
BH-ShaDe: A Software Tool that Assists
Architecture Students in the Ill-Structured

Task of Housing Design
Eva Mill�an, Mar�ıa-Victoria Belmonte, Manuela Ruiz-Montiel, Juan Gavilanes,

and Jos�e-Luis P�erez-de-la-Cruz

Abstract—In this paper, we present BH-ShaDe, a new software tool to assist architecture students learning the ill-structured domain/task

of housing design. The software tool provides studentswith automatic or interactively generated floor plan schemas for basic houses. The

students can then use the generated schemas as initial seeds to develop complete residential projects. Themain goal of our research

was to obtain evidence about whether or not such schemas can be useful to architecture students. A first prototype of the tool was

evaluated with 78 students, with positive results. However, the students seemed to demand increased user participation, so they could

contribute to generating better quality starting points. A second prototype was therefore implemented, allowing a higher degree of

interactivity. The second prototype was evaluated with a new group of 50 students. From the two evaluations performed, it can be

concluded that both versions of the tool were able to generate useful starting points (either automatically or interactively) that expedited

the design process. Additionally, in the second experiment, we found that neither the nature (automatic or interactive) nor the quality of

the starting point seems to have any effect on the perceived quality of the final projects.

Index Terms—Computer-aided design, computer-assisted Instruction

Ç

1 INTRODUCTION

DESIGN is a complex task, that requires a certain set of
abilities and skills, inspiration and creativity. In partic-

ular, housing design is commonly used as an example of
both an ill-structured domain [1] and an ill-structured task/
problem [2], [3]. In effect, it presents all of the features that,
according to [4] make a problem/task ill-structured: indefi-
nite starting point, indefinite ending point, and unclear
strategies for finding solutions. It also presents all the char-
acteristics that, according to [3] can be used to define ill-
defined domains: it has multiple and controversial solu-
tions; there is no complete formal domain theory; the associ-
ated tasks are also ill-defined; it relies on open-textured
concepts and it cannot be divided into smaller independent
problems. In the continuum defined in [5] between well-
defined and ill-defined problems, housing design belongs
to the more challenging category: class 5, where multiple
solution strategies exists and solution correctness cannot be
verified automatically.

For these reasons, housing design is a difficult subject to
teach/learn. It is also hard to find software tools that could
assist designers beyond the traditional Computer Aided
Design (CAD) tools, whose main goal is the creation, modi-
fication, or analysis of drawings for a given design.

Building intelligent tutoring systems for ill-structured
domains has been a topic that has received attention from
researchers in recent years. Some examples for other ill-
structured domains (for example medical diagnosis or
legal argumentation, both of them class 5) are described in
[6]. More recently, a multiparadigm intelligent tutoring
system for robotic arm training (class 4) has been devel-
oped and evaluated [7]. However, as far as we know, cur-
rently there is no intelligent tutoring system for housing
design. The reason might be that developing ITS for this
domain is a such a challenging task that other educational
technology approaches may be in order.

In the research presented here we have implemented and
evaluated two prototypes of a software tool called BH-
ShaDe (Basic House Shape Design) whose main goal is to
assist architecture students in the task of housing design.
BH-ShaDe tries to go beyond traditional CAD tools in help-
ing students design residential projects. To do so, BH-ShaDe
generates basic house schemas that can serve as starting
points or initial seeds for residential projects. These basic
house schemas are used by students as inspiration sources.
The concept of inspiration source is not new. It refers to the
conscious use of different resources or even previous
designs, as references for the solution to a problem [8].
Inspiration sources can be very different in nature and play
different roles in the design process.

Each prototype has been evaluated with a different
cohort of students: the first version of the tool was evaluated
with a group of 78 students (first cohort or Group A, in what
follows) and the second version with a new group of 50 stu-
dents (second cohort or Group B). These cohorts belonged
to successive academic courses. The main research question
to be answered in these two evaluations is:
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Research question 1. Can the basic house schemas provided by
BH-ShaDe be helpful for students of architecture, in the task of
designing residential projects?

The first prototype of BH-ShaDe generated the basic
house schemas automatically. In the first evaluation with
Group A, the students found that the schemas generated by
the tool were useful as starting points for their housing
designs. They also valued positively the randomness and
variety of solutions provided by the tool, which gave birth
to creative projects. However, they also demanded a greater
degree of control in the initial solution (i.e., they wanted to
participate in its design).

To accommodate these results, we built the second proto-
type, which could be used in two different working modes:
automatic and interactive. Therefore in the second evalua-
tion we were interested in obtaining additional results of
the new working mode. To this end, we added two more
research questions:

Research question 2. Do students have any preferences for
interactive or automatic solutions?

Research question 3. Does the nature (automatic/interactive) or
quality of the initial seed have any impact on the perceived quality
of the final residential projects presented by the students?

In this second evaluation we also obtained good results
for our first research question. The evidence suggests that
starting points provided by the tool were useful. For the
additional research goals established in this second exper-
iment, results indicated that the benefits of increased user
control (demanded by the first cohort of the students)
seem to be somewhat unclear. The results of the experi-
ments suggest that the students did not show a clear pref-
erence for either of the two working modes and that they
were able to produce good quality projects using the ini-
tial solutions provided by the tool, independently of its
nature and quality.

2 LITERATURE REVIEW

In this section we review the background and related work
that we have used as the theoretical basis of our approach.
We begin by analyzing former uses of computers in archi-
tectural design education. As our software tool relies on the
formalism of shape grammars, we briefly outline some
computational techniques that have been used in design,
and then present shape grammars and some interesting
applications in educational processes. Finally, as we use
basic house schemas generated by the tool as inspiration
sources for the students, we present some other approaches
which also use inspiration sources in different educational
contexts related to design processes.

2.1 Software Tools in Architectural Education

First, we begin by analyzing how computers and software
tools have been used in architectural education. In this vein,
Andia presented an interesting study about the influence of
computers in both professional practice and architecture
teaching [9]. According to this study, architects have used
computers mainly as a support for functions that have been
common practice for the last 150 years. In contrast, in archi-
tecture schools, computers have been introduced in more
creative ways: experimental laboratories for design, as an

aid to imagination, to assist teaching and learning, and also
to introduce virtual reality into architectural education. The
importance of using computers in an innovative way in
architectural practice has been advocated by some authors
[10]. One of the options to do this is the so-called algorithmic
architecture or modeling generative architecture [11], which
combines architectural design and artificial intelligence to
develop algorithms that simplify or automate design and
planning tasks. Next we present some examples of success-
ful uses of computers in architectural education, that go
beyond just using software tools for digital drawing.

We can find few but interesting examples of software
tools that, like BH-ShaDe, have been developed for architec-
tural design education and evaluated with real students. An
example is DYNAMO [12], which is a web-based design
assistant to support architectural design education.
DYNAMO helps students by presenting an on-line collec-
tion of design cases, that provide ideas for their own proj-
ects. The tool was evaluated with 48 students. The
researchers concluded that students found the tool engag-
ing, however they did not exploit the opportunities of active
participation (i.e., added new cases or commented on exist-
ing ones). Another example is SketSha [13], that provides
support to free hand sketching in locations far from each
other, to allow for collaborative design. It was used by 38
students in different locations (Belgium and France) and,
according to the authors, the experience was a success in
terms of the quality of the projects and the students’
satisfaction.

A quite recent and innovative use of computers in design
education is based upon Augmented Reality (AR) systems.
For example, in [14], AR systems were used both to explain
the relevant domain knowledge of creative design and as a
test-bed so that secondary-school students could build their
own AR scenes. The results of the study they carried out
(with an experimental group of 19 students and a control
group of 18 students) suggested that in the experimental
group, this learning scheme improved the students’ atten-
tion and motivation and enhanced the creativity of their
final designs, with respect to the control group.

Another interesting and recent proposal can be found in
[15]. They use a prompt-based annotation approach to sup-
port mobile learning activities in architectural design. An
experiment was conducted, involving 28 students in the
experimental group and 21 in the control group. Students in
the control group learned with a traditional approach that
involved taking photos and paper and pencil annotations,
while students of the experimental group learned with the
mobile learning approach with the prompt-based annota-
tion. The results showed that the approach promoted stu-
dents self-efficacy, increased the cognitive load during the
learning activity and improved the learning achievement.

2.2 Shape Grammars in Architectural Education

From the standpoint of the application of computational
techniques in architectural education, there has been
increasing interest in developing “intelligent” (i.e., adap-
tive) software tools for learning. However, to the best of our
knowledge there are no intelligent tutoring systems (ITSs)
or intelligent learning environments (ILEs) for architectural
design. As explained, the difficulty of implementing ITSs or
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ILEs for this domain might arise from the fact that it is ill-
structured. The absence of a well-defined sequence of steps
to produce good designs makes it difficult to implement
this kind of educational software tools. BH-ShaDe is not an
ITS either. However, it uses artificial intelligence techniques
to automatically generate the basic house schemas.

Concerning computational techniques, several
approaches have been used to stimulate the creativity and
exploration in design: genetic algorithms [16], case based
reasoning [17], analogy [18] or shape grammars ([19], [20]).
Shape grammars have been widely used in design, and, spe-
cifically, in architectural design [21]. In our proposal we
have used shape grammars, which we briefly describe next.

A shape grammar is a formal language that represents
visual thinking. To this end, there is an initial shape (usually
called the axiom), and a set of design rules or transforma-
tions that can be applied to different shapes. Fig. 1 repre-
sents an example of an axiom, a rule, and five successive
applications of the rule, starting from the original axiom.

These transformations are applied iteratively in random
order and localizations in the design. Therefore, these tech-
niques are suitable for applying randomness to generate a
variety of forms, which might be an interesting approach to
stimulate visual thinking. In this way, in the work presented
here, shape grammars are used as a generating device that
facilitates the production of a large amount of starting
points that can stimulate and expedite the design of sche-
mas for floor plans of single-family dwellings. Reinforce-
ment learning techniques have been used to control the
quality of the solutions generated.

Regarding the use of shape grammars for architectural
design education, some of the more significant examples
are the design projects developed by the students of Terry
Knight at the Massachusetts Institute of Technology and the
University of California, Los Angeles. For example, Randy
Brown (UCLA, 1980) used a simple 3D shape grammar to
design a museum of cultural history.

Another example is the Master’s thesis project by
Knight’s student McGill [22], which shows the role of
computers as facilitators for learning about shape gram-
mars and their use in the architectural design process.
For this study, a software prototype, Shaper2D, was cre-
ated. To test this prototype, three studies with under-
graduate architecture students at the MIT Department of
Architecture were conducted. In these studies, Shaper2D
was used to generate the site layout and massing for
family townhouses. The results showed that although
Shaper2D could be used as a design tool, it was only
useful when the designer did not have a fixed idea, and
that using the tool to look for a pre-conceived design
could cause frustration.

In [23], shape grammars have also been used in an educa-
tional software tool. In this case, the tool generates 3D-
megastructures. The tool was used in an experiment with
62 architecture students. The results show that the students
were able to generate good solutions by exploring the ran-
domness provided by the tool, but also liked to keep a cer-
tain degree of control over their designs. Our approach is
similar to this one, in the sense that the inspiration sources
are generated by the software tool, and that to do so, the
tool relies on the use of shape grammars. However our soft-
ware tool uses shape grammars to generate basic house
schemas, instead of 3D-megastructures.

2.3 Starting Points in Architectural Design
Education

Finally and concerning the use of starting points for teach-
ing design, there are several studies in the related litera-
ture. For example, Iordanova performed a study with 10
architecture students that used a library of digital models
as a source of inspiration or referents during their work on
a design task [24]. In the evaluation, the results showed
that 38 of the 50 design projects were linked to the use of
the referents. Furthermore, the authors reported a low
degree of imitation/copy of the original in favor of a
higher degree of the use of the know-how embodied in the
referents library.

Sketches have also been used as visual stimuli [25]. Three
groups of 12 architecture/industrial design students solved
four design tasks under different conditions; no visual stim-
uli, (group 1); rich, diverse visual stimuli (group 2) and
modest visual stimuli (group 3). The results showed that,
when students are required to solve ill-structured design
problems, the presence and nature of visual stimuli does
have an impact on the quality of the solutions.

In another study, the researchers provided 17 experi-
enced designers and 22 architecture students with a rich col-
lection of visual displays [26]. The subjects in the
experimental group were explicitly asked to use these dis-
plays as potential analogues for their designs, while the sub-
jects in the control group were not. The results of the
experiment showed that subjects (of any level of expertise)
who are provided with visual displays use them to enhance
their design problem ability, and that the use of visual anal-
ogies produced better design results in both groups.

In this sense, we have also tried to use the basic house
schemas as visual stimuli for the students to solve an ill-
defined task. These external stimuli are expected to act as
triggers for the generation of ideas and provoke the creative
leap that occurs between the problem and the solution [27].
In [28] it is showed that when ill-structured design prob-
lems are approached through exploration of design alterna-
tives, creativity is fostered and learning enhanced.

With respect to the ideal number of initial solutions to be
considered as a source of inspiration by designers, there
seems to be different views. Some studies suggest that
working with more alternative solutions contributed to bet-
ter performance [29], while other studies advocate that “less
is more (original)” [30]. Our approach in this regard is simi-
lar to the one presented in [31]: we produce many different
alternative solutions (as many as required, as the tool has
generative capabilities) but propose to keep the number

Fig. 1. Shape grammar that adds squares, with one possible derivation.
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controlled by a posterior and conscious evaluation and
assessment of such alternatives.

After this literature review, we can conclude that recent
trends point to the use of computer tools as part of the crea-
tive process. Some authors propose the use new computa-
tional approaches, like modeling generative architecture. The
computational power of digital media can therefore be
incorporated into architectural design.

In this research context, BH-ShaDe is a software tool that
has been specifically implemented with the purpose of
exploring the possibilities and usefulness of tools that are
able to (automatically or interactively) generate basic house
schemas to provide support to residential design projects.
To do this, it makes use of artificial intelligence techniques
and shape grammars. Such initial seeds can be used as
inspiration sources or referents, and students can use them
as starting points for their residential projects.

3 METHODOLOGY

In this section we describe the methodology we have used.

3.1 Participants and Environment

The experiments were carried out in two successive aca-
demic courses. Each year the tool was tested with the stu-
dents of the subject Architectural Projects VII, which is
taught in the seventh semester of the five-year Architecture
Degree of the University of M�alaga. The first cohort (first
academic year) had 78 students and the second cohort (sec-
ond academic year) had 50. All the participants had experi-
ence in designing residential projects (acquired in previous
subjects). Each academic year students are divided into
three teaching groups. Each of these groups is taught by a
different tutor. One of them is a member of our research
team (and participated in the development of the software
tool), while the other two did not have previous experience
with these kinds of tools.

The learning activity proposed to the students was car-
ried out during three sessions of two hours each. That is, it
involved six hours of student’s work in the classroom. It
also included two assignments that the students solved as
homework (outside the classroom). It was identical for both
cohorts: designing single-family dwelling houses and three
types of groupings: apartments blocks, row-houses and gal-
leries. To this end, students had to use the schemas gener-
ated by our software tool as starting points to develop
complete residential projects. Each cohort worked with a
different prototype of the tool, the main difference being
that the second prototype could also be used in interactive
mode to generate basic house schemas. Both prototypes
were able to automatically generate any given number of
basic house schemas.

The learning activity was compulsory for all students. It
was evaluated by their tutors, and it was a component of
the final mark. It was not possible to separate students into
control and experimental groups, due to academic regula-
tions at our university.

3.2 Software Tool: BH-ShaDe

In this section we briefly describe the software tool we have
developed for this study. BH-Shade generates and proposes

housing units schemes that can serve as starting points in
students’ exercises and projects. The tool has been imple-
mented on Trimble SketchUp (http://www.sketchup.
com/), and is based on the ideas of reinforcement learning
and shape grammars. A complete description of the tool
can be found in [32], and a user’s guide is available on the
web [33].

BH-ShaDe integrates a fixed shape grammar and gener-
ates its output according to it. This grammar implements a
housing program developed by an architectural studio [34]
for the regional government of Andaluc�ıa (Spain), that
specifies the criteria that a basic house must meet, depend-
ing on the number of inhabitants.

The output of BH-ShaDe is a number of two-dimensional
floor plan distribution schemas (in the following, schemas or
cells or seeds) of basic, two-person housing units. All the
schemas produced are distributed over one floor and its
total area is restricted to 46 m2. In the housing proposal, sev-
eral kinds of spaces are considered: (1) specialized spaces
(which need specific installations), (2) non-specialized spaces
(do not need specific installations, and their use is deter-
mined by its inhabitants: dining-room, living-room, bed-
room) and (3) complementary spaces, such as distribution
hall, that allows circulation between spaces. In Fig. 2 the
BH-ShaDe interface with a generated schema is shown.

However, the solutions generated by shape grammars
are usually not feasible. For example, see the first solution
in Fig. 3, which clearly shows that further control mecha-
nisms are needed. To this end, we have used reinforcement
learning techniques to produce good quality solutions (like
the second solution in Fig. 3. A complete description of the
shape grammar and the reinforcement learning policy used
can be found in [35].

As explained, we have implemented and evaluated two
different prototypes of the tool. The first prototype only
allows automatic generation of the basic house schemas,
while the second also allows interactive solutions (as
demanded by students after the first experiment). Let us
explain in more detail the two different working modes:

� Automatic mode: the student specifies the desired
number of schemas and BH-ShaDe will generate
them.

� Interactive mode: the student can interact with the
tool by supervising the outcomes of the different
steps (contour generation, placing of the distribution

Fig. 2. Screenshot of BH-ShaDe interface.
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hall, or kitchen generation). If the student is not satis-
fied with the result, he/she can repeat the step or go
back in the sequence.

3.3 Learning Activity

In this section we describe the learning activity given to the
students, which was identical in the two groups. The only
difference is that Group A used automatically generated
schemas, while Group B used a mixture of interactive and
automatic ones. The complete activity involved three two-
hours sessions. The time lapse between sessionswas a week.

3.3.1 First Session

The students received a lesson on shape grammars (and
their use in the design process) and about the housing pro-
gram described in [34]. Then they had the opportunity to
individually use BH-ShaDe in some simple interactive exer-
cises, involving the use of the two simple grammars pre-
sented above. The goal of this session was that the students
could understand and learn about shape grammars and
also about how to use BH-ShaDe.

The students were then divided into groups. In the first
cohort, students were divided into nine groups of 8-9 stu-
dents each. Each group then used the tool to automatically
generate 81 basic house schemas. In the second cohort the
students were divided into nine groups of 5-6 students
each. Each group generated 72 schemas automatically and
18 interactively, resulting in a total of 90 schemas.

Then the groups of both cohorts were given an identical
learning activity, which consisted in analyzing and discus-
sing the perceived quality of the initial seeds. This learning
activity was carried out by the students as an assignment
(out of the class). The number of schemas was increased for
the second cohort because the tutors considered that it had
been a very good exercise in analysis and reflection for stu-
dents of the first cohort.

This reflection process concluded with a classification of
each schema into the one of the following categories:
A (optimal), B (adequate), C (some modifications needed),
D (problematic) and E (absurd). The students had to agree
on their criteria for the classification of the schemas, as part
of their self-reflection process (first individually, and then
as a group) to learn what a “good quality” schema is.

Then, the students had to select the initial seeds to be
used in their residential projects. No instructions were
given to them, neither about the number nor about the

characteristics (generation mode or quality) of the initial
seeds to be chosen. In this way, the students were allowed
to freely explore the complete range of solutions generated
by (or developed with the help of) the tool. The students
had to select schemas for four different residential projects:
single-family houses and three different types of group-
ings: apartment blocks, row houses and galleries.

3.3.2 Second Session

The students presented their work to the instructors and to
their colleagues. In their presentation they had to explain the
criteria used to evaluate the schemas (from A-E), and also to
show the first drafts of their residential projects (including
the initial seeds selected). During the session they received
feedback and questions from their tutors, which they used to
finish their residential projects (out of the class).

3.3.3 Third Session

In the last session, the students had to present their final
designs (a total of 36 residential projects per cohort). For
example, Fig. 4 shows a single-family dwelling (based in a
A schema), while Fig. 5 displays an apartment block (based
on two D schemas). In these figures we can see:

� Figs. 4a, 5a and 5b: the initial schemas, the modifica-
tions made to them and the final floor plan;

� Fig. 5c: the grouping pattern, and
� Figs. 4b, 4c, 4d and 5d: some views of the final resi-

dential projects.
These examples of the student’s projects have been cho-

sen to illustrate something that will be shown later (in the
discussion of research question 3): for single-family houses,
the students showed a preference for the best starting points
(with few exceptions), while for groupings they exploited
the complete range of initial seeds by choosing some of the
worst ones (and making the necessary adjustments).

Right after each presentation, the tutors discussed and
evaluated the projects. Finally, after completing the task
and being evaluated for it, the students completed a small
questionnaire (about the task and the tool).

Recall that housing design is a class 5 task/domain.
Therefore this learning activity does not include an auto-
mated analysis of students solution. However, it promotes
the use of suitable teaching techniques for ill-structured
domains, as described in [3]: a) case studies (students learn
from the discussions and feedback provided by their
instructors for all projects); b) weak theory scaffolding
(through the housing program presented in [34]; c) expert
review (by means of the discussions and feedback from
instructors) and some sort of d) peer review collaboration (stu-
dents reviewed the quality of the schemas, both of those
generated automatically by the tool, but also of those gener-
ated interactively by their peers). We have also introduced
computers in the learning activity in an innovative way, by
means of the generative capabilities and interactivity possi-
bilities of the software tool.

3.4 Study Design

As explained in the introduction, the main research ques-
tion for our study is:

Fig. 3. Schemas without (a) and with (b) reinforcement learning.
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Fig. 5. An apartment block.

Fig. 4. A single-family dwelling.
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Research question 1. Can the basic house schemas provided by
BH-ShaDe be helpful for students of architecture, in the task of
designing residential projects?

After the first evaluation we used the results to develop a
second prototype of the tool, and two more research ques-
tions were added.

Research question 2. Do students have any preferences for
interactive or automatic solutions?

Research question 3. Does the nature (automatic/interactive) or
quality of the initial seed have any impact on the perceived quality
of the final residential projects presented by the students?

Research questions 1 and 2 are qualitative, while research
question 3 is quantitative. The variables we have defined for
research 3 are: I (degree of interactivity of the initial seed); q
(quality of the initial seed) and Q (quality of the residential
project). Next we describe the measure instruments used in
the study: a questionnaire for students, a questionnaire for
the instructors participating in the experiment, and the
student’s projects.

The questionnaire for students was designed to obtain
their opinion about several aspects: the software tool
itself, the quality of the schemas proposed by the tool, the
learning task, and their preferences for the interactive or
automatic modes. To this end, it included types of ques-
tions, namely:

� Twelve Likert items, relative to four different topics:
software tool, basic house schemas (and their useful-
ness as starting points), global evaluation, and the
practice. The complete questionnaire and its results
are shown in Section 4.1.

The students had to evaluate their degree of
agreement with the twelve sentences from 1
(strongly disagree) to 6 (strongly agree). An even
number of possible answers was chosen for the Lik-
ert items, to avoid the central tendency bias [36].

In the second experiment, three more Likert items
were added to the questionnaire, intended to obtain
evidence about the students’ preferences (P ) about
automatic/interactive initial seeds (I).

� Two free-text items, where students could identify
the strong and weak points of the software and
make any comments they wished.

� A multiple choice item, so the students could explic-
itly express their preference for either of the two dif-
ferent working modes (automatic versus interactive).
This multiple choice question was only included in
the questionnaire for the students of Group B (who
used the second prototype of the tool).

The questionnaire for instructors is composed of four
questions, aimed to obtain their opinion about the software
tool and the learning activity. The two tutors were asked to
fill the questionnaire together and provide a single answer
to each question. The complete questionnaire and its results
are shown in Section 4.3.

Finally, student’s final projects were used also as a mea-
sure instrument to address the research questions.

3.5 Methodology for the Analysis of the Results

In this section we describe how the results of each measure
instrument have been analyzed.

The students’ answers to Likert items in the question-
naire were evaluated using the recommended methodology
[37] to analyze Likert items, that is, mode, median, inter-
quartile range and nominal levels of disagreement (degree
of disagreement of 1, 2 and 3) versus agreement (degree of
agreement of 4, 5 and 6).

Free-text items were processed according to the constant
comparative method [38], a methodology based on grounded the-
ory [39]. In the first step, each student’s response was decom-
posed into the ideas it expresses (answers). Therefore there are
usually more answers than students, because each student’s
response usually expresses more than one idea. Then the
answers were divided into categories. In the phenomenological
reduction phase, the categorieswere grouped by subject (themes).
Finally, in the triangulation phase, examples of supporting quotes
were provided. The main advantage of using this methodol-
ogy is that the ideas expressed in students’ answers emerge
from the analysis of the sentences, and are not pre-conceived
by the researchers. Therefore the free text items are not
intended to measure any predefined variable, but to collect
information that arises from the students answers.

Next we describe the methodology for the evaluation
and analysis of the students’ projects. As explained before,
in the first evaluation of the software tool with Group A, the
students seemed to demand a greater degree of interactivity
(that allowed them to generate more appropriate initial
seeds). To accommodate this, a second prototype with an
interactive mode was implemented. To evaluate the useful-
ness of this new working mode, we carried out a study with
the projects presented by the second cohort. The main goal
of this study was to determine whether or not the greater
degree of interactivity in the second prototype of the tool
had had any effect on the perceived quality of the final resi-
dential projects. Another goal was to analyze the possible
influence of the quality of the initial seeds in the quality of
the projects (Q). To this end, we analyzed each of the 36
projects of the second cohort, according to three dimen-
sions: degree of interactivity of starting points (I), quality of
starting points (q), and quality of the final design (Q). Here
we describe each dimension in more detail.

� Degree of interactivity of the starting point (I). As
explained, each group had absolute freedom to select
from their 90 schemas those to be used as starting
points. Therefore, for each project we can define a
degree of interactivity of the starting points I, that we
define as the ratio between interactive starting points
and total number of starting points used in that par-
ticular project.

� Quality of the starting point (q). Each starting point
was labelled from A (optimal) to E (absurd). For
each project, let qw be the worst value of these labels
and qb the best one.

� Quality of the design (Q). In order to assess the over-
all quality of the designs submitted by the students,
we have used the five categories defined in [40] to
score the quality of the designs: creativity (Qc), aes-
thetics (Qa), ergonomics (Qe), technical aspects (Qt)
and business aspects (Qb). The global quality of each
project, Q is computed as the average of these five
variables. Each project was assessed independently
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by the two tutors involved in the experiments. Both
of them have extensive experience (more than 20
years) in teaching and professional practice. The
evaluation of the quality of each project was blind
with respect to the quality or generation mode of the
initial seeds. The inter-rater agreement was ana-
lyzed. The average size of the confidence interval for
the difference of scores (across the five different
dimensions evaluated) was 0.79, which shows a rea-
sonable degree of agreement. Finally, the final score
for each project was computed as the average of the
two individual scores.

To further clarify these dimensions, let us show some
examples. The single family house shown in Fig. 4 was
developed from an automatically generated cell (so I ¼ 0)
classified as A (therefore qw = qb = A). The project was rated
by the tutors with Qa = 4 (aesthetics), Qt ¼ 3 (technical
aspects), Qc = 3.5 (creativity) and Qe = Qb = 5 (ergonomic
and business). The quality of the project is then the average
of such measures, that is, Q = 4.1. For the apartment block
shown in Fig. 5, students used two automatic schemas that
they had classified as D (I ¼ 0, qw = qb = D). This project also
received good scores: Qc = Qa = Qt = 3.5 (creativity, aes-
thetics and technical aspects), and Qc = Qc = 4.5 (ergonomic
and business). Therefore the quality of this project is Q = 3.9.

The results of the evaluation of all projects are shown in
Table 4. The examples used in the previous paragraph cor-
respond to projects 13 and 14 in such table.

4 RESULTS

In this section we present the results obtained in the two
experiments performed. First we begin by reporting the
students’ answers to the questionnaire (Groups A and B),
then the results of the analysis of the residential projects
(Group B), and finally the tutors’ answers to the question-
naire developed for them.

4.1 Results of Students’ Questionnaire

A total number of 78 students (first cohort, Group A) and
42 students (second cohort, Group B) completed the

questionnaire. Recall that it was composed by three differ-
ent types of questions: twelve Likert items and two free
text-items (both cohorts). An additional three Likert items
and a multiple choice question were also presented to the
second cohort. We present the results of each type of ques-
tion separately.

The first twelve Likert items were answered by both
cohorts (i.e., by a total number of 120 students), while the
three Likert items specifically for the interactive mode were
answered by forty-two students of the second cohort. The
students had to evaluate their degree of agreement with
each sentence, from 1 (strongly disagree) to 6 (strongly
agree). Table 1 summarizes mode, median, inter-quartile
range and nominal levels of agreement (degrees of agree-
ment of 4, 5 and 6) for each of the fifteen items.

With respect to the two free-text items, there were 135
(Group A) and 86 (Group B) different answers for the posi-
tive aspects, and 102 (Group A) and 59 (Group B) different
answers for the aspects to be improved. Comparatively, the
42 students that completed the questionnaire in the second
cohort produced a greater number of different answers (both
for positive aspects and possible improvements of the tool)
than their 78 colleagues in the first cohort.

Two researchers independently assigned answers to cat-
egories (13 in the case of the positive answers, and seven-
teen for the negative ones). The inter-rater agreement
between the two researchers was computed using the iota
i statistic [41], an extension of the kappa measure for the
case of multivariate data and multiple judges. A i value
of 1 indicates perfect agreement. In our case, we obtained
i values of 0.707 and 0.69 (positive aspects, groups A and
B) and 0.75 and 0.898 (aspects to be improved, groups A
and B) which indicate a reasonable initial degree of agree-
ment. Then, a negotiation process between the two
researchers was completed, to finally assign answers to
categories. The results of applying the constant compara-
tive method to our two free text items are shown in
Tables 2 and 3.

Finally, the questionnaire for Group B included a multi-
ple choice question that allowed the 42 students to explic-
itly state their preferences for the interactive or automatic

TABLE 1
Results of the Students’ Questionnaire
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working mode for the generation of the initial seeds. The
students could select from three choices: a) I prefer the
automatic version, b) I prefer the interactive version or c) I
think that each version has its own functionality. The per-
centage of students that selected each option was 29, 38
and 33 percent, respectively.

4.2 Results of the Analysis and Evaluation of
Students Projects

As explained, in the experiment carried out with the second
cohort we tried to obtain evidence of the possible influence
of the nature and quality of the initial seeds in the perceived
quality of the students’ projects.

Table 4 shows some results based on Group B students’
projects. The first column identifies the project and the second
column its type (SF: single-family house; AB: apartment
block; RH: row houses; GA: gallery). The third column shows
the degree of interactivity of the starting points, I, while the
fourth and the fifth columns show the labels for, respectively,
the worst (qw) and best (qb) schemas used in the project. The
rest of the columns show the grading of the projects according
to the five selected criteria (Qc; . . . ;Qb) and its averageQ.

As explained, the students had a total of 810 schemas to
choose from. From them, 88 were selected by the students
as starting points for some of their 36 projects. The percent-
age of schemas that received each quality rating (q) is shown
in Fig. 6.

Concerning the interactivity of the selected starting
points, 42 selected schemas were generated automatically
and 46 were created interactively. Of the 36 residential proj-
ects developed by the students, 14 used automated sche-
mas, 11 used interactive schemas, and 11 projects combined
both types.

4.3 Results of Tutors Questionnaire

In this section we present a brief summary of the tutors
opinions.

Question 1. What did you like most about this activity and
tool?

“The first added value of this activity is simply the possi-
bility of using the tool and knowing the concept of shape
grammar. We consider that it is very educational, especially
for a generation so accustomed to using software. It is rea-
sonable to think that some students will continue to use
them in the future. The fact that this task is interdisciplinary
is also very positive.”

Question 2. What possible improvements could be made?
“In relation to the tool and its use in this particular activ-

ity, we think that it would be desirable to extend the num-
ber of variables to be taken into account in the shape
grammar, so it would be able to generate solutions that are
formally more extreme and less predictable.”

Question 3. After seeing the final results, how would you rate
the overall work developed by your students? Do you think the
results would have been different if students had had to develop
their projects from scratch?

“Overall, the students have done a great job, especially
taking into account the limited time they had. It is reason-
able to assume that even without the starting point pro-
vided by the tool, some of the projects presented would
have been very similar. We think that some students were
looking for their pre-conceived solutions among those pro-
vided by the computer tool. However, some others were
more open to exploring the different solutions, and we think
that the most interesting projects have emerged from acci-
dental elements, like the small annex spaces or errors. Ini-
tially, they seemed not to have any practical use, but finally

TABLE 2
Categories, Themes, and Supporting Quotes for Positive Aspects
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they have served to encourage the clustering of the dwell-
ings, providing support so students could freely use their
imagination. We do believe that the use of the tool has accel-
erated these kind of discoveries and expedited the designs.”

Question 4. Please make any comments that you wish.
“About the software tool, it seems clear to us that it is still

in the first stages, especially if it were to be used in a profes-
sional environment. But in our opinion its use in educative
settings is very appropriate. In fact, the tool has been useful
at least in providing experiences in two important factors of
the design process: the difficulty of making choices and the
randomness provided by happy accidents, both of them
topics of special interest in our subject matter. Having so
many floor plans automatically generated by the tool, so
they could be discussed and selected by the groups of stu-
dents, has been an excellent exercise in analysis and reflec-
tion, which are usually easier to carry out in other people’s
work than in their own designs. At the same time, the pro-
gram generates such a wide variety of schemas that acci-
dents occurred randomly, creating proposals that at first
sight could be considered as undesirable forms, but in the
end were used to generate the most interesting projects. Stu-
dents can therefore learn (in a practical way) that their pre-
conceived ideas are not always the more appropriate
solutions.”

5 DISCUSSION

In this section we discuss the results we have presented in
the preceding section, in terms of the research questions
formulated.

Research question 1. Can the basic house schemas provided by
BH-Shade be helpful for students of architecture, in the task of
designing residential projects?

First of all, the use of the software tool, at least, did not
appear to be a hindrance for the development of the design
task. In fact, with respect to the usability of the software
tool, all related Likert items (1, 2, 3 and 4) show medians
and modes of at least 4 and degrees of agreement higher
than 71.79 percent across the two cohorts of students.

When asked about the schemas generated by the tool,
most students considered that they can provide good start-
ing points (75.64 percent in the first cohort, and 83.33 per-
cent in the second one), and that the schemas were
interesting (62.82 and 71.43 percent). It also seems that add-
ing interactivity to the tool improved its usefulness: 59.52
percent of the students of the second cohort considered that
“without the tool, the practice would have been more
difficult”, while in the first cohort 48.72 percent seemed to
agree with this sentence.

All in all, the students seemed to enjoy this task: they con-
sidered it interesting (80.77 and 92.86 percent) and they

TABLE 3
Categories, Themes, and Supporting Quotes for Aspects to be Improved
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positively valued the methodology (75.64 and 73.81 percent).
They also likedworking in groups (79.49 and 90.48 percent).

In general, the students of the second cohort showed a
greater degree of agreement with each sentence in the ques-
tionnaire (except for item 11). In particular, they seemed to
have a much greater interest in being allowed to define their
own shape grammars (71.43 percent versus 48.72 percent in
the first cohort). There is not enough evidence to state
whether this increased satisfaction level or interest in shape
grammars has been due to the possibility of a more interac-
tive experience with the tool or whether it could be due to
other factors (like for example, the students’ motivation).

The analysis of the two free-text items in the question-
naire supports these conclusions. The results of both cohorts
are quite consistent in which aspects they liked most: Table 2
shows that the most frequently mentioned theme was Sup-
port for creativity (55.56 and 44.19 percent). Specifically, the
category The tool provides good starting points (30.37 percent
in Group A and 22.10 percent in Group B). An example of
a supporting quote for this category is: “The range of start-
ing points and solutions provided by the tool”. Also in
this theme, a positive perceived aspect was overcoming

preconceived solutions (8.89 and 8.14 percent in groups A and
B, respectively). The instructors’s feedback also pointed to a
similar conclusion, when they said “However, the most
interesting projects have emerged from accidental elements
like the small annex spaces or errors”. In fact, and according
to their experience, “the designs of the clusters of schemas
obtained using traditional methods are usually more rigid
and less creative than the ones generated with the tool”.
Also, it seems that the students found that the tool helped
designers to be more efficient (7.41 and 5.81 percent).

Following closely, the next most frequently mentioned
theme is Aspects relative to the quality of the solutions (25.18 and
33.72 percent), and, in particular, diversity (19.26 percent in
Group A and 18.61 percent in Group B). An example of a
supporting quote for this category is “The tool provides
numerous alternatives”. In this sense the tutors declared that
“the program generates such a wide variety of schemas that
accidents occurred randomly, creating proposals that at first
sight could be considered as undesirable forms, but in the
endwere used to generate themost interesting projects”.

All in all, it seems that both cohorts of students found
that the starting points provided by the tool were useful in
the design process, interesting, diverse, and helped them to
trigger their creativity when designing residential projects.
As for the tutors, they valued positively the randomness
and diversity of the solution provided by the tool, which
encouraged analysis and reflection and expedited the
design.

There are also some aspects to be improved, according to
the students’ opinions (as expressed in Table 3), and accord-
ing to the instructors participating in the study.

The most frequently mentioned theme in both cohorts
was Aspects relative to the distribution of spaces (48.04 and
42.37 percent), and specifically the categories overlapping of
specialized spaces (10.78 and 13.56 percent); better location of
the front door (11.76 and 13.56 percent) and residual spaces
(9.81 and 10.17 percent). Examples of supporting quotes are
“Spaces should not overlap, especially when there is free
space”; “The front door does not need to be near the
kitchen” and “Avoid residual spaces”.

However, the next most frequently mentioned theme is dif-
ferent for the two cohorts: while for Group A it was Aspects
related to shape grammars (21.57 percent), Group B students
seemed to bemore concerned aboutAspects relative the software
tool (28.82 percent). Group A students demanded additional
criteria in the shape grammars (19.61 percent) while Group B

TABLE 4
Analysis and Evaluation of the Projects (Group B)

Project Type I qw qb Qc Qa Qe Qt Qb Q

1 SF 1.00 C C 3.5 3.0 3.0 3.5 3.0 3.2
2 AB 0.67 C C 3.5 4.5 4.5 3.5 4.0 4.0
3 RH 0.75 C A 2.5 2.5 2.5 2.0 2.5 2.4

4 GA 0.67 C C 5.0 4.5 5.0 4.5 5.0 4.8
5 SF 1.00 B B 4.5 3.5 4.5 4.0 5.0 4.3
6 AB 1.00 B B 2.5 3.5 3.5 3.0 3.5 3.3
7 RH 1.00 C B 4.0 4.0 4.5 4.0 4.5 4.2
8 GA 1.00 B B 3.5 4.0 3.5 3.0 4.5 3.7

9 SF 1.00 B B 3.0 3.5 3.0 3.5 3.5 3.3
10 AB 1.00 B B 3.5 3.5 3.5 3.5 3.5 3.5
11 RH 1.00 B B 3.5 3.0 3.5 2.5 3.0 3.1
12 GA 1.00 C B 3.5 4.5 4.0 4.0 4.0 4.0

13 SF 0.00 A A 3.5 4.0 5.0 3.0 5.0 4.1
14 AB 0.00 D D 3.5 3.5 4.5 3.5 4.5 3.9
15 RH 0.33 B B 3.0 4.0 2.0 3.5 2.5 3.0
16 GA 0.50 E C 4.0 3.0 4.0 3.0 4.0 3.6

17 SF 1.00 A A 4.0 4.0 4.5 4.0 4.0 4.1
18 AB 0.00 C C 3.5 3.0 4.5 3.0 4.5 3.7
19 RH 0.50 C B 3.0 4.0 3.0 3.0 3.0 3.2
20 GA 0.08 D B 4.0 4.0 4.0 3.5 4.0 3.9

21 SF 1.00 A A 3.5 2.5 3.5 3.5 3.5 3.3
22 AB 0.00 A A 2.5 3.0 2.5 3.0 2.5 2.7
23 RH 0.50 B A 3.5 2.5 4.5 3.0 4.0 3.5
24 GA 1.00 B A 3.5 4.0 3.0 4.0 3.0 3.5

25 SF 0.00 A A 3.0 2.5 3.5 3.0 3.0 3.0
26 AB 0.50 B A 2.5 2.0 3.0 2.5 2.0 2.4
27 RH 0.33 B A 3.0 3.5 4.0 3.5 3.5 3.5
28 GA 0.67 C A 3.0 2.5 2.5 3.0 2.5 2.7

29 SF 0.00 A A 3.5 4.0 4.0 4.0 4.0 3.9
30 AB 0.00 B A 4.5 3.5 3.5 5.0 3.5 4.0
31 RH 0.25 B A 2.5 2.5 2.0 2.5 2.5 2.4
32 GA 0.00 B A 2.5 2.5 4.0 2.5 3.5 3.0

33 SF 0.00 D D 4.0 4.0 5.0 4.0 4.5 4.3
34 AB 1.00 B B 3.0 3.0 3.0 3.5 3.0 3.1
35 RH 0.00 D D 2.5 4.0 4.5 2.5 3.5 3.4
36 GA 1.00 C A 3.0 4.0 4.0 4.5 3.5 3.8

Fig. 6. Percentage of A-E in all schemas versus starting points (Group B).
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students considered that the software tool should provide
more editing capabilities (18.65 percent).

Finally the theme Aspects related to solutions was men-
tioned by both groups of students (17.65 percent in Group
A and 22.03 percent in Group B). Both groups demanded
more variety of solutions. Some students in Group A com-
plained about the excess of randomness (8.82 percent),
while some students in Group B said the tool should not
present absurd solutions (6.78 percent).

The fact that students in the first cohort were critical with
some aspects concerning the basic house schemas provided
by the tool suggested that an increased user control could
help to produce starting points which are more suitable for
user’s needs. To accommodate this, we implemented the
second prototype, which allowed for more user interaction.
However, students of the second cohort did not express
clear preference for either of the two working modes.

The instructors also thought that the tool was at an early
stage and should include additional architectural criteria to
be used in professional practice. However, they found that
its use in the academic context was more than adequate.

Next we will present some conclusions regarding the
projects presented by students of the second cohort. These
results provide answers for research questions 2 and 3.
Though the sample size is small (36 projects, developed by
50 students), it is in the range of sample sizes for similar
studies that we have discussed in the literature review sec-
tion (10 to 62 students), so we think it is enough to at least
obtain some evidence for the two additional research ques-
tions specifically developed for this second experiment.

Research question 2. Do students have any preferences for
interactive or automatic solutions?

Here we discuss the preferences of the students for
automatic or interactive solutions. The multiple choice
question included in the questionnaire for Group B was
aimed to understand the students’ thoughts on this ques-
tion. As explained in Section 3, when the students were
asked about the preferences concerning the interactive or
automatic modes, no clear pattern could be detected:
roughly one-third of the students preferred one of the
modes over the other (29 and 38 percent for the automatic
and interactive, respectively), while about another third (33
percent) considered that each mode had a different
functionality.

Items 13 to 15 of the questionnaire seemed to confirm this
belief. Most of the 42 students who completed the question-
naire liked to be able to combine interactiveness with ran-
domness (75.19 percent), but also to keep a certain degree of
control with the interactive mode (92.86 percent). More
interestingly, the greater majority of the students agreed
that, in the automatic mode, randomness can help trigger
the creative leap (90.48 percent).

This is also confirmed by the students’ behavior: from the
88 selected schemas, 52.27 percent were interactive and
47.73 percent were automatic; and from the 36 projects,
38.89 percent were entirely based on automatic schemas,
30.56 percent were entirely based on interactive schemas,
and 30.56 percent were based on a mixture of interactive
and automated schemas. Note that the students’ behavior
when choosing cells to develop their projects is quite consis-
tent with their thoughts as expressed in the multiple choice

item, as approximately one-third of the projects were based
on each option.

Research question 3. Does the nature (automatic/interactive) or
quality of the initial seed have any impact on the perceived quality
of the final residential projects presented by the students?

With respect to the nature of the initial seed, we have
computed the coefficient of correlation between I and Q
and it is c ¼ 0:04, that is, practically zero. Moreover, if we
compute the average quality for projects entirely based on
interactive schemas, for projects entirely based on auto-
mated schemas, and for projects based on a mix of interac-
tive and automated schemas, we obtain values of 3.6, 3.2
and 3.6, respectively. These results suggest that allowing
users certain degree of control over the generation of start-
ing points has not had any positive impact on the quality of
the final projects. Therefore perhaps interactivity is not
really needed to generate useful starting points that pro-
duce high quality designs.

Regarding the relationship between the quality of the start-
ing points and the quality of the final designs, it can be dis-
cussed in the light of the data presented in Table 5. Each row
summarizes the data for all projects whose worst schema
used was of quality qw. Each row shows the number of proj-
ects (#), their average quality as assessed by the instructors

(Q) and their average grading concerning creativity (Qc).
It can be seen that both global quality and creativity are

better for projects generated from D and E starting points.
To this respect, instructors believed that somehow worse
starting points triggered the creativity of the students, who
were able to generate good quality designs. It might also be
the case that the more motivated students were willing to
explore the complete range of solutions provided by the
tool, and their intrinsic motivation also made them produce
the best projects. All in one, it seems that, at least in this
experiment, the quality of the starting point was not signifi-
cant for the generation of good designs

It is also interesting to explore the quality of the seeds
that the students have selected for each project. Fig. 7 shows
the number of starting points of each perceived quality that
has been selected in each type of project.

It can be seen that for the single-family houses, the stu-
dents show a preference for the best starting points (with
few exceptions), while for groupings they are willing to use
all types of initial solutions. Probably for groupings they are
considering other selection criteria (for example looking for
an easy-to-group exterior shape), as it is not difficult to
make the necessary adjustments to improve the quality of
an initial seed Another possible explanation was given by
the students themselves in the classroom presentations. In
one of the student’s own words:

TABLE 5
Quality of Schemas versus Quality

of Designs (Group B)

qw # Q Qc

A 7 3.36 3.21
B 15 3.41 3.30
C 9 3.56 3.44
D 4 3.88 3.50
E 1 3.60 4.00
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“Some starting points that initially were labelled as problem-
atic were selected for grouping projects, because usually in such
projects there is a need to sacrifice the perfection of each single-
family house. Also, the use of twists and irregularities in the ini-
tial seeds has given birth to creative projects. And it was useful to
have such a large repertoire of initial seeds to choose from, because
you could always find a cell that fitted in your design”.

6 CONCLUSION

In this paper we have described the implementation and
evaluation of two prototypes of an educational software
tool (BH-ShaDe) specifically designed to assist architecture
students in the early stages of a design, by providing them
with starting points for the design of residential projects.
The tool is based on intelligent techniques, namely shape
grammars and reinforcement learning.

In order to determine the usefulness of the tool we have
conducted an experiment in the Architecture School of the
University of M�alaga. The evaluation with 120 students of
two different cohorts of successive academic years has
shown that the tool was useful to students, by providing a
diverse range of starting points that helped them as sources
of inspiration and expedited the design.

The findings obtained in the second experiment of our
study could also be of interest when developing computer
tools to support design teaching and learning, though in
this case the sample size is small (36 projects, developed by
50 students) so probably the results are not as conclusive. A
first reflection can be made about where we must concen-
trate our efforts. As we have seen, it does not matter
whether schemas are provided “as such” or they are the
result of an interactive process; no clear preference is
expressed by the students and no clear difference can per-
ceived in the results.

Another important point for the design of educational
software tools is that starting points do not need to be
“perfect” to be useful; in fact, some students mentioned in
their presentations that the “irregularities” of some basic
house schemas triggered their creativity and they were able
to use them productively. The instructors also shared a sim-
ilar position with respect to this aspect. It was also con-
firmed in the evaluation of the projects, which showed that
both global quality and creativity are better for projects gen-
erated from D and E starting points. Therefore, even if some
students had preferred “more elaborated” starting points, it
would be in opposition to the positive effects of ambiguities

and imperfections, as perceived by both the students and
the instructors as a trigger for creative work.

Additionally, the initial number of starting points pro-
vided by a tool should be, in our opinion, as great as possi-
ble, but then controlled by a conscious evaluation and
assessment of the available alternatives. The initial solu-
tions can then be modified (if needed) to suit other criteria.
As several students said, one of the strong points of the
software tool presented here is the number and diversity
of initial seeds.
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