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Abstract. Recent advances in Machine Learning and Deep Learning
revolutionise many industry disciplines and underpin new ways
of problem-solving. This paradigm shift hasn’t left Architecture
unaffected. To investigate the impact on architectural design, this study
utilises two approaches. First, a text mining method for content analysis
is employed, to perform a robust review of the field’s literature. This
allows identifying and discussing current trends and possible future
directions of this research domain in a systematic manner. Second,
a Scientometrics study based on bibliometric reviews is employed
to obtain quantitative measures of the global research activity in the
described domain. Insights on research trends and identification of the
most influential networks in this dataset were acquired by analysing
terms co-occurrence, scientific collaborations, geographic distribution,
and co-citation analysis. The paper concludes with a discussion on the
limitations, opportunities and future research directions in the field of
Machine Learning-aided architectural design.
Keywords. Machine Learning; Text mining; Scientometrics.

1. Introduction
An increasing number of architects is seeking proof that their designs will meet
future expectations via quantitative, data-intense methods, which are necessary to
understand in depth the increasing complexity of contemporary designs. It has
already been argued that there are more data available to us than we need (Carpo,
2017), and the primary challenge is to convert generated or retrieved data into
meaningful information.
New strategies for data collection and processing and, most importantly,
new techniques for understanding and automatically extracting information are
necessary to overcome the limitations of traditional parametric design approaches.
The advocators of parametricism argue that increasing the number of design
parameters will allow linking all kinds of information, towards more automated
design processes. However parametric models are rule-based models that allow
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for the coding of human reasoning, and require intervention from an analyst able
to observe the steps of every condition of intelligent behaviour; therefore, large
workflows of human flux cannot be fully automated(Andia, 2013). The computer
science community as early as in the 1960’s “abandoned” systems that had a
structure directly related to the designer and not the task, and focused on artificial
intelligence (Winograd, Flores, & Flores, 1986)
An efficient and cost-effective automatic technique employed when manual
programming is failing to perform is Machine Learning (L’heureux, Grolinger,
Elyamany, & Capretz, 2017). It is a computer-based approach imitating human
cognitive abilities for problem-solving, and one of - if not the -main applications
of artificial intelligence (Fogg, 2018) that is extensively used in computer science,
and many other fields. Machine Learning algorithms are trained by identifying
patterns in data and build probabilistic or predictive models that can perform
specific tasks, by generalising from examples. However, the fundamental goal
of learning algorithms is to go beyond generalisation of training sets, because
it is extremely unlikely to meet the exact same data set again(Le, 2018).
When overpassing dependencies on initial input data and parameters, including
singularities, algorithms develop the capacity to perform out of idealized set-ups.
Moreover, learning models allow identifying patterns from data and important
aspects relevant to interactions between systems, between the environment and
its inhabitants, as well as between disciplines, through observing recursive events.
In order to identify research trends and measure global research activity in the
field of Machine Learning-aided architectural design, Scientometrics (Nalimov
& Mul�chenko, 1971) is employed in this study to quantify research trends and
impact via measuring citations, mapping scientific fields, and using indicators in
research policy and management (Mingers & Leydesdorff, 2015)A bibliometric
review based on bibliographic coupling and co-citation analysis is also used to
provide a coherent overview of theoretical cornerstones along with recent research
trends and uncover hidden links between the two distinct areas of study at hand.
The remaining of this paper is organized as follows: Section II describes
the methodology that was used for data extraction and presents the structure of
the selected dataset. Section III is comprising two parts. First, a co-occurrence
analysis reveals the main areas of focus within the research area and second, a
Scientometrics study identifies and describes networks and connections; as well
as citation, bibliographic coupling, co-citation, and co-authorship relations. The
mentioned tasks are performed and visualized with the help of VOSviewer (N. van
Eck & Waltman, 2009) Finally, Section IV aggregates the findings and discusses
limitations of the current study as well as future research directions.
2. Dataset
The Scopus database was last accessed on 20/11/18 to build the required dataset.
A two-stage search was performed to collect the sought data. First, publications
containing terms relevant to computer-aided architectural design and architectural
terminology were retrieved. This resulted in 11,573 documents, published
between 1970 and 2019. Within those results, 4,038 documents referred to
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machine learning processes, while it is worth noting that 330 of them were
published as open access. In order to separate these documents, the following
database query was used: (((ALL (“computer-aided architectural design” OR
“architectural design” OR “algorithmic design” OR “algorithmic architecture”)
AND ALL (“build environment” OR “urban environment” OR “urban space” OR
“design process” OR “design cognition” OR landscape OR geometry OR form
OR “form finding”)))) AND (“machine learning” OR “deep learning” OR “neural
networks” OR “supervised learning” OR “unsupervised learning” OR “artificial
intelligence”)
Figure 1 presents the distribution of the retrieved publications per year. Notice
that there is an exponential increase in the number of publications since early 2000s.
Most papers appeared on 2017 (400, 9.91%), followed by 2016 and 2018 when
8.79% and 8.77% of total papers were published respectively. The number of
total scientific publications in the field almost doubled in 2008 (from 143 to 277)
due to the large number of papers (78) appearing in the 2007 Proceedings of the
ASME International Design Engineering Technical Conferences and Computers
and Information in Engineering Conference, DETC2007. However, a clear decline
in the number of publications followed the next three years between 2008-2011.
This could be attributed to lack of funding due to the global financial crisis, as
the specific research field requires access to costly computational sources. The
distribution of findings per subject area suggests that 35,35% of the publications
were published by authors whose main area was computer science, followed by
engineering (27,12%). This is due to the interdisciplinary nature of the topic and
was taken into account in the analysis that follows.

Figure 1. Distribution of publications on Machine Learning in Architectural Design per year.

3. Analysis
The first part of the analysis focuses on exploring in depth the topics of interest,
with the aid of VOSviewer. This comprises a term co-occurrence analysis of title
and abstract contents, to pinpoint key research areas and their evolution over time.
The second part of the analysis deals with developing keyword co-occurrence,
co-authorship, and co-citation density maps, to provide a visual representation of
networks, collaboration, and future directions.
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3.1. TERM CO-OCCURRENCE

In order to gain insights on trends in the dataset, and due to the interdisciplinary
nature of this area of research, a term co-occurrence analysis was performed.
This approach is a novel text mining method for content analysis, which allows
identifying main topics and trends in key research areas, and their evolution over
time (Demeter, Szász, & Kő, 2018). The dataset, including title and abstracts
of each publication, was exported in .csv format and imported to VOSviewer
for further processing, noting that VOSviewer does not include keywords in
terms co-occurrence analysis. Specifically, the automatic text mining option is
used via incorporating part-of-speech tagging (i.e., identification of verbs, nouns,
adjectives, etc.) and applying a linguistic filter. In simpler words, the software
identifies noun phrases (i.e. words or word sequences that consist exclusively of
nouns, or adjectives followed by a noun) and creates an extensive list of terms that
potentially describe the research topics of the field(N. J. Van Eck & Waltman,
2011). The default threshold of occurrences was increased in this study from
10 to 20 to limit results to more relevant information (i.e. selected terms must
occur at least 20 times in the relevant documents to be further considered). In
the 4038 publications that were analysed 66011 terms were identified, and 958
met the above criteria. A “full counting” method, where the occurrences metric
corresponds to the total number of occurrences of a term in all documents, provides
a complete list, preventing missing important information; as equal weighting is
assigned to terms with different frequency of occurrence.

Figure 2. a. Distance-based term map. b. Density map of term co-occurrence c. Density map
of keywords co-occurrences identified from authors .

A distance-based term map (Fig.2.a) was created from the final term set and
was used to identify clusters of related items. The distance between any two items

IDENTIFYING THE LANDSCAPE OF MACHINE LEARNING-AIDED 819
ARCHITECTURAL DESIGN

reflects the strength of the relation between them (N. van Eck & Waltman, 2009).
VOSviewer calculates a relevance score for each noun phrase. A low relevance
score indicates a random pattern in co-occurrences with other noun phrases and a
high relevance score suggests that the terms co-occur mainly with a limited set of
other noun phrases((N. J. Van Eck & Waltman, 2014).
Based on relevance scores 575 terms (60%) were selected. Seven term clusters
were identified (Waltman, Van Eck, & Noyons, 2010)and the most frequently
appearing terms in these clusters are listed in Table 1. The terms that identified
and clustered via this procedure are the potential descriptors of certain subject
areas and provide the designated labels. Moreover, the weighted average age in
Table 1 corresponds to the date when the specific collection of keywords emerged
as a standalone cluster and provides an indication of research trends. Interestingly,
education appears to be one of the earlier areas where Machine Learning invaded
architectural research.
A density map (Fig.2.b) can be used to depict the occurrences of terms that
frequently appear together in the same or in relevant publications. Thus, the
most important terms with relatively higher relevance scores (red areas) form the
center of main clusters, which are encircled by yellow, green, cyan and blue areas,
corresponding to lower scores. This process resulted in the formation of two major
group of clusters (Fig. 2). Terms like building (frequency: N = (1330), algorithm
(N=741), control (N=271), map (N=266), city (N=271), are located in the “hot”
areas and form the first group, while for the second group a more fragmented
shape is formed by terms like activity (N=503), practice (N=472), rule (N=461).
In areas of smaller density, we can find terms like BIM (N=634) and cost (N=363).
3.2. BIBLIOGRAPHIC MAPPING

Next, the dataset was used for bibliographic mapping in VOSviewer. The first
part of the analysis was based on the co-occurrence of keywords that were used
by the authors to describe their publications, again in “full counting” (see above).
After a series of pilot runs, it was found that setting the number of occurrences to 8
provided optimal (i.e. less fragmented) results. As such, out of the 8651 keywords,
181 were found to meet the criteria and were selected for further processing. In
the resulting density map (Fig.2.c) one can observe that more groups appeared
around terms like architectural design, design process, design, architecture, BIM,
conceptual design, optimization. These terms are frequently used in computer
science and other disciplines, and that fact weakens the use of keywords for the
identification of relevant publications.
Next, a citation analysis was performed to identify the most influential
dissemination forums in the field. Out of 1618 sources 120 had published more
than 5 documents in this field. The top 10 based on the total link strength (which
is related to the number of commonly cited references appearing in these sources)
are presented in (Table 2).
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Table 1. Cluster labeling for areas within the architectural realm that Machine Learning
processes were explored in the literature.

Table 2. Most influential forums in the field of Machine Learning aided Architectural Design.

Analysis of results of scientific collaboration data from countries over 49 years
suggests that 9 clusters correspond to established collaborations between groups
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in different countries (Table 3) with United States, United Kingdom, Canada,
Germany, Australia, and China appearing as the countries that have attracted the
largest number of citations. Furthermore, the study revealed 64 collaboration
clusters between Universities, with only 5 of these clusters forming a network with
more than of 3 institutes (Table 4) With the School of Mechanical Engineering
from Purdue University, United States with 390 citations emerging as more
influential among them followed from University of California, Berkeley with 326
citations.
Table 3. Clusters of scientific collaboration between countries.

Table 4. Clusters of scientific collaboration between institutions.

4. Discussion
4.1. MAIN FINDINGS

The most important findings from the analysis of the dataset can be summarised
into the following:
• There is an exponential increase in the number of publications in the field
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•

•
•
•

since the early 2000’s, which the maximum number of publications being 400
in 2017. Certainly, there is no indication of saturation of the particular field,
which continues to attract an ever-increasing number of researchers.
The main areas of research within the field can be described by 7
clusters/inventories: Architectural education, Information flow, Modelling
processes, Sustainability, Research, Urban planning, Feasibility. The breadth
of these clusters is indicative of the interdisciplinary nature of the topic,
which spans across practically all fields of Architecture. It is interesting
though to mention that education appears to attract considerable interest,
which underlines the momentum of Machine Learning, and its future role in
architectural design.
United States of America is the world leader in the area and serve as a pivotal
node that connects a large cluster of researchers from 58 countries.
A shift towards sustainability and urban planning is noticeable is research
trends, which is in line with developments in other sciences.
Implementation of Machine Learning procedures requires costly
computational power, and declines in funding may affect advances in
the field.

4.2. LIMITATIONS AND CHALLENGES

Two main challenges were faced during this study. The first one is the potential
omission of relevant publications, after the fine-tuning of the search query. The
initial search query (computer-aided architectural design; architectural design;
algorithmic design; algorithmic architecture) resulted in 62,573 publications.
Search within those results with the addition of machine learning, artificial
intelligence, and neural networks reduced the number to 11,144 documents
(SEARCH A, Fig. 3). The common use of key phrases among different
disciplines resulted in the inclusion in the dataset of a large number of publications
with very low to no relevance. That can be explained if we consider that
most of the publications (7,902) originated from computer science, where terms
like architecture, design, architectural design, computer-aided design are used
to describe software engineering concepts. Therefore, additional key phrases
relevant to build environment, urban environment, urban space, design process,
design cognition, landscape, geometry, form, and form-finding i.e. more common
in Architecture, were included to the query in order to limit the results to the most
relevant ones. Moreover, to minimise the loss of important and relevant studies
deep learning, supervised learning, unsupervised learning added to the search
within the results (SEARCH B, Fig. 3). Still, it must be stated that mining of
relevant publications is not a fully robust procedure.
The second limitation is relevant to the text analysis algorithms used.
VOSviewer provides information regarding the structure of a field through
algorithms based on distribution or frequency of terms. However, such algorithms
cannot consider the contextual meaning of words e.g. Architecture as discipline
and architecture as structure of a processor. Moreover, the software offers limited
customisation options for term selection and clustering. Nevertheless, the use of
a wide variety of terms to customise the research query prevented omitting results
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with significant impact.

Figure 3. Comparison between search queries.

4.3. CONCLUDING REMARKS

The study presented in this paper is the first, to the authors’ knowledge, attempt
to provide a coherent and comprehensive overview of advances over the past 50
years in the field of Machine Learning-aided architectural design and, through
a text mining technique, cluster and classify the main areas of research focus in
this interdisciplinary field. In addition, a Scientometrics study was employed to
shed some light on the most influential sources, formed collaborative networks
and significant institutions operating in the field.
It was found that this field is experiencing exponential growth since the
2000’s, perhaps triggered by easy access to ample computational power and
massive labelled datasets, which revolutionise the fields of Machine and Deep
learning. Since the 2012 breakthrough (Beam, 2017), the field moves fast, and new
developments perhaps become obsolete in a timescale of months. It is important
to note that Machine Learning has infiltrated architectural education, suggesting a
bold move from research to practice in the near future. It is therefore important to
incorporate in a future update of this study resources from non-traditional research
dissemination platforms, such as online learning platforms, open repositories and
social media, in order to evaluate how deep learning technologies will shape
Architecture in the years to come. Definition of a robust set of sampling criteria
compatible with such information sources is challenging, and part of ongoing
research in the field.
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