as Boden defend the

idea that creativity is of such an unpredictable nature that

being able to offer a detailed explanation of the processes

that give rise to it and the ability to foresee it are both, in

general terms, impossible (Boden 1999). A similar argu-

ment is put forward by Candy, who agrees that creativity is

highly unpredictable. The same author also states that the

generation of new concepts by the designer, which may

include for example new objects deriving from earlier ones,

cannot be handled easily by computer systems (Candy

1997; Candy and Edmonds 2000).

Parmee examines two approaches to design support.

One focuses on the machine-based evolution of the design

space relating to solutions identified from appropriate

search techniques, while the other maintains that compu-

tational techniques offer their greatest potential when they

are integrated with human processes, and therefore

designer and machine interact (Parmee and Bonham 2000;

Parmee 2001). The computational algorithms would be

responsible for proposing solutions and the designer would

process this information off-line in order to redefine the

problem. It would then be reintroduced back into the

computer and the design space would be refined together

with the computer. It would also be important for the

design team to take part in evaluating and making decisions

about the concepts generated by the computer as a result of

the computational procedures.

We consider that at this time the next step for the design

function in design support systems consists in increasing

the performance of systems in which the design process is

carried out interactively with the designer.

2 Methodology

The methodology applied in this work is based on the

experimentation in the design process under controlled

laboratory conditions, using the technique of design pro-

tocol analysis. Since one of the aims is to analyse how the

evolution of the problem affects effectiveness, it is neces-

sary to reproduce a conceptual design situation in which

the design process evolves through the incorporation of

new functions and requirements.

To do so, a factor was introduced in the experiment that

was expected to alter the evolution of the design process,

while the other factors remain constant, thus allowing

comparisons to be made. In this case the means of

expressing the ideas generated is chosen because it is one

of the factors that exerts an influence on the design process.

Three different levels were assigned: verbal or sentential,

visual and objectual.

The use of visual means during the design process has

been the subject of a number of studies, the results of

which show them to play several different roles in the

design process, such as expanding short-term memory

(Ullman et al. 1990); stimulating imagination and creative

synthesis (Purcell and Gero 1998) as well as facilitating

communication and the development and evaluation of

solutions (Schütze et al. 2003). Concerning the use of ob-

jectual means, some research has revealed that designing

that involves thinking with the hands offers greater feed-

back than using memory together with visual means
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(Candy and Edmonds 1996) and that it also improves

communication among members of the design team (Har-

rison and Minneman 1996).

The experiment involved analysing a total of 12 teams

of five students. Students were studying their first year of

the Technical Engineering in Industrial Design degree

course and were randomly distributed in groups of five.

Four groups employed verbal means, four used visual

means, while the other four utilised objectual means. All

the groups started out with the same initial design

requirements and had 1 h in which to reach solutions for

the design of a drafting table that took up as little space as

possible. The experiment was directed by four lecturers

from Universitat Jaume I, who explained the problem to

the students and gave them the instructions to be followed

throughout the session. All the students had the same role

during the experiment and had no further contact with the

lecturers until the end of the session. Figure 1 summarises

the problem used in the experiment and the three variants

that were analysed.

The design protocol of the experiment was analysed by

using the linkography technique, which allows design

effectiveness to be evaluated by analysing the links

between the ideas generated. Linkography is a graphic

method for evaluating the effectiveness of the design pro-

cess by studying the relations that exist among the

reasoning acts that take place during design (Goldschmidt

1990). This technique was later adapted to evaluate the

design process by simplifying the original analysis of the

linkography (VanderLugt 2000; Van der Lugt 2003).

A method to evaluate the effectiveness of design, in

which both criteria to evaluate the ideas generated and

criteria related to the design process are applied (Vidal

et al. 2004a). The ideas are evaluated according the number

obtained, and how they meet the initial requirements of the

problem. Ideas considered to be invalid are those related to

the requirements of the problem, but that do not constitute

a viable solution or do not meet the requirements. Valid

ideas are those that provide some kind of solution to the

problem or make a new contribution toward solving it.

Finally, if the idea does not solve any of the initial

requirements, it is not considered as being related to the

problem.

Ideas are aggregated at a more general level known as

a global idea, which is defined by one or more ideas that

contribute to the same solution to the design problem. The

global idea concept is related to the concept of principle

solution, and each global idea gives rise to one or more

design possible solutions. The links between global ideas

were then studied by applying linkographic techniques,

and calculating the link density as the ratio between

the number of links between global ideas and the number

of global ideas (Eq. 1). Finally, the ratio between the

number of ideas and the global ideas was also calculated

(Eq. 2).

LDGI ¼
Number of links between global ideas

Number of global ideas
ð1Þ

Ratio � I=GI ¼ Number of ideas

Number of global ideas
ð2Þ

Analysis of Variance (ANOVA) was performed in order

to statistically validate the differences between the three

variants in the experiment for each of the variables that

were measured. The verbal and the objectual variants are

the ones that presented the most significant differences in

the analyses that were carried out and so, from now on,

only the results obtained with these two variants are

considered.

The evolution of the definition of the problem was

studied by analysing the design protocol and by examining

the FBS model of the design process in the experiment.

Starting from the design protocol, the various design

entities of the FBS model are identified: the functions (F)

describing the goals, the behaviour (B) which describes the

changes of the state of the structures, and finally the

structures or solutions (S) (Gero 1990; Takeda et al. 1990;

Umeda et al. 1990). In the representation of the FBS model

enlarging the FBS model has been considered to indicate

the modifiers of the functions (Takeda et al. 1996), which

other authors also call restraints and wishes (Li and Zhang

1998). The FBS model is then used to analyse the evolution

of the functions and the design requirements and their

relation to the solutions generated. In order to complete the

analyses that were performed, the results obtained by using

some descriptive models of the design have also been

studied.

Obtain conceptual 
solutions for a drawing 
table that takes up as 
little space as possible 

when not in use 

VERBAL OR SENTENTIAL 

VISUAL OBJECTUAL

Fig. 1 Means of expression in the experiment
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Finally, an analysis was made of which procedures are

used to generate design structures, and whether there is any

relationship between them and the creative computational

methods. Both the FBS model of the design process and the

design protocol were analysed in order to identify proce-

dures which provide an explanation for the generation of

design structures in the experiment carried out. In the

next step, the possible relation between Boden’s creative

computational models (exploratory, combinational and

transformational) and these procedures are examined.

Once the procedures have been identified, both the FBS

model and the protocol are reanalysed in order to assign

each obtained structure with the corresponding procedure

used to generate it. Finally, the results obtained and the use

of creative methods are interrelated in order to determine

whether the effectiveness of the design can be improved

further by means of the methods involved in the generation

of structures. It was shown that the procedures associated

with creative models (exploratory, combinational and

transformational), on which computational systems are

based, are applied simultaneously during the formation of

the design solutions (Mulet et al. 2003).

As a result of this research, a set of design guidelines to

be implemented in an interactive computational design

support system has been obtained to improve design

effectiveness. Some of the actions are carried out by the

computational system while others arise from the interac-

tion between the designer and the computer.

3 Effectiveness evaluation method

Figure 2 shows the number of ideas found to be valid,

invalid and unrelated to the initial requirements that were

obtained for each case of the experiment, and Fig. 3 shows

the percentages of the average value of each kind of idea.

In the objectual variant there is a high percentage of design

ideas that are valid and that satisfy the initial requirements,

whereas in the verbal variant a large percentage of ideas

put forward during the design do not respond to the initial

requirements.

The findings from the analysis of effectiveness show

that there are significant differences for most of the vari-

ables studied, with an estimation error of less than 5%

(Vidal et al. 2004b). Table 1 shows the average number of

valid, invalid and not related ideas and the results of the

ANOVA. There are significant differences in the number of

valid and not related ideas between verbal and objectual

means, but the difference in the number of invalid ideas is

not significant from a statistical point of view.

Figure 4 shows all the values for the link density

between the global ideas and for the ratio between the

number of ideas and the number of global ideas (I/IG ratio)

and Table 2 shows the mean value, the standard deviation

and the results of the ANOVA. The statistical analyses

show that there are significant differences in the value of

these parameters depending on the means employed to

express the ideas and it is therefore possible to establish a

relationship between these parameters and the effective-

ness of the design process. The bigger the link density and

the ratio between ideas and global ideas, the greater will be

the number of valid ideas that answer the initial require-

ments of the problem.

The following guidelines are established for designers

from the results obtained:

• Generated ideas should be revised during all the

process in order to stimulate the growth of new ideas

(a) Verbal case                                                  (b) Objectual case 
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related to previous ones, thus improving the lik density

index and thus effectiveness.

• New ideas should develop previous global ideas instead

of trying to increase their number.

A set of guidelines to improve design effectiveness can

be formulated from these results for the development of the

computational system:

• The system should remind the designer of the global

ideas, and ask him or her to develop existing ones

instead of generating new ones.

• It should show the generated global ideas to the

designer in order to stimulate him or her into obtaining

new ideas related to previous ones.

Since effectiveness is not only a measurement of the

validity of ideas in relation to the requirements, further

studies are needed to complete these results, for example,

measuring the degree of novelty of the ideas generated.

4 Design improvement through the evolution

of problem definition

In the previous section some guidelines on how to better

satisfy the problem requirements have been established. In

accordance with the model of co-evolution, the design

solutions obtained are taken as the basis for a new review

of the problem requirements, so that they evolve at the

same rate as the solutions during the design process.

To complete the results obtained, procedures must be

established with which to select and prioritise the require-

ments, by studying their evolution during the design, so that

the effectiveness of the design process is improved. This has

been studied analysing three experiment cases where verbal

means were applied and three cases where objectual means

were applied. Then, this section shows an analysis about the

effect of the means of expression in the evolution of the

design problem.

Table 1 Statistics obtained for the evaluation variables

Verbal or sentential Objectual Results of ANOVA

Arithmetic

mean

SD Arithmetic

mean

SD ANOVA F ratio ANOVA mistake

probability

Number of valid ideas 26 14 87 15 35.12 \0.001

Number of invalid/rejected ideas 10 4 13 7 0.63 0.46

Number of not related ideas 78 9 7 8 133.39 \0.001

Number of ideas 114 10 107 9
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Fig. 4 Link density and I/IG

ratio for each experiment run

Table 2 Statistics for the effectiveness of design in relation to the means of expression

Parameter measured Verbal variant Objectual variant Results of ANOVA

Arithmetic mean SD Arithmetic mean SD ANOVA F ratio ANOVA mistake probability

Number of global ideas 45 7.4 12 3.7 66.43 \0.001

Ratio I/GI 2.6 0.60 10.1 3.36 19.30 0.005

Link density 0.54 0.085 0.91 0.028 69.17 \0.001
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The initial definition of the problem set out in the

experiment consisted of seven requirements:

• The table must take up as little space as possible when

not in use.

• The cost must be kept to a minimum.

• The table must have a board that can be tilted. The

adjustment of the angle of tilt can be either continuous

or discrete.

• The board surface must be located at a height between

90 and 110 cm.

• The drawing surface must be large enough to take A2

format paper.

• It must be steady when it is in use.

From this set of requirements, it can be deduced that the

table to be designed must also be capable of fulfilling the

following functions:

• Support stress.

• Support drawing surface.

• Adjust tilt angle.

• Decrease space.

The FBS model was used to represent the number of

functions and design requirements that are incorporated

during the design. The time spent on each function and

requirement was calculated, together with the frequency

with which solutions were proposed for various functions

simultaneously, and how the dedication to each function

overlaps in time. Finally, the design solutions generated

and the number of functions attained by each one was

determined.

4.1 Time dedicated to the functions and requirements

of the problem

Figure 5 shows the percentages of the average amount of

time dedicated to the requirements and functions related to

the initial requirements of the problem, called initial

functions; and the time spent on those that are incorporated

by the subjects during the design process, called additional

functions. Table 3 shows the results of the ANOVA for

these data.

When objects are used the initial functions and

requirements are referred to more than the 60% of the time

and it is significantly greater than in the verbal case. In the

verbal case, however, the time devoted to requirements and

functions introduced during the design process is greater

than that spent on those that were established at the outset.

The difference in the time dedicated to the additional

requirements it is not so significant from the statistical

point of view.

In Table 4 the initial functions and requirements, which

will be presented below in several figures, are detailed and

arranged in numerical order.

If the time dedicated to each of the seven initial func-

tions and requirements is analysed separately, significant

differences depending on the means of expression are

observed in only three of the initial functions, as can be

seen in Fig. 6. These three functions are those of

decreasing space, adjusting tilt angle and support stress,

which are the functions that are seen as being essential in

this design problem. Table 5 shows the average time and

the results of the ANOVA of these functions, which is

greater when objectual means are used. For function and

requirement 1, 5, 6 and 7 there are no significant difference

from a statistical point of view.

One reason that accounts for why this happens is that the

use of small pieces is a means of expression that is very

well suited to the representation of the design solutions that

are generated for the three functions indicated above. This

is because they are solutions that are difficult to represent

by verbalisation or by mental representation and this leads

to less time being spent on them. The aid of small pieces

right from the beginning of the design process, however,

makes it much easier to represent solutions concerning the

tilt, decreasing space and support.
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Fig. 5 Time dedicated to the initial and to the additional requirements

Table 3 Statistics obtained for the time dedicated to the initial and the additional functions and requirements

Verbal/sentential Objectual Results of ANOVA

Arithmetic

mean

SD Arithmetic

mean

SD ANOVA

F ratio

ANOVA mistake

probability

Time for initial requirements or functions (minutes) 21.4 10.1 62.9 4.0 43.9 0.03

Time for additional requirements or functions (minutes) 35.7 13.6 17.7 11.7 3.0 0.157
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The quality of the solutions was analysed by considering

the degree to which they fulfilled the initial requirements

and the best results were obtained in the objectual case. In

addition, this is the case where more time is dedicated to

the initial requirements. Previous studies show that there is

a relation between the fulfilment of the design requirements

and the time devoted to them in the design process. This

means that requirements that are not satisfied in the design

alternatives are the ones that receive least attention during

the design process (Nidamarthi et al. 2001). These results

were confirmed by our experiment.

4.2 Study of the degree of decomposition of the

problem

The time dedicated to a single function, or to the simul-

taneous treatment of more than one, was calculated and a

distinction was made between the results for the verbal and

the objectual cases in order to determine how the means

employed affects the decomposition of the problem.

Figure 7 shows the percentage of time devoted to none

or to one or more of the functions and requirements

when expression is by words and when objects are used

and Table 6 shows the results of the ANOVA for these

data.

Within the design protocol there are moments in

which no time is being devoted to any requirement or

function. In some cases this situation is due to students’

taking a break, and therefore attention is not paid to the

problem, while in other cases the exact reason could not be

determined because they did not always express verbally

what they were doing when using pieces to construct the

solutions.

As can be seen in Fig. 7, more than the 50% of the time

is devoted to a single design function in the verbal case. In

the objectual case, however, the time dedicated to more

than one function at a time is very similar to the time

dedicated to a single function. It is interesting to note the

large amount of time that is not dedicated to any kind of

function in the objectual case. As was commented above,

this is due to the fact that while students are building the

solutions there are many moments when they do not

comment on what they are doing. From an statistical point

of view, only the time dedicate to a single function is

significantly depending on the means of expression, with

more than a 90% of probability.

Lastly, a detailed qualitative analysis of the distribution

of the time dedicated to each function and requirement

over the time the experiment lasted is conducted, as is

Table 4 List of initial functions and requirements

Code Function or requirement

FR 1 Minimum cost

FR 2 Decrease space

FR 3 Adjust tilt angle

FR 4 Support stress

FR 5 Steady

FR 6 Height between 90 and 110 cm

FR 7 Support drawing surface
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Table 5 Statistics obtained for the time dedicated to the initial functions and requirements

Verbal/sentential Objectual Results of ANOVA

Arithmetic mean SD Arithmetic mean SD ANOVA F ratio ANOVA mistake probability

Time for FR 2 6.2 3.5 24.2 6.3 18.69 0.012

Time for FR 3 3.4 1.9 11.4 4.3 8.57 0.043

Time for FR4 5.7 3.4 19.9 6.2 11.89 0.026
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Fig. 7 Simultaneous dedication of time to functions and requirements
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shown in Figs. 8 and 9, which represent one of the verbal

and one of the objectual cases, respectively. The design

functions and requirements are situated along the y axis and

the experiment time is represented on the x axis. The seven

initial requirements are ordered correlatively at the begin-

ning of the axis as shown in Table 4. The functions and

requirements that are added during the design are indicated

in the upper portion of the graph. Each of the segments in

white indicates a period of inactivity for that function and

each segment in black is a period of dedication to that

function or requirement.

In the verbal case, the periods dedicated to a function or

requirement are shorter than when objectual means are

employed. The total time elapsed from the start of the first

time the function is taken up until the last time it is set

down again is also greater in the objectual case than in the

verbal one, where the average number of times a same

function is dealt with throughout the design process is also

higher. Furthermore, in the verbal case the design time is

more spread out among the functions and requirements,

whereas in the objectual case only three functions (support

stress, adjusting the tilt angle and decreasing space)

account for almost all the time spent and often overlap with

one another. In fact these three functions are interdepen-

dent, which means that many of the solutions put forward

resolve the three functions jointly, without the need to

break them down.

On analysing Figs. 9 and 10 it can be seen that more

functions are introduced at the beginning in the objectual

case, but very few are introduced towards the later part of

the time available, which means that there is greater

divergence at the beginning. In the verbal case there is a lot

of divergence from the beginning until the end because a

large number of functions are introduced over the whole

time period.

These differences come about because of the functions

carried out by using objects, since they encourage the

simulation of the alternatives that are generated, which in

turn helps to improve these alternatives instead of diverting

the designer’s attention in the search for new functions. On

other hand, one way of obtaining a wide array of ideas is to

introduce a large number of functions early on in the

design.

4.3 Guidelines for design effectiveness through

the evolution of functions and requirements

The results obtained were used as the basis to propose a

series of heuristic guidelines to reach a valid solution to the

initial requirements more effectively. These guidelines are

grouped in two categories—one for those that can be

Table 6 Statistics obtained for the time dedicated to one, none or more than one function and requirements

Verbal/sentential Objectual Results of ANOVA

Arithmetic mean SD Arithmetic mean SD ANOVA F ratio ANOVA mistake probability

Time dedicated to more than one function 10.3 5.6 18.5 5.2 3.50 0.135

Time dedicated to one function 31.3 6.8 17.9 7.9 4.91 0.091

Time dedicated to any function 15.5 12.6 19 5.8 0.192 0.684

Fig. 8 Overlap between the requirements and functions in one of the

verbal cases

Fig. 9 Overlap between the requirements and functions in one of the

objectual cases
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applied by the designer in order to enhance conceptual

design effectiveness and one for guidelines that can be used

in a computational design support system that interacts

with the designer.

Guidelines for designers:

• The initial functions and their interdependence should

be identified and priority should be given to resolving

these interconnected functions prior to other ones.

• It is beneficial to obtain design structures that allow

prioritised functions to be solved, both separately and

together, without decomposing these functions.

• It is appropriate to introduce additional functions once

some solutions to the initial functions have already

been generated. Likewise, before increasing the number

of functions during the design process, it is important to

have generated some solutions to other previously

proposed functions. We will always be able to go back

and generate new ideas for functions that have previ-

ously had solutions proposed for them.

Guidelines for the computational system:

• Solutions should be found for the interdependent or

interconnected initial functions; both for each separate

function and for the whole set.

• The designer should be encouraged to solve the initial

functions.

• The functions should be combined periodically from

the very beginning and throughout the process and

shown to the designer, asking him or her to work on

them and to reject any considered to be unsuitable.

• The proposed solutions should be shown to the designer

in order to encourage him or her to come up with new

combinations.

• The computational system should propose further

functions in addition to the initial ones and the

generated solutions. The relationship between the new

and the initial functions will be checked by means of an

ontology of functions once they and their interrelation-

ship have been previously defined. The computer will

check the characteristics of the proposed solutions,

obtaining their behaviour and functionality which will

then be compared with the ontology of functions in

order to detect additional functions.

• In each revision of the problem definition, new

solutions will be generated and shown to the designer

who will be able to choose the most promising ones and

include other solutions.

5 Experiment analysis by means of Liu, Chakrabarti

and Bligh’S Model

The analyses of the experiment show that, in order to

obtain design alternatives in the shortest possible time, it is

extremely important to combine the proposed structures in

the most interesting alternatives so as to reduce the diver-

gence of the problem.

The goal of conceptual design is to generate good

design concepts and to do so it is very important to create

a large number of concepts, since the higher that number

is, the greater the probability of generating valuable

beginnings to solutions will be. At the same time, the

chances of obtaining a good product will also rise

(Chakrabarti and Bligh 1996). Yet, if a lot of concepts are

generated the evaluation stage will become excessively

arduous. One of the models proposed for conceptual

design consists in approaching the solution by going

through several levels of abstraction of the solutions and

by repeating cycles of divergence and convergence. The

ideas put forward at the beginning consist in vague

descriptions of the solution that are only expressed in

words. These ideas are then developed in the conceptual

phase, allowing more concrete aspects to be defined, such

as the parts that make up that design solution and more

information about how it works. In this way, a more

defined conceptual design is gradually achieved through

successive approaches that go from a more general or

abstract level to a more particular one.

Conceptual design has a first stage that is essentially

divergent and then a second phase that is convergent. It is

advisable to apply convergence steps in the divergent stage,

as well as expanding the number of solutions. These con-

vergence operations consist in evaluating the aspects that

can be evaluated and then making a few selections in order

to avoid a very high number of solutions. Similarly, once

the design is essentially convergent and the alternatives are

being evaluated and selected, it also becomes possible to

add, in a cyclical manner, certain concepts that expand the

solution space.

Verbal means process: 
large number of 

additional functions 

Objectual means process: 
small number of additional 

functions 

More Less 
abstraction 

Liu, Bligh and 
Chakrabarti’s model

Traditional divergent -
convergent model 

abstraction

Fig. 10 Analysis of the experiment with different divergence-

convergence models
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In other words, the most efficient model for a compu-

tational environment consists in applying numerous

divergence-convergence steps within a tendency that starts

off by being divergent and ends up becoming convergent,

and in which solutions are first obtained for higher levels of

abstraction and later for lower levels (Liu et al. 2003).

Figure 10 offers a graphic comparison of the results

from the experiment with the prescriptive model developed

by Liu, Chakrabarti and Bligh. The grey lines compare the

traditional model of divergence and convergence with the

model put forward by Liu, Chakrabarti and Bligh, in which

the number of possible solutions that are explored during

the divergence stage is reduced, by applying convergence

operations.

The results obtained from the experiment show how

design solutions can be reached faster by reducing the

divergence of the design process through the use of objects

to represent ideas. The black lines show the situation

observed in the experiment compared with previous mod-

els. In the verbal variant the process was divergent although

there were also some convergence operations. In the ob-

jectual variant there was less divergence than in the verbal

case, and it was seen to be more similar to the model put

forward by Liu et al. (2003). It also advanced towards more

concrete, or less abstract, solutions for an identical period of

time than when verbal means are employed. Fewer solu-

tions were explored but there were more combination and

selection operations with respect to the verbal case.

In order to achieve higher effectiveness, as established

by the conceptual design model devised by Liu, Bligh and

Chakrabarti, solutions should be generated for several

functions simultaneously, partial solutions should be

combined from the very beginning, and a reduced number

of additional functions should be incorporated (Liu et al.

2003).

6 Creative computational methods for design

improvement

The study of the mechanisms that were applied in order to

obtain solutions in the experiment enabled us to determine

a relationship between the computational creative models

defined by Boden and the procedures that were applied

during the design process. The first conclusion that can be

drawn is that these design support systems must take the

three types of methods into account so as to be capable of

generating solutions in a more effective manner (Mulet

et al. 2003).

• Exploratory method: a structure that comes up from the

behaviour required to accomplish one or more func-

tions is elicited through a searching process

• Combinational method: a searching process that ends

up in a structure to address certain behaviour from one

or more functions is followed by associations to adapt

that existent solution to the current design problem

• Transformational method: structures are created

through the fusion of (at least) two separate structures

into a new one; or structures are generated by the

addition of elements from an existing structure into the

structure originated in the searching process and vice-

versa; or structures are built through operations that

exchange elements between multiple structures to

generate new ones

Figure 11 shows the percentages of procedures from

each category that was applied in order to generate solu-

tions during the design process; it can be seen how a

distinction is made between the verbal and the objectual

case. With the use of verbal means there is a high per-

centage of search or exploratory procedures and a slightly

lower number of transformation procedures. One striking

feature of the objectual variant is the high percentage of

transformational procedures that were applied, i.e. over

70% of the total, and the application of a number of

exploratory procedures that was far lower than that of the

verbal case. In both cases few combinational procedures,

which are those that are related to associations and analo-

gies, were applied. There are no significant differences as

regards the application of combinational procedures, which

meant that it was not possible to determine the influence

they exert on the effectiveness of the design process.

A relationship can be found between the procedures

applied and the design solutions obtained. Various heuristic

guidelines to improve effectiveness using applied proce-

dures are:

• Procedures associated with the three creative methods,

exploratory, combinational and transformational,

should be applied during the design.

• In order to obtain a solution that meets initial require-

ments in a shorter time period, it is expedient to apply a

high percentage of transformation procedures, in det-

riment to the number of exploratory procedures used,

0%

20%

40%

60%

80%

100%

Transformational 

VERBAL OBJETUALOBJECTUAL

  Exploratory  Combinational

Fig. 11 Percentages in which the different types of procedures used

to obtain solutions were applied
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since fewer design solutions are generated, but with a

greater degree of resolution.

• Exploratory or combinational procedures will be

applied to generate a set of initial design structures,

from which transformational procedures are applied in

order to converge towards the design solution more

quickly. Combinational and exploratory procedures

should be applied at the earlier stages and throughout

the whole design process, but decreasing in intensity

over time.

• Transformational procedures will be successively

applied to the design solutions, initially generated by

exploratory and transformational procedures, in order

to increase their level of resolution.

7 Conclusions

This research is centred on an experimental study in which

the effectiveness of the design process was analysed

according to the means used to express the ideas that are

generated. In this study, the design problem consists in the

generation of creative ideas for a new function (decrease

space) of the product, considering a small set of initial

requirements, and consequently the results are valid in this

context. Effectiveness is understood to mean achieving

design alternatives that fulfil the initial requirements of the

problem in the shortest time.

The experimental data was taken as the basis for an

analysis of the evolution of the design problem according to

the means of expression and a relationship was established

between the evolution of the problem and effectiveness.

The methodology employed consists in analysing the design

protocol and, at the same time, defining the FBS model for

the design process. Analysing the design protocol enabled

us to identify, first, the incorporation of additional functions

and requirements throughout the design process and, sec-

ond, the relationship these have with the structures and with

the initial functions and requirements. The FBS model

allowed the evolution of the functions and requirements and

their relation with the design structures to be represented

visually, which makes it easier to determine the differences

between the cases in which verbal means are employed and

when objects are used.

This analysis evidences the fact that, for this kind of

design problems, if solutions are to be obtained as quickly

as possible, more time should be dedicated to the initial

requirements of the problem and to combining partial

solutions from the outset. Identifying the interdependence

between the initial functions is needed so as to be able to

give priority to resolving them before the others. It is

important to generate design structures that resolve these

top priority functions both separately for each function and

jointly for several functions. Before new functions are

proposed it is important to have put forward design struc-

tures for the previous functions of the design, although

more solutions can continue to be generated later on. In

addition it is wise to make sure that the proposed functions

are related to the initial ones or that they are stimulated by

the solutions that are generated throughout the process. The

structures that are obtained must be combined with each

other, discarding the ones that seem to be less suited to

reducing the number of possible solutions.

The results of the experiment were linked to the model

of divergence and converge put forward by Liu, Bligh and

Chakrabarti, using the FBS model to make a qualitative

study of the cycles of divergence and convergence that

appear during the design by incorporating functions,

requirements and design structures. This analysis has

shown that this model is followed more closely when

objects are used during the divergent stage of the design. It

was also found that a less abstract conceptual solution is

reached in less time and divergence of the problem is

reduced from the outset.

After studying the relation between effectiveness and

the evolution of the design problem, a relation between the

experimental results and effectiveness, and the computa-

tional synthesis methods (exploratory, combinational and

transformational) is established. To do so the design pro-

tocol was studied again in order to associate the procedures

carried out by designers in generating design structures

with the computational methods. The results obtained make

it clear that ideas are generated in the design process using

three types of methods. The possible differences as regards

the use of these methods was studied in the verbal and the

objectual cases, and findings showed that when objects are

employed there is a predominance of the use of transfor-

mational methods, which are applied successively over a

set of structures obtained by exploration. Nevertheless,

when only words are used to express the ideas that are

generated, greater use is made of exploratory methods. In

the experiment conducted for this study, no significant

differences were found when combinational methods were

applied.

The results obtained concerning the computational

methods enabled us to draw up a series of guidelines for

generating design solutions capable of enhancing the

effectiveness of the design process, for design problems in

which designers have to generate creative ideas for a new

function in a product. In order to obtain a solution that

meets the initial requirements in a shorter time period, a

high percentage of transformation procedures should be

applied. This will result in fewer design solutions but with

a greater degree of resolution. Exploratory procedures will

be applied to generate a set of initial design structures,

from which transformational procedures are applied in

Res Eng Design (2008) 19:101–112 111

123



order to converge towards the design solution more

quickly.

The results of this research can contribute to the

development of highly interactive systems to support

conceptual design that are effective. More specifically, one

of the requirements for improving these systems is the

application of heuristic approaches that help the designer to

progress quickly until a solution is found (Wiegers et al.

1999). The experimental results obtained allowed us to

establish some guidelines which can help to reach a solu-

tion more quickly in interactive computational systems.
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