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Foreword

The annual CAADRIA (Association for Computer-Aided Architectural Design
Research in Asia) conference provides an international community of researchers
and practitioners with a venue to exchange, to discuss and to publish their latest
ideas and accomplishments. The proceedings have two volumes containing the
research papers that were accepted for presentation at the Projections — 26th In-
ternational CAADRIA Conference, hosted and organised by the Faculty of Archi-
tecture at Chinese University of Hong Kong. The papers are also available online
at the open access cumulative database CumInCAD {http://papers.cumin-
cad.org}. The proceedings are the outcome of an extensive collaborative effort of
a team of volunteers and CAADRIA’s international Academic Review Commit-
tee.

Within the context of continued challenges and restrictions imposed by the
ongoing world-wide pandemic, our CAADRIA community have shown its resil-
ience and strength. Initial calls for papers in July 2020 resulted in a round number
of 400 abstract submissions. These abstracts were assessed by the Paper Selection
Committee and were a subject to a double-blind peer review performed by a team
of 151 international reviewers. 250 papers were invited to proceed to the next
stage - the full-length paper submission. Those manuscripts went through another
series of double-blind reviews, with two-to-four for each paper. As a result, 152
submissions were accepted and 149 of these were ultimately published in the
CAADRIA 2021 proceedings. We congratulate the authors for their accomplish-
ment.

Next to the authors, the reviewers, who volunteered their valuable time and
effort, deserve our sincere thanks and acknowledgements. We thank the Organis-
ing Team at The Chinese University of Hong Kong for hosting the 26th Interna-
tional CAADRIA Conference online.

We extend our special thanks to the ProceeDings team, and in particular Ga-
briel Wurzer, for his support with customizing the submission and review system
to the needs of CAADRIA from the full-paper submission to the production stage.
On the following pages, we acknowledge and thank those who contributed to the
production of this volume. In closing, we sincerely thank the CAADRIA commu-
nity for offering us the honour to serve as members of the paper selection com-
mittee for Projections, the 26" International CAADRIA Conference 2021.

Anastasia Globa University of Sydney (Chair)

Jeroen van Ameijde  The Chinese University of Hong Kong
Adam Fingrut The Chinese University of Hong Kong
Nayeon Kim Yonsei University

Sky Lo Tian Tian Harbin Institute of Technology (Shenzhen)
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CAADRIA 2021

Theme: ‘Projections’

In a time of unprecedented global challenges, the need for researchers and de-
signers to reflect on our changing society has rarely been more obvious. As the
pandemic highlights the precariousness of our fragile climate, limited resources
and unequitable urban areas, there is a new mandate for research and innovation,
searching for new technology-enabled processes that positively impact our pro-
fession, communities, and planet.

The advancement and adoption of new technologies in all aspects of our soci-
ety have started to profoundly change the nature of architectural design and ma-
terialisation processes, bridging between the digital and the physical worlds. Fluid
communication allows for unprecedented new levels of complexity, control and
feedback between design and the built environment. Large quantities of infor-
mation allow us to forecast how architectural and urban structures perform over
time, against a detailed understanding of their contexts.

‘Projections’ focuses on the implementation of our work, asking us to reflect
upon the different ways innovation will impact the future of our industry. We will
invite conversations and debate around the status of computational research and
design, reflecting on recent challenges and opportunities, and how these translate
into futures that are different from what was previously predicted. As we assess
our projects within the context of our shared realities, we position our work as
prototypes for alternative futures in our collective field.

The 2021 annual conference for Computer-Aided Architectural Design Re-
search in Asia (CAADRIA), will bring together academics, researchers and prac-
titioners involved in innovating, disrupting or revolutionising processes for the
conceptualisation, evaluation and materialisation of the built environment. By in-
viting participants from universities and practices throughout Asia, we aim to cre-
ate a platform for shared moments of inspiration, reflection, and projection.

Conference Organisers & Hosts,

Kristof Crolla The University of Hong Kong
Adam Fingrut The Chinese University of Hong Kong
Jeroen van Ameijde  The Chinese University of Hong Kong

{https://caadria2021.org}
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About CAADRIA

The Association for Computer-Aided Architectural Design Research in Asia
(CAADRIA) promotes teaching and research in CAAD in the larger Austral-
Asian and Pacific region supported by a global membership.

CAADRIA was founded in 1996 with the following objectives:

e To facilitate the dissemination of information about CAAD among Asian
schools of architecture, planning, engineering, and building sciences.

e To encourage the exchange of staff, students, experience, courseware, and
software among schools.

e To identify research and develop needs in CAAD education and to initiate
collaboration to satisfy them.

e To promote research and teaching in CAAD that enhances creativity rather
than production.

CAADRIA organizes among others an annual conference, the first of which
was held in 1996 in Hong Kong. Since then, 25 conferences have been held in
Australia, China, Hong Kong, India, Japan, Korea, Malaysia, New Zealand, Sin-
gapore, Taiwan, and Thailand. The annual CAADRIA conferences provide an
opportunity to meet, to learn about the latest research, and to continue the dis-
course in the field. The 26™ conference, in 2021, is held at The Chinese University
of Hong Kong. CAADRIA 2021 is held as a virtual conference for the second
time in the history of the Association to bring together researchers, practitioners
and schools of the pacific region even at a time of continued global Covid-19
related travel restrictions.

CAADRIA is one of the four founding organizations of the International Jour-
nal of Architectural Computing (1IJAC), and typically co-edits one issue each year.
IJAC is published by SAGE in both paper and electronic versions.

Christiane M. Herr
President, CAADRIA
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Worlds Less Travelled

Liam Young
Coordinator, MA in Fiction and Entertainment, SCI-Arc
Founder, Tomorrows Thoughts Today
Co-director, Unknown Fields Division

Our perception of the world is largely shaped through the mediums of fiction.
Through film we have always imagined alternative worlds as a way of understand-
ing our own world in new ways. A critical role of Science Fiction is to provide a
counterbalance to the prevailing media narratives around emerging urban tech-
nologies. Typically, our imagined futures are based on a solutionist view of tech-
nology and are marketed to us as simplified worlds of better and brighter often
ignoring the complexities, subcultures and unintended consequences that result
when technologies are democratized and rolled out at scale. In this talk, Liam
Young will narrate a series of stories from these worlds less travelled, just small
glimpses, fragments, vignettes and snapshots from a series of his films that will
come together to create a portrait of an alternative future of technology, urbanisa-
tion and automation.

BIOGRAPHY

Liam Young is a speculative architect and director who operates in the spaces
between design, fiction and futures. He is cofounder of Tomorrows Thoughts To-
day, an urban futures think tank, exploring the local and global implications of
new technologies and Unknown Fields, a nomadic research studio that travels on
expeditions to chronicle these emerging conditions as they occur on the ground.

Described by the BBC as ‘the man designing our futures’, his visionary films
and speculative worlds are both extraordinary images of tomorrow and urgent ex-
aminations of the environmental questions facing us today. As a concept designer
he visualizes the cities, spaces and props of our imaginary futures including work
on the forthcoming features Swan Song, starring Mahershala Ali and Awkwafina
for Apple TV and Folding City for Chinese Production company Wanda in addi-
tion to production designing an unannounced new sci fi series for eOne. With his
own films he is a BAFTA nominated producer and has premiered with platforms
ranging from Channel 4, SxSW, the New York Metropolitan Museum, The Royal
Academy, the BBC and the Guardian.

His fictional work is informed by his academic research and he has held guest
professorships at Princeton University, MIT, and Cambridge and now runs the
ground-breaking Masters in Fiction and Entertainment at SCI Arc in Los Angeles.
He has published several books including the recent Machine Landscapes: Archi-
tectures of the Post Anthropocene and Planet City, a story of a fictional city for
the entire population of the earth.
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Leveling-up our Design Methodologies

Ben van Berkel
Professor, AA Dipl. (Hons), (F)RIBA, Hon. FAIA
Founder / Principal Architect, UNStudio
Founder, UNSense

In light of the challenges society is facing, UNStudio’s founder Ben van Berkel
will present on the integral and human centric approach to health, flexibility and
technology in their work. Leveling-up our built environment requires thinking
about the relation between different scales. UNStudio has produced a wide range
of work, from public buildings to infrastructure, offices to residential as well as
interiors and products to urban master plans. With their focus distinctly placed on
the future, in 2018 the practice founded a sister company, UNSense, an arch tech
company that aims to create impact by developing technology and innovative so-
lutions that improve quality of life for individuals, communities and the planet.

BIOGRAPHY

Ben van Berkel studied architecture at the Rietveld Academy in Amsterdam and
at the Architectural Association in London, receiving the AA Diploma with Hon-
ours in 1987. In 1988 he and Caroline Bos set up UNStudio, an architectural prac-
tice in Amsterdam. Current projects include the Southbank mixed-use develop-
ment in Melbourne, ‘Four’ a large-scale mixed-use project in Frankfurt and the
Wasl Tower in Dubai.

With UNStudio, he realised amongst others the Mercedes-Benz Museum in
Stuttgart, Arnhem central Station in the Netherlands, the Raffles City mixed-use
development in Hangzhou, the Canaletto Tower in London, a private villa up-
state New York and the Singapore University of Technology and Design. In 2018
Ben van Berkel founded UNSense, an Arch Tech company that designs and inte-
grates human-centric tech solutions for the built environment.

Ben van Berkel has lectured and taught at many architectural schools around
the world. From 2011 to 2018 he held the Kenzo Tange Visiting Professor’s Chair
at Harvard University Graduate School of Design, where he led a studio on health
and architecture. In 2017, Ben van Berkel also gave a TEDx presentation about
health and architecture. In addition, he is a member of the Taskforce Team / Ad-
visory Board Construction Industry for the Dutch Ministry of Economic Affairs.
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Planetary Reticulum: Considerations for Global Multi-Modal Connectivity
in the Post-COVID Era

Cristiano Ceccato
FRAeS FRSA
Director, Zaha Hadid Architects, London

In today’s globalised economy, multi-transport nodes bind cities together as part
of an ever-growing, singular planetary network of complex urban environments.
In the post-COVID world, we are confronted with the question of how to fill the
intangible space between them and create a new balance across cultural bounda-
ries, geographical barriers and growing political divides. This ‘infrastructural
glue’, combined with new forms of travel, communication and decentralised col-
laborative work environments, is rapidly becoming the major catalyst for societal
transformation in a 21st century tempered by pandemic and its politics.

Touching on examples from ZHA, this presentation will reflect on how multi-
modal infrastructure projects of increasing complexity are designed and con-
structed to provide the innervation for cities around the world — the connective
tissue for a truly global meta-urban condition. These excursions into transport de-
sign provide a thematic and functional counterpoints of nodes and connectors, and
speculates on an architectural vision of inter-urban development on a worldwide
scale.

BIOGRAPHY

Cristiano Ceccato is a Director at Zaha Hadid Architects (ZHA) in London,
having previously worked for Frank O. Gehry Partners in Los Angeles. Trained
as an architect and computer scientist, he engages across all levels of design and
technical development, with worldwide project delivery experience on a wide
range of typologies. Cristiano is also an accomplished software developer, having
previously co-founded the BIM company Gehry Technologies in California.

Cristiano has spearheaded ZHA’s entrance into the aviation market since
2010. He is the Project Director for the Beijing Daxing Airport in China com-
pleted 2019; the Navi Mumbai International Airport in India; and the Western
Sydney Airport under construction in Australia. Cristiano is a graduate of the Ar-
chitectural Association and Imperial College in London. He is a Fellow of the
Royal Society of Arts and a Fellow of the Royal Aeronautical Society, where he
sits on the Air Transport Specialist Group board.
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Senseable Cities

Carlo Ratti
Director, MIT Senseable City Lab
Founding Partner, Carlo Ratti Associati

The way we live, work, and play is very different today than it was just a few
decades ago, thanks in large part to a network of connectivity that now encom-
passes most people on the planet. In a similar way, today we are at the beginning
of'a new technological revolution: the Internet is entering the physical space — the
traditional domain of architecture and design — becoming an “Internet of Things”
or [oT. As such, it is opening the door to a variety of applications that — in a similar
way to what happened with the first wave of the Internet — can encompass many
domains: from energy to mobility, from production to citizen participation. The
contribution from Prof. Carlo Ratti will address these issues from a critical point
of view through projects by the Senseable City Laboratory, a research initiative at
the Massachusetts Institute of Technology, and the design office Carlo Ratti As-
sociati.

BIOGRAPHY

An architect and engineer by training, Professor Carlo Ratti teaches at the Massa-
chusetts Institute of Technology (MIT), where he directs the MIT Senseable City
Lab, and is a founding partner of the international design and innovation office
Carlo Ratti Associati. He graduated from the Politecnico di Torino and the Ecole
Nationale des Ponts et Chaussées in Paris, and later earned his MPhil and PhD at
the University of Cambridge, UK.

A leading voice in the debate on new technologies’ impact on urban life and
design, Carlo has co-authored over 500 publications, including “The City of To-
morrow” (Yale University Press, with Matthew Claudel), and holds several tech-
nical patents. His articles and interviews have appeared on international media
including The New York Times, The Wall Street Journal, The Washington Post,
Financial Times, Scientific American, BBC, Project Syndicate, Corriere della
Sera, Il Sole 24 Ore, Domus. His work has been exhibited worldwide at venues
such as the Venice Biennale, the Design Museum Barcelona, the Science Museum
in London, MAXXI in Rome, and MoMA in New York City.

Carlo has been a presenter at TED (in 2011 and 2015), program director at the
Strelka Institute for Media, Architecture and Design in Moscow, curator of the
BMW Guggenheim Pavilion in Berlin, and was named Inaugural Innovator in
Residence by the Queensland Government. He was the curator of the Future Food
District pavilion for the 2015 World Expo in Milan and chief curator of the “Eyes
of the City” section at the 2019 UABB Biennale of Architecture and Urbanism of
Shenzhen. He is currently serving as co-chair of the World Economic Forum’s
Global Future Council on Cities and Urbanization.
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Gilles Retsin (convenor)

Marina Otero Verzier

Deborah Lopez & Hadin Charbel
Jelle Feringa

Innovation Re-Origination

David Erdman (convenor)
Debora Mesa Molina
Elora Hardy

Philip Yuan

Jing Liu

Future Practice: Challenges and Opportunities of Technology Integration in
Building Engineering

Ramon van der Heijden (convenor)
Emidio Piermarini

Susanne Knorr

Man Kit Thomson Lai

Nick Williams

From Lab to Site: Promises of Disruptive Technology Implementations in AEC

Diego Pinochet (convenor)
Stefana Parascho

Skylar Tibits

Kevin Saey

Victor Leung

Encoding and Decoding Patterns of Planetary Urbanization

Enriqueta Llabres-Valls (convenor)
Michael Weinstock

Ying Jin

Rosalea Monacella
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Projections on Automation and Architecture

Recent tendencies in architecture have moved on from an obsession with contin-
uous form to develop a more critical understanding of the disciplines’ relation to
“the Digital”. Part of this shift is a variegated group of practitioners and theorists
that interrogate the notion of automation as an alternative angle to understand the
relation between architecture and digital technologies.

Framing architecture’s engagement with digital technologies as a form of au-
tomation opens up a vast territory of investigation, ranging from robotics and fab-
rication, to platform economics, the politics of the digital, and planetary issues
such as climate change. While this is a welcome departure from the often-isolated
viewpoint of the early digital experiments in architecture, the question arises how
this reflects back on core issues architecture itself — space, form and experience.
Returning from these vast territories of automation, have we lost the desire to
formulate a position on space and form?

This panel of experts will debate how automation has impacted our under-
standing of design and architecture itself. Covering the politics of automation and
its repercussions on architecture, the discussion will project possible architectural
attitudes, ideas and positions.

Gilles Retsin (convenor)
Programme Director, M.Arch Architectural Design, the Bartlett School of
Architecture, UCL
Co-founder, UCL AUAR Labs (Automated Architecture Labs)
Co-founder, AUAR Itd (Automated Architecture)

Originally from Belgium, Gilles Retsin is an architect and designer living in Lon-
don. He studied architecture in Belgium, Chile and the UK, where he graduated
from the Architectural Association. His design work and critical discourse has
been internationally recognised through awards, lectures and exhibitions at major
cultural institutions such as the Museum of Art and Design in New York, the
Royal Academy in London and the Centre Pompidou in Paris. He recently edited
an issue of Architectural Design (AD) on the Discrete and has co-edited Robotic
Building: Architecture in the Age of Automation, with Detail Verlag.

Gilles Retsin is Programme Director of the M.Arch Architectural Design at
UCL, the Bartlett School of Architecture. He is also co-founder of the UCL De-
sign Computation Lab, which does high profile research into new design and fab-
rication technologies. He is also co-founder of AUAR Itd (Automated Architec-
ture), a start-up working towards an automated platform for affordable housing.
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Marina Otero Verzier
Head of the Social Design MA, Design Academy Eindhoven

Marina Otero Verzier is an architect based in Rotterdam. She is Director of Re-
search at Het Nieuwe Instituut (HNI) and head of the Social Design MA at Design
Academy Eindhoven. At HNI, Otero works to give visibility to research projects,
practices, and initiatives that depart from established modes of thinking. Exam-
ples include Automated Landscapes (focusing on emerging architectures of auto-
mated labour) and BURN-OUT. Exhaustion on a planetary scale (instigating other
forms of coexistence and care for multispecies, collective bodies). She was previ-
ously Director of Global Network Programming at Studio-X in New York. Otero
was a member of the Artistic Team for Manifesta 13, and Curator of WORK,
BODY, LEISURE, the Dutch Pavilion at the 16th Venice International Architec-
ture Biennale in 2018. With the After Belonging Agency, she was Chief Curator
of the Oslo Architecture Triennale 2016. Currently, she is one of the curators of
the 13th Shanghai Art Biennial. Otero studied at TU Delft and ETSA Madrid and
Columbia University GSAPP. In 2016, she received her PhD at ETSA Madrid.

Deborah Lopez & Hadin Charbel
Lecturers, the Bartlett School of Architecture, UCL
Co-founders, Pareid Office

Deborah Lopez and Hadin Charbel are architects and founders of Pareid; an in-
terdisciplinary design and research studio currently located in London. Their
works adopt approaches from various fields and contexts, addressing topics re-
lated to climate, ecology, human perception, machine sentience, and their capacity
for altering current modes of existence through iminent fictions (if) believing that
disruptions to existing norms can be useful in generating alternate versions of fu-
ture realities. They have been recently awarded with the Arquia Innova Award in
the VII Arquia Proxima Awards by Fundacion Arquia and their work has been
presented in different international institutions and exhibitions such as Royal
Academy of Arts, Centre Pompidou, Seoul Biennale or Venice Biennale.

They are both Lecturers (Teaching) at The Bartlett School of Architecture
UCL in the B-Pro program where they run the cross-Research Cluster (1+20) in
Architectural Design and Urban Design entitled “Monumental Wastelands”, By
using climate fiction as a vehicle, speculations are put forward that engage various
ecologies via sentient machines and automated landscapes, through which current
economically profitable models are challenged.
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Jelle Feringa
Chief Technology Olfficer, Aectual

Jelle Feringa is an architecture and robotics specialist and as CTO of Aectual re-
sponsible for the development and production of tailor-made building products at
scale. While developing his PhD thesis at TU Delft, Jelle established a full robot-
ics lab in the docks of Rotterdam. Here he developed the technical underpinnings
for Odico formwork robotics, the first publicly traded architectural robotics com-
pany which he co-founded in 2012. Technologies that Jelle developed, include
hotwire, hotblade, diamond wire cutting and large scale 3d printing and are ap-
plied in high-profile construction projects.

Jelle has taught & lectured internationally at the Bartlett, Architectural Asso-
ciation, Paris-Malaquias, IAAC, ETH Ziirich, TU Delft and Aarhus School of Ar-
chitecture. He is a founding partner of EZCT Architecture & Design Research.
The work of the office is widely exhibited, exhibitions include the Mori Art Mu-
seum, Tokyo, Archilab, Orléans, Barbican Gallery Design Miami/Basel. Projects
by the office are part of Pompidou Center permanent collection and the FRAC
Centre Orléans. Jelle is a long-term contributor of the PythonOCC project, and
some of his fascinations include levelsets, stereotomy and powertools.
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Innovation Re-Origination

This panel will be discussing how the displacement of the origins of existing con-
texts can constitute new, future origins. Innovation is not always what’s new and
what is next; it may be directly in front of us. This is an increasingly important
consideration for architectural education and the profession; one which fore-
grounds the reuse of buildings, building systems, materials, infrastructures, trades,
craftsmanship, and landscapes as a viable arena for scholarly research, design de-
velopment and technical innovation. Within the context of CAADRIA, the im-
portance of this subject lies in the numerous technological promises that come
with the hybrid, mixed systems and which contradict and complicate the clean,
singularity of 20th century, holistic, ground-up construction. In focusing on this
area of research, the smooth streamlined mythology of BIM software might be
reconsidered and expose latent technical horizons.

The scope of research on “re-origination” and its requisite praxes locates itself
on the fringes of architecture discourse. Existing research on this subject has been
limited due to the fact that the majority of architecture schools and practices
largely see solutions to sustainability as tethered to the continued necessity for
new, novel construction systems, materials and tradecrafts. This panel will ex-
plore ways in which research in this area emphasises and explores the robust space
between social and environmental justice afforded by the primary lens of “altera-
tion.” Through this framework, small-scale, highly attenuated, design moves that
draw concisely from their context, minimize displacement, limit resources, and
capitalize on obsolete square footage and/or practices will be discussed as having
the capacity to innovate and re-originate.

David Erdman (convenor)
Chairperson, Graduate Architecture and Urban Design, Pratt Institute’s
School of Architecture

David Erdman is the chairperson of Graduate Architecture and Urban Design at
Pratt Institute’s School of Architecture in Brooklyn, NY. He was a co-founding
partner of the design collaborative servo where he designed and completed nu-
merous projects exhibited in museums in North America and Europe. Erdman co-
founded davidclovers (now plusClover) with former partner Clover Lee where
from 2006-2016 he designed and completed over twenty built projects in Hong
Kong, China and North America. In addition to the receipt of numerous awards
and having work from both firms exhibited and collected in museums, Erdman
was awarded the prestigious Rome Prize in 2008-2009.

In addition to Pratt, Erdman has taught at UCLA and HKU and held visiting
positions at various universities including Yale, UC Berkeley and Rice Univer-
sity. He is the author of Introducing (AR+D 2021), Pratt Sessions Volumes 1 and



XX1V

2 (ORO 2018, 2020) and co-author of Future Real (Yale SoA 2018). He has lec-
tured throughout Asia, North America and Europe. Erdman is currently working
on several books and a series of collaborative design research projects with gov-
ernment organizations in New York City and Hong Kong.

Debora Mesa Molina
Principal, Ensamble Studio
Ventulett Chair, Georgia Tech

Débora Mesa Molina, (Madrid, 1981) is European Licensed Architect and princi-
pal of Ensamble Studio, a cross-functional team she leads with her partner Antén
Garcia-Abril, based in Madrid and Boston. Balancing imagination and reality, art
and science, their work innovates typologies, technologies and methodologies.
From their early works — Hemeroscopium House or The Truffle- to their most
recent — Ca’n Terra and Ensamble Fabrica -, every project makes space for exper-
imentation aiming to advance their field. Currently, through their startup WoHo,
they are developing ways to increase quality and affordability in architecture
through the integration of offsite technologies.

Debora is committed to sharing ideas and cultivating synergies between pro-
fessional and academic worlds through teaching, lecturing and researching: she is
Ventulett Chair in Architectural Design at Georgia Tech since 2018 and previ-
ously served as research scientist at MIT where she co-founded the POPlab — Pro-
totypes of Prefabrication —in 2012. Above all, she is a doer, committed to making
poetic ideas happen.

Elora Hardy
Founder, IBUKU

Elora is the Founder and Creative Director of IBUKU. The team of designers,
architects and engineers that is exploring ground-breaking ways of using bamboo
to build homes, hotels, schools, and event spaces in Bali, Indonesia. Creating a
new design vocabulary based on this one material and exploring the way sustain-
able architecture and design can redefine luxury. The traditional skills of Balinese
craftsmen, combined with their design ideas and modern engineering enable them
to create original bamboo structures that meet the needs of a diverse clientele.
“IBUKU’s goal is to provide spaces in which people can live in an authentic re-
lationship with nature. IBUKU is creating spaces where living in nature is living
in style. IBUKU has built over 72 bamboo structures in Bali, Indonesia, and 5
internationally. Completed key projects include the Green School, Green Village,
Sharma Springs, and Bambu Indah Eco Resort, which have appeared in interna-
tional publications like Architectural Digest, Elle Decor, Vogue and the Huffing-
ton Post.
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Philip Yuan
Associate Dean and Professor, College of Architecture and Urban Planning
(CAUP), Tongji University

Philip F. Yuan Associate Dean, tenured professor of the College of Architecture
and Urban Planning (CAUP) at Tongji University, Council Member of Architects
Sector, Virtual and Automated Construction Sector as well as Academic Commit-
tee of Computational Design Sector at Architectural Society of China; Director of
Academic Committee of Shanghai Digital Fabrication Engineering Technology
Center; Co-Chair of DigitalFUTURES Association. He founded Shanghai based
firms: Archi-Union Architects and Fab-Union Technology. Yuan is also a mem-
ber in the Scientific Committee of The International Association on Spatial Struc-
tures (IASS) and the International Conference on 3D Printing and Transporta-
tion3D Printing and Transportation (3DTRB).

His research mainly focuses on the field of performance-based architectural
tectonics, the application of robotic fabrication equipment as weak as develop-
ments of robotic fabrication technologies and is able to realize many of his re-
search theories in architectural practices.

Jing Liu
Co-Founding Principal, SO-IL
Visiting Professor, Pratt Institute

Jing Liu has been practicing for more than 15 years working on a wide range of
projects both in the US and abroad. Through building practice and interdiscipli-
nary research projects, Liu has led SO-IL in the engagement with the socio-polit-
ical issues of contemporary cities — in projects like the Artists Loft North Omaha
and the Martin Luther King, Jr. Library in Cleveland. Her projects range from
artistic collaborations with contemporary choreographers and visual artists to
master plan and major public realm design in cities like Melbourne and Indianap-
olis.

Liu brings an intellectually open, globally aware, and locally sensitive per-
spective to architecture. Her intellectual curiosity and artistic imagination allow
her to bring a more nuanced cultural perspective to the table. Her keen skills in
combining digital technology with traditional craft and firm belief in design’s
ability to re-engage people with the physical world around them allow the build-
ings she designs to become places of exchange that welcome interpretation and
transformation.
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FUTURE PRACTICE: Challenges and Opportunities of Technology Inte-
gration in Building Engineering

Moore’s law predicts the number of transistors in a dense integrated circuit to
double approximately every two years. This means that every 24 months, compu-
tational devices can perform their tasks twice as fast. For over 50 years, this theory
has held up. In the meantime, while our industry still considers decade-old BIM
technology to be “new”, Automation, Machine Learning, and Artificial intelli-
gence are increasingly taking over the laborious and repetitive tasks that are part
of our design and engineering work.

Designers will in the future interface with machines through Al assistants and
use human qualities, such as creativity, emotion, inter-human relationships, expe-
rience, and common sense to make decisions. At Arup Group we are currently
developing a design automation platform called “Total Design Automation”
(TDA) which will make it easy to both develop automated workflows and use
them across projects around the world. Through cloud technologies, automated
design tasks are linked together by the data they produce and subsequently con-
sume, orchestrating entire design workflows from start to end. In doing so, a gap
has been exposed between what is theoretically possible and what is needed now.
The biggest industry challenge is hardly ever the design and delivery of complex,
iconic architecture, but to provide sufficient housing and places to work for the
exponentially growing world population.

By touching on issues related to standardisation, industry skills, business strat-
egies, and future design and delivery methodologies, this roundtable panel of ex-
perts in computational design engineering and construction will discuss how our
industry can (prepare itself to) utilise future computation and automation to im-
prove the quality of our built environment.

Ramon van der Heijden (convenor)
Digital Design Leader, Arup East Asia

Ramon is Digital Design Leader at Arup East Asia. His work in Research and
development, Building Information Modeling and Building Data Management
has allowed him to develop a deep understanding of the technology that drives
innovation in construction data management and design. Specializing in the gen-
eration of large, data rich building models has enabled him to create the Elefront
add-in for Grasshopper. He is currently the Programme Director of the develop-
ment of a cloud-based design automation platform that allows anyone to develop
and use automated design solutions through the web.

Ramon has taught computational design at Eindhoven University of Technol-
ogy, and Construction Communication and Architectural Design at The Univer-
sity of Hong Kong. He has hosted seminars on Elefront at The Chinese University
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Hong Kong, The University of Hong Kong and for the AA Visiting School, Hong
Kong. Leading the Digital Design Team, his work focuses on optimizing and dig-
itizing existing design and engineering processes as well as exploring new busi-
ness opportunities using digital design technologies.

Emidio Piermarini
Associate, Buro Happold Asia

Emidio is an Associate with Buro Happold Asia, where he is the lead for their
new Computational Consulting offering. He works with clients in all stages of
the real estate life cycle to help clients realize solutions to their most complex
problems using big data and analytics. He is an early contributor to the open-
source Buildings and Urban Habitat Object Model (BHoM) and believes the open-
source era of AEC represents the future of our industry—design professionals who
can communicate and design using code.

Susanne Knorr
Global Client Development Lead Data & Analytics, Arcadis

Susanne is managing the Global Client Development of Arcadis’ Data Analytics
services, with a focus on driving sustainability. She is responsible for identifying
opportunities to apply advanced statistical methods and solutions for key-clients,
helping them to address their challenges and enhance the performance. Therefor
Susanne and her team partner with the technical engineering team, focusing on
analytics key methods like Data Management & Engineering, Data Visualization,
Data Science & Machine Learning, NLP, Computer Vision and [oT, and the client
development community across all sectors and solutions.

In 2017 Susanne was selected as an Arcadis Global Shaper, in 2018 she was
awarded the Start- up Digital Award. She is a mentor of Techstars X Arcadis City
Accelerator 2019. In 2020 Susanne was selected for the W50 Emerging Leaders
Programme by the London School of Economics and Political Science supported
by the Becas Santander Scholarship.

Lai, Man Kit Thomson
Executive Director of Innovative Solutions,
Digital Transformation Lead, Greater China, AECOM

Thomson Lai is a technology veteran with over 20 years of experience in the ge-
ospatial industry and is an expert in a wide variety of digital technology. He is a
chartered surveyor, CIC Certified BIM Manager, and a Project Management Pro-
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fessional (PMP) certified project manager. Thomson’s involvement has been in-
tegral to many large- scale civil infrastructure projects, and he’s responsible for
many digital solutions, including BIM processes and workflows. His recent pro-
jects include the Hong Kong International Airport Three-runway System, pilot
study on underground space development for the HKSAR Civil Engineering and
Development Department, study on integration of BIM & 3D spatial data for the
HKSAR Lands Department, and APAC datacenter BIM managed service for mul-
tinational technology company.

As an experienced technology practitioner, Thomson is a pioneer who inte-
grates technologies — including BIM, GIS, photogrammetry, [oT, and immersive
technology — for civil and infrastructure projects. He is also the Asia Digital
leader of AECOM and is currently leading the digital business in Asia, pushing
the adoption of digital technology across the region.

Nick Williams
Principal, Computational Design & Automation Leader, Aurecon

Nick Williams is a Principal at Aurecon and leads digital modelling, computa-
tional design and automation across the firm. In this role Nick has created both a
distributed network of practitioners across regional teams, and a central software
and business transition team. These two streams enable both a nimble response to
specific project needs, and the creation of standards and tools to reshape engineer-
ing and design services at scale.

Prior to joining Aurecon, Nick trained as an architect and practiced in Aus-
tralia and Europe. He has a Master’s degree from The Architectural Association,
London, and a PhD from RMIT University, Melbourne. In academic roles, Nick
has led various applied research around digital design and construction, prototyp-
ing data-driven approaches across multiple scales, materials and types of perfor-
mance. He has also authored over 20 peer-reviewed journal and conference papers
and remains a regular contributor to several academic forums.
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FROM LAB TO SITE: Promises of Disruptive Technology Implementations
in AEC

Having overcome the debate of the transition between the digital and the physical,
architectural design faces a challenge about applying lab research into real-life
scenarios to produce a true impact in our society. Whereas technology keeps driv-
ing definitive changes in architecture education and research, the demand for dis-
ruptive technological solutions addressing humanity’s future challenges, behest a
clear position on how to move beyond ‘the lab’ in the short, mid, and long term.

From the development of discrete ‘chunky’ architectures based on the mass
production of building components, to the proposition of smart architectures from
a material perspective that can self-assemble into complex objects and spaces, to
the final realization of a digital continuum from the 3d model to the physical en-
vironment using robots collaborating in a coordinated dance, lab research is under
scrutiny. The proposition of building systems and narrow applications represent-
ing the state-of-the-art research faces questions about their real impact in our so-
ciety in the short, mid, and long term. Can architecture — through computational
design — drive the necessary changes in the light of the challenges humanity will
face in the next 30 to 50 years? Furthermore, what are the necessary steps that
could lead to a disruptive implementation of the promising research that lays in
lab setups’ boundaries?

Diego Pinochet (convenor)
Professor, School of Design, UAI Chile
PhD Researcher, MIT

Diego Pinochet is a PhD student at the Design and Computation group at MIT,
researcher at the Encoded elements lab in the International Design Center at MIT,
a visiting Ph.D. Student at the Human-computer interaction group at MIT CSAIL,
and a Professor at the School of Design at UAI Chile. Diego Pinochet holds a
B.Arch and a M.Arch in the Pontifical Catholic University of Chile (PUC) and a
Master of Science in Architectural Studies (SMArchS) from MIT.

His research is focused on computational design and interactive fabrication
methodologies, Artificial Intelligence, Robotic Fabrication, Building Information
Modelling BIM, and Interactive Applications for creative purposes. His research
is focused on advanced computational design and interactive fabrication method-
ologies using Artificial Intelligence. He is pursuing his PhD degree in Design and
Computation at MIT with a major in Human-Computer Interaction and a minor
in Machine Learning. He seeks to bridge robotic fabrication with design method-
ologies to push innovation in architecture and construction through his research.
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Stefana Parascho
Assistant Professor, Director creAte Laboratory, Princeton University

Stefana Parascho is a researcher, architect, and educator whose work lies at the
intersection of architecture, digital fabrication and computational design. She is
currently an Assistant Professor at Princeton University where she founded the
CREATE Laboratory Princeton and is co-leading the PhD program in Technology
of Princeton’s School of Architecture. Through her research, she has explored
multi-robotic fabrication methods and their relationship to architectural design.
Stefana investigated computational design techniques ranging from agent-based
systems to sequential design and optimisation methods. Her goal is to strengthen
the connection between design, structure, and fabrication, and boost the interdis-
ciplinary nature of architecture through the development of accessible computa-
tional tools and robotic fabrication methods.

Stefana completed her doctorate in 2019 at ETH Zurich, Gramazio Kohler Re-
search. Previously, she received her Diploma in Architectural Engineering in
2012 from the University of Stuttgart and worked with DesignToProduction
Stuttgart and Knippers Helbig Advanced Engineering.

Skylar Tibits
Associate Professor of Design Research, MIT
Co-director and Founder, MIT Self-Assembly Lab

Skylar Tibbits is a designer and computer scientist whose research focuses on
developing self-assembly and programmable materials within the built environ-
ment. Tibbits is the founder and co-director of the Self-Assembly Lab at MIT, and
Associate Professor of Design Research in the Department of Architecture.

He is the author of the book Self-Assembly Lab: Experiments in Programming
Matter (Routledge, 2016), Active Matter (MIT Press, 2017), co-editor of Being
Material (MIT Press 2019) and the Editor-In-Chief of the journal 3D Printing and
Additive Manufacturing. He has exhibited installations in galleries around the
world, including the Centre Pompidou, Philadelphia Museum of Art, Cooper
Hewitt Smithsonian Design Museum, Victoria and Albert Museum and various
others.

Awards include LinkedIn's Next Wave Award for Top Professionals under 35
(2016), R&D Innovator of the Year (2015), National Geographic Emerging Ex-
plorer (2015), an Inaugural WIRED Fellowship (2014), the Architectural League
Prize (2013), Ars Electronica Next Idea Award (2013), TED Senior Fellow (2012)
and 2008 he was named a Revolutionary Mind by SEED magazine.
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Kevin Saey
Tutor, The Bartlett School of Architecture, UCL
Architect and Researcher, Automated Architecture (AUAR) Ltd.

Kevin Saey is a London based architect and researcher at design and technology
consultancy Automated Architecture (AUAR) and Automated Architecture Labs
at The Bartlett. He is invested in automation, digital fabrication and computational
design. With his background in both architecture, game design and digital arts, he
combines various interdisciplinary techniques to develop new and innovative sys-
tems, with a focus on innovative timber construction. Currently, he is an archi-
tectural design tutor in the B-Pro Program at the Bartlett.

He studied Digital Arts and Entertainment and Architecture in Belgium and
obtained a post-professional masters from UCL The Bartlett, where he was
awarded the Gold Price for his final project. His collaborative work with Gilles
Retsin Architecture has been exhibited at the Tallinn Architecture Biennial in Es-
tonia, the Royal Academy of Arts in London and Digital Futures in Shanghai.

Victor Leung
PhD Candidate, Gramazio Kohler Research, ETH Zurich

Victor Leung received his Bachelor of Arts in Architectural Studies from HKU in
2011 and Master of Science in Architectural Studies (Design and Computation)
from MIT in 2016. Victor is currently a PhD candidate in ETH Zurich, working
on robotic assembly methods of timber structures with integral timber joints. Vic-
tor is obsessed with designing and making custom robots/machines/end effectors
for various types of fabrication. He is the technical co-founder of AWAWA tim-
ber research, which focuses on the design-to-production cycle of freeform timber
joinery. From 2016 to 2018, Victor worked as a technical consultant for digital
artist and architects in the realization of kinetic installation and digitally fabricated
bespoke components. He has taught digital fabrication and computational design
courses in MIT (Boston), ETH (Zurich), HKU (Hong Kong), SUTD (Singapore)
and AA Visiting School (Hong Kong).
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Encoding and Decoding Patterns of Planetary Urbanization

In 1986 the Earth System Sciences Committee from NASA Advisory Council
raised the importance of an understanding of Earth Systems, and how the complex
interactions among Earth’s components affect its history and evolution. It empha-
sized humanity’s new role as an active participant in the Earth’s evolution and,
therefore, the need to understand the consequences of human economic and tech-
nological activity on the Earth’s biochemical cycles. This planetary perspective is
rising among the academic community, bringing back epistemological questions
that challenge a city-centric approach to the urban phenomenon. The alternative
is the concept of “Planetary Urbanization” to describe the extensive, uneven urban
fabric shaped in a neoliberal global context.

35 years after NASA’s report, the Covid-19 Pandemic demonstrates how un-
successful humanity is in facing global challenges. Similarly, the disciplines of
the built environment seem to be poorly equipped to engage with this Planetary
condition. This panel will discuss the positions and approaches that urban design-
ers can adopt to take advantage of the advances in global observations, infor-
mation systems, and computational methods for the analysis and planning of land-
scapes, urban and infrastructural systems in the context of Planetary Urbanization.
How can we challenge the negative externalities and consequences of a capital-
driven Earth System in which a large variety of agents interact in a non-linear
way, returning different levels of organization and hierarchies, each of them ruled
by their own laws?

This roundtable will bring together researchers with different areas of exper-
tise around the analysis and modelling of natural and urban environments as com-
plex adaptive systems, enquiring how global indicators and changes occurring at
the Planetary scale require the incorporation of emerging disciplines. It will ex-
plore how the incorporation of decision-making and behaviour might help to in-
form design scenarios, in the context of a non-linear Planetary Urbanization.

Enriqueta Llabres-Valls (convenor)
Lecturer, the Bartlett School of Architecture, UCL
Mittelsten Scheid Guest Professor, Wuppertal University

Enriqueta Llabres-Valls is a Lecturer in Architecture and Urbanism at the Bartlett
School of Architecture, University College London, and Mittelsten Scheid Guest
Professor in the Faculty of Architecture and Engineering at Wuppertal University.
She holds a degree in Architecture from UPC, Barcelona, and Local Economic
Development from the London School of Economics. Her research interest ex-
pands from the studies of the built environment to local development concepts
such as environmental policy and regulation, globalization, and inequalities.
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In her career, she has focused on integrating the concept of Relational Capital
in the design process. She leads with Zach Fluker Research Cluster 18 in the
MArch Urban Design BPro at the Bartlett. Her career in the practice has been
awarded on numerous occasions since she co-founded Relational Urbanism in
2009. In 2017 she co-founded LlabresTabony Architects; Relational Urbanism
continues its mission as Relational Urbanism Lab under the umbrella of
LlabresTabony Architects.

Michael Weinstock
Chair of Academic Committee,
Founding Director, Emergent Technologies and Design Programme, The Ar-
chitectural Association School of Architecture

Dr Michael Weinstock is an Architect and a Fellow of the Royal Society of Arts.
He is the Founder and Director of the Emergent Technologies and Design pro-
gram and Director of Research and Development at the Architectural Association.
Whilst his principal research and teaching have been conducted at the Architec-
tural Association, he has published and lectured widely at many other schools of
architecture worldwide.

His long-term interdisciplinary research agenda, The Evolution of Sentient Cit-
ies, focuses on the development of ‘metabolic’ and intelligent urban infrastruc-
tures that interconnect buildings, cities and conurbations with a special focus on
the evolution of adaptive and responsive systems of existing cities and on devel-
oping new paradigms for sentient cities in extreme climates and ecological con-
texts. His upcoming book is titled “The Architecture of Intelligence: The Evolu-
tion of Sentience and the City* (Wiley Academy).

Ying Jin
Reader in Architecture and Urbanism,
Director, Martin Centre for Architectural and Urban Studies, University of
Cambridge

Dr Ying Jin lectures on city planning, urban design, and urban modelling. He is
particularly interested in understanding how technology, policy and human be-
haviour affect the development of cities and their infrastructure, and in using this
knowledge to create new design solutions. At the Department of Architecture, he
leads the Cities and Transport Research Group, which is one of the world’s lead-
ing centres in the creation and use of conceptual and practical models for cities
and city-regions. Among a wide range of research projects, Dr Jin leads the city-
scale data science and urban modelling applications at the EPSRC Centre for
Smart Infrastructure and Construction.
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Dr Jin is the current Director of the Martin Centre for Architectural and Urban
Studies, and is the lead convenor of the international symposia on Applied Urban
Modelling. He currently leads the COVID-19 related modelling efforts in Cam-
bridge within the Royal Society’s Rapid Assistance in Modelling the Pandemic
(RAMP) programme.

Rosalea Monacella
Design Critic in Landscape Architecture, Harvard GSD
Co-founder, OUTR Research Lab, RMIT

Rosalea Monacella is a registered Landscape Architect and has undertaken re-
search on a number of cities around the world, and generated urban masterplans
that explore design at the nexus of the urban and natural environments. She has
been the recipient of a number of national and international awards and grants
related to her practice-based research as co-founder of the OUTR Research Lab
at RMIT University Melbourne, Australia.

Rosalea’s expertise is in the transitioning of the urban environment through a
careful indexing and shifting of dynamic resource flows that inform the landscape
of contemporary cities. As Chief Editor for 10 years, she has led the development
of Kerb Journal to become a significant publication in the discipline that engages
and challenges the discourse of landscape architecture. She holds a PhD from
RMIT University, a Master’s in Landscape Urbanism from the AA School Lon-
don, UK, and a Bachelor of Architecture from RMIT University.
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Abstract. This study presents the comparative analysis of two
undergraduate courses which focus on introducing digital fabrication to
design students. The duration of the compared courses are 5 weeks and
7 weeks respectively. The study employs action research methodology,
while the theoretical lectures, weekly exercises, materials, fabrication
tools and techniques, and students’ outcomes were used as data sources.
Particularly the material-based pedagogy and tool-based pedagogy of
the compared courses are evaluated in relation with the tools, materials
and techniques. The outcomes of the study is expected to provide
insights for instructors and design students in the context of digital craft.

Keywords. Digital Craft; Fabrication Techniques; Design
Pedagogy; Tool-Based Fabrication; Material-Based Fabrication.

1. Introduction

Over the last decades, there has been a growing interest in the integration of
required skills for digital fabrication with design education. One of the challenges
in digital fabrication pedagogy remained as how the skills might be introduced
to undergraduate students while they have not gained enough experience in
designing. Digital fabrication in architecture (Kolarevic, 2003) and architectural
pedagogy (Duarte et al., 2012; Celani, 2012; Blikstein, 2013; Sharif & Gentry,
2015; Varinlioglu et al., 2016; Pitkanen et al, 2019) is not a new topic. Apart from
the changing student profiles, the increase in access opportunities of architecture
schools to digital fabrication tools, the diversification of techniques and methods
used, and the material-based experimental approaches make it necessary to
discuss the pedagogy of digital fabrication again and again. Adopting from
Sheppard et al. (2008), Celani (2012) introduces three pedagogical models ranging
from the most defined to open ended approaches called controlled experiments,
semi-structure experiment, open experiments and projects. This paper focuses on
open experiment models in architectural education with a special emphasis on two
lenses conceptualized as tool-based and material-based fabrication pedagogies as
delineated in Figure 1.

PROJECTIONS, Proceedings of the 26" International Conference of the Association for Computer-Aided
Architectural Design Research in Asia (CAADRIA) 2021, Volume 2, 11-20. © 2021 and published by the
Association for Computer-Aided Architectural Design Research in Asia (CAADRIA), Hong Kong.
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Figure 1. a: Adopted from Celani (2012:476). b: Experiment-constraint relationship.

2. Digital Fabrication Pedagogy

Design Pedagogies have been controversial for decades. Regarding the reflection
of the digital fabrication tools, techniques, methodologies into architecture
education, there can be listed three transformative factors that have been influential
in shaping today’s pedagogical models. Over the last two decades, it has been
getting easier for architecture schools or architecture students to access tools for
digital fabrication. The second factor is the change in the actions of designing
and making with the transformation of the design-production flow into integrated
processes such as file-to-factory, design-to-production. Relatedly the growingly
body of knowledge and complexity of the processes in design and fabrication
necessitated novel approaches. The third is the paradigm shift from “instructive”
teaching to active learning approaches (Vrouwe et al., 2015), giving the due to
students.

Further to the establishment of the Center of Bits and Atoms (CBA) in
MIT Media Lab in 2001, institutionalization of digital fabrication laboratories
continued with an increasing momentum (Url-01). This development affected the
motivation to define a minimum common denominator for the tools that should be
in the digital fabrication laboratories and also provide these production tools for
architecture schools. Apart from the concrete tools available in FABLABS, this
situation also led to the formation of an abstract maker culture and the spread of
do-it-yourself (DIY) techniques.

Fabrication labs deal with several parameters in which a designer has to
manifest and demonstrate an algorithmic design to the real world with multiple
scales as a prototype or scale 1:1. Reflections of fabrication labs into academia
have faced multiple challenges due to students’ different hands-on design or
algorithmic design skills. Oxman (2007) offered “fabrication-based” design
and “digital craft” terms. Oxman’s (2007) digital craft term suggests the
design process, guided by fabrication rather than production as a result of



A COMPARATIVE ANALYSIS OF THE TOOL-BASED VERSUS 13
MATERIAL-BASED FABRICATION PEDAGOGY IN THE
CONTEXT OF DIGITAL CRAFT

design. Therefore, the reciprocal information flow between the designer and
the design object, material and digital model, analog and digital, prototypes
and their iterations enable a rich potentialities domain for designers. Celani
(2012) provides a comprehensive overview on the reflections of digital fabrication
on architectural curricula, underlining the challenges of introducing digital
fabrication technologies to novice students who have limited knowledge of
parametric/algorithmic/computational design methods and limited experience in
design. In this case, existence of complementary courses or workshops on specific
skills such as scripting, programming, parametric modelling; specific techniques
on analog or digital ways of making such as folding, cutting, molding, etc.;
and courses binding making processes and design would be also crucial factors
affecting students’ learning process. Hemsath (2010) discusses the potentials of
didactic strategy of teaching digital fabrication in architecture education, while
underlining the interconnected nature of the skills such as computational design
logic, digital fabrication and programming. Agirbas (2015) approaches digital
fabrication as a new mode of sketching in undergraduate level, through insertion
of' material-based design strategies. Considering the tacit dimensions of interaction
between the designing subject and the material space, El-Zanfaly (2015) suggests
the term I3 as an abbreviation of imitation, iteration and improvisation. In
El-Zanfaly’s (2015) proposition, human as a perceiving and experiencing subject
is considered as a crucial part of a situated craftsmanship activity. Fabrication
laboratories or FABLABs provide a collaboration ground for students, and teachers
or instructors to investigate materials’ potentials and different tools or machines
throughout a design process. Considering the pendulum between open-ended
design activities and structured exercises, Pitkdnen et al. (2019) uses the term
”scaffolding”.

2.1. TOOLS AND TOOLING

The digital fabrication tools that can be used in a design are directly related to
the materials selected and the desired production time depending on the budget
of a project. Another constraint is available technology which covers not only
the mechanical parts of a tool but also software, processes, operations and the
flow of information. When we add the designer to this equation, topics such as
the interaction between the designer and the tool, the creative use of the tools
by the designer, and the designers discovering new tools needs to be discussed.
Therefore, different than merely using a tool, tooling is a versatile and multifaceted
concept that is not easy to unfold without appropriate contexts.

Computer numerical control (CNC), laser cutters, rapid prototyping and
3D printing machines, robotic arms can be listed as the most common digital
fabrication tools. Apart from the digital fabrication tools, analog/conventional
tools for trimming, cutting, filing or forming are widely used in model making
processes. Modelling, prototyping and fabrication processes in architecture are
conducted with concepts of computational design thinking. Gonenc Sorguc et al.
(2019) underlines the priority of creating an awareness on emerging technologies
instead of merely teaching the tools.

Communication with the different design models through an analog, mechanic,
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and digital processes is a cyclic and open-ended activity that provides insights
to designers. Aranda and Lasch (2006) investigate the tooling concept through a
series of design processes. In those projects “tooling” becomes a medium in which
different techniques such as spiraling, packing, weaving, blending, cracking,
flocking, and tiling (Aranda and Lasch, 2006) manifest themselves in geometry,
form, material, and experiential representations.

Digital fabrication tools and processes necessitate relevant types of data,
therefore the way information is coded as data matters. Translation from
one mode of representation to another is required at every step of design
and production process. In some tools, this conversion process is automated.
There are many conversion processes including but not limited to conceptual
model to design model, geometric model to topological model, digital model to
production model, one scale to another; 3D CAD model to GCode, and vice
versa. Regarding the rapidly changing nature of digital fabrication technologies
the mechanical components of tools and their end effectors, soft components
(graphical user interface, algorithms and software) and their versions, computer
aided representations of design models, materials can be considered as active
agents of a digital fabrication process, apart from the designing human subject. In
this context, instead of defining a concrete body of knowledge in the architectural
curricula, providing temporal scaffolds (Pitkénen et al., 2019) for introducing the
tools becomes more crucial.

2.2. MATERIALS AND MATERIALITY

Oxman (2010) discusses materiality as a design driver in the context of new
materialism. In this conception, material properties inform form and structure
decisions in a bottom-up design strategy by incorporating physical form-finding
strategies with digital analysis and fabrication (Oxman, 2007; Oxman, 2010).

Beorkrem (2007) introduces a wide range of material techniques and strategies
with a specific focus on wood, metal, concrete/masonry, composites/plastics, and
recycled/pre-cycled materials. The notion of materiality in the context of digital
fabrication is closely connected to the affordances of tools and the interaction
between the materials and the techniques applied. When it comes to digital
fabrication pedagogy, exploring each material characteristics and potentials in
fabrication and design is the first step to orient students into computational thinking
design dependent on the used material. Designs have been formed and modeled
using multiple substances while nourishing students® tactile sense to stimulate
students’ sense of material perception and modelling capabilities. Each material
varied from rigid to ductile, from porous to solid guides students to use different
design techniques to avoid material failure or collapse. Materials with almost
opposite characteristics have been imposed to test different modelling and design
techniques through a material-based fabrication process.

2.3. FABRICATION STRATEGIES: TECHNICS AND ACTIONS

Aranda and Lash (2006) used a classification of a series of actions that ultimately
elicited specific behaviors, namely spiraling, packing, weaving, blending,
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cracking, flocking, and tiling. Iwamoto (2013) directly focuses on the action
and considers actions as a particular function of material. In other words, actions
such as sectioning, tessellating, folding, contouring, and forming are considered
as both material techniques and design strategies in Iwamoto’s (2013) conception.
Considering open-ended processes of design and fabrication, the list of the
actions can be expanded by designers depending on the needs and feedback from
experimental trials.

3. Methodology

Digital and analogue fabrication relies on multiple parameters and variables as
illustrated earlier. The study employs action research methodology, while the
theoretical lectures, weekly exercises, materials, fabrication tools and techniques,
and students’ outcomes were used as data sources. The students are expected
to gain an understanding of a variety of tools, techniques, materials, and their
use in architecture in the context of digital fabrication and gain insights into the
workflow and data flow in CAM processes, as well as gain hands-on experience
on representing and producing complex geometries by using digital modelling and
fabrication tools in both of the courses as learning outcomes. Another common
factor between both courses is the fabrication of both geometric and organic forms
using multiple fabrication design-based techniques like contouring, repetition,
recursion, rotation, folding, stacking and assembling. The main difference
between the mentioned courses is the pedagogical strategies namely tool-based
and material-based that were employed.

3.1. TOOL-BASED FABRICATION PEDAGOGY
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Figure 2. Weekly timeline analysis regarding technique , materials, lectures and concept in a
tool-based course introduced to level 2 and 4.

Taught Courses on digital fabrication in undergraduate level aim to achieve new
detail solutions for the known design problems, support students’ exploring the
limits of the material and fabrication strategies in terms of static and dynamic,
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and developing new and novel-material in the design and construction process,
engaging the algorithms and the input collected from physical environmental, as
well as test the limits of digital fabrication as shown in Figure 2

3.2. MATERIAL-BASED FABRICATION PEDAGOGY

3D visualization course has focused on developing students’ skills through
tackling with different materials then manipulating others through digital tools.
Digital design has been extensive with metal sheets and paper boards through
patterns generation, folding, cutting, and trimming while investigating subtractive
fabrication. Then by the end of the course another massive design is modelled
using a 3d printer to explore more fabrication. Free-form fabrication has been
manifested at the beginning with prototypes using tactile senses on discarded
materials, clay, and wire. At the end they follow the same fabrication techniques
with scale 1:1 with wooden boards to visualize their designs while adding some
textures with patterns using laser cutters.

This material-based course has encompassed three different fabrication
techniques while blending digital with analog to fit a tight 5 weeks’ schedule.
Main sources of inspiration to students are nature (biomimicry), geometry and
culture. Shifting their design skills from 2D to 3D forms has been mastered
through different tactics include folding, contouring (one-way and two-way as
waffle), stacking or packing, Assembling parts from subtraction, repetition of
elements or recursion which are the distinctive patterns and strategies of parametric
design as yielded in figure 3.
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2. Composition 2. Contouring 2. Filing 2. Grouping +
: Assembling
(Variety) 3. Contour + 3. Milling
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Figure 3. Weekly timeline analysis regarding techniques , materials, lectures and concept in a
material-based course introduced to level 2 .

This emphasizes the analog form-finding by well establishing tactile sense with
different materials’ characteristics and intrinsic boundaries.
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4. Case Study

The case study consists of comparison of two undergraduate courses which have
been introduced to different student groups relying on their academic level- one
is tool-based introduced to level 2 and 3 students - and another is material-based
conducted to level 2 students. Each course investigates the current applications of
digital fabrication methods in architecture with their theoretical foundations.

4.1. AIM AND SCOPE

The aim of this research is to share both courses experiences and interchange
learnt lessons to enhance performance and upgrade digital fabrication pedagogy.
Similarities and differences discussion between both curriculum has raised many
creative approaches in which both suthers and readers can consider in academia.

4.2. ANALYSIS

Firstly, a material-based course conducted to level 2 students has conveyed
multiple materials to stimulate students’ tactile senses through exploring different
materials characteristics and fabrication potentials as yielded in figure 4. Secondly,
a tool-based course presented to level 2 and 3 students has investigated students
ability to create their own fabrication tool based on subtractive, additive and
free-form ones creating their own process. Design modeling in both courses has
benefitted from computational design-based methodology that has oriented the
entire fabrication process.

At last, both courses have triggered students’ conceptual thinking through the

realm of fabrication processes. Both have upgraded their CAM (Computer-aided
manufacture) perception in both environments- analogue and digital.
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Figure 4. Material-Based fabrication Technique versus Tool-Based one regarding design
methodologies; Two courses remarkable students output comparative analysis.

4.3. COMPARISON AND EVALUATION

Both courses attempt to manifest materials and tools manipulation skills of
undergraduate students to implement and algorithmic design. Some students have
developed a sophisticated mindset to manage digital tools after experimentation
the potentials of each material through its physical and mechanical characteristics.
However, combining multiple materials and tools together is rather an advanced
process that requires more time. Such challenge can motivate students to pursue
further exploration in advances courses, workshops, or classes as postgraduate.

Students of both courses tend to manipulate geometric patterns while adopting
additive fabrication techniques. Their design potentials were attracted more
through combined, morphed and transformed geometries as illustrated in Figure
5.
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5. Concluding Remarks

This study focuses on the comparison of two courses with similar learning
outcomes, in which digital fabrication approaches are taught to undergraduate
architecture students. An experiment-constraint relationship matrix, which covers
a semi-structured and open experiment axis, as well as tool-based constraints and
material based constraints axis was used to gain a better understanding about the
teaching process and its evaluation. The main motivation of the study is to evaluate
our own teaching methods and make inferences that will be useful for the teaching
of the digital fabrication course in the following years.

Initial results show that translation of one form of design information to
another, from one tool to another, from one technique to another, from one medium
to another, in other words the process of translating the design information has
potential to support students’ engagement in both cases. In this sense, how to
provide common ground and a sense of continuity among different exercises might
become crucial. In the presented cases, the notion of scaffolding has contributed
a traceable backbone throughout the semester.

Moreover, an open experiment might not be the best thing to start with novice
students and get satisfactory results. In the observed cases, semi-structured
experiments oriented students toward reliable results which makes them gain
more self-confident and encourage them to push their boundaries. The results
might be different in the cases where complementary courses focusing on
algorithmic/computational thinking skills are available. It can be asserted that
semi-structured exercises have potential to support novice students’ engagement
and motivation in the context of learning and teaching digital fabrication.
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Abstract. This paper focusses on teaching the integration of
Augmented (AR) and Mixed Reality (MR), combined referred to
as Extended-Reality (XR), and photogrammetry technology into
handicraft using an online-taught digital fabrication workshop as an
educational case study. Set up in response to restrictions from Covid-19,
workshop “Secret Whispers & Transmogrifications” had students and
instructors around the world participate in a course that challenged our
understanding of educating craft and technology without the necessity
of physical presence. The integration of AR into craftsmanship
enhances architectural design and fabrication processes as it overlays
computation-driven information onto the hands of the end user. These
computer-numerically-controlled workflows incorporate and rely on
manual actions as an integral part of a process that is typified by
inevitable, unpredictable, human error. In doing so, the workshop
questions common infatuation with precision in digital fabrication
and construction by striving for alternative approaches that embrace
the inaccuracies and imprecisions innate to technologically-augmented
human craftsmanship.  Participants took part in a hands-on clay
modelling “secret whispers” experiment that was designed to introduce
theoretical concepts and applications of XR technology into the
production workflows. This paper concludes by highlighting that the
accessibility of today’s technology enables AR-enhanced craftsmanship

to be successfully taught remotely and online.

Keywords. Collaborative design; augmented-reality; mixed reality;

human-computer interaction; tolerances and error.

1. Introduction

Workshop “Secret Whispers & Transmogrifications” had students and instructors
around the world participate in a course that challenged our understanding of
educating craft and technology without the necessity of physical presence as
being set up in response to restrictions from Covid-19. An online taught digital
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fabrication workshop was used as an educational case study on teaching the
integration of Augmented (AR) and Mixed Reality (MR), combined referred to
as Extended-Reality (XR), and photogrammetry technology into handicraft.

1.1. COURSE FOCUS: INCREMENTAL SLIPPAGE

The workshop website describes how ”/...J Augmented Reality (AR)
integration into crafismanship promises a radical overhaul of architecture
and design production as it brings computational power directly to
people’s fingertips. Yet, with the hand becoming a key component in
these computer-numerically-controlled workflows, innate and unpredictable
human imprecision, inaccuracy, and error become an inevitable part of the
equation.” (Crolla et al., 2020). By seeking beauty in incremental slippage
from technologically augmented human craftsmanship, Secret Whispers &
Transmogrifications” challenged the ”Digital’s” obsession with control and
precision. Participants were exposed to both theoretical concepts and practical
applications of AR technology integration in design and production workflows
by participating in a hands-on ”secret whispers” experiment. Positioning itself
in a ”Post-Digital” context, the work employs alternative notational systems in
implementation methods that aim at humanising digital technologies through
interplay between digital and analogue material systems (Crolla, 2018).

1.2. COURSE CONTEXT: AR AND CRAFTSMANSHIP

With the arrival of easily accessible AR/MR technology, opportunities present
themselves for an increased and productive dialogue between collaborating
designers and craftsmen, providing greater local agency and prospects for more
diverse design output (Goepel and Crolla, 2020). Architects and engineers
commonly use AR applications to facilitate information extraction from design
information models to improve the efficiency and effectiveness of workers* tasks
(Chi et al., 2013; Chu et al., 2018). These include onsite applications where AR
can be seen implemented in Smart Helmets and Tablets, primarily for helping
engineers to make more accurate and rapid judgments for construction review
tasks (Ren et Al., 2017). In industrial settings, case studies of AR systems’ user
experiences have demonstrated their potential to reduce errors in assembly and
improve the quality of maintenance work (Aromaa et al., 2018).

Showecases for the integration of AR into fabrication and design processes in
architecture and the arts include work from peers that used MR for tasks such as
bricklaying (Franco, 2019) plywood construction (Jahn, Wit and Pazzi, 2019) steel
artwork production (Jahn et al. 2018), bamboo construction (Goepel and Crolla,
2020), and many more, indicating that a paradigm shift in manual production
has been set in motion. Instead of surrendering human skill to automation in
manufacturing, AR enhances the human capacities to participate in complex
processes through simplified instructions (Goepel, 2019).

We foresee human-computer interaction as in AR/MR to become far more
effective in a “Post-Digital” context than e.g.  robotics or other forms
of computer-numerically-controlled (CNC) production, because AR enables
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augmentation of onsite skill through the direct visual overlay of specific
holographic instructions onto manual actions (Goepel and Crolla, 2020).

1.3. COURSE TASK: SCULPTING AND 3D REFERENCING

The workflow and methodology applied in this workshop relied on 3D referencing
and 3D replication. This study builds up on prior research in which a series of
AR-aided clay sculpting methods were developed and tested in a demonstrator
case study and adds to this more elaborate AR-aided sculpting method for remote
operation.

2. Method
2.1. SETUP

The workshop set out as an experiment in which a set of fourteen sculptures,
of which digital model files were sourced online, was altered through several
morphing cycles that oscillated between the analogue and the digital world. Each
iteration began by hand-modelling a sculpture based on a given digital file through
the aid of holographic instructions, displayed through an AR application on the
participants‘ mobile devices. The result was then captured through multiple
photographs, taken with these devices’ high-resolution cameras, that were then
processed in a photogrammetry software. The resulting digital 3D geometry model
files were then passed on to the next person for the following sculpting cycle until
four iterations were achieved (see Figure 1, 2 and 3).

Pyt

Figure 1. Workshop concept, based on “Chinese Whispers” (image by Jean Julien).

Figure 2. Left: Original sculpture. Middle left: Iteration 1 by Student X. Middle right:
Iteration 2 by Student Y. Right: Iteration 3 by Student Z.

To speed up the start of the workshop, the instructors preselected fourteen



24 G. GOEPEL AND K. CROLLA

figures from free access online libraries such as 3D warehouse. These figures were
resized and trimmed to similar-scale sculptures using a Grasshopper® script in 3D
modelling software Rhinoceros®. Mesh resolutions were automatically optimised
to be suitable for seamless AR streaming, keeping sufficient detail for precise
modelling. These models were distributed to each student for the first iteration
of the secret whisper experiment. Throughout the process, these were gradually
transmogrified in three further steps until they reached their final form (see Figure
2 and 3).

Figure 3. Sculpture transmogrifications.

2.2. BESPOKE AR-APP

Fologram®, a Grasshopper® software add-on, was used to stream model data
through a custom developed AR application to the mobile handheld devices. The
app references itself and the clay block in the real-world environment through an
image target placed on the edge of the clay block (see Figure 4).

The custom AR application starts by using a digital bounding box which equals
the size of the physical clay block with the to-be-modelled digital sculpture in
its centre. The digital sculpture is intersected with several planes to identify and
highlight its contouring profiles. An interactive parametric slider determines the
spacing between each plane in X, Y, and Z direction. Intersection points are
connected with a curve, resulting in several silhouettes in each direction. Using
simple control buttons inside the app, users can switch between the X, Y, and Z
axis, and through sliders one can decide which silhouette is shown.
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Figure 4. View through smartphone of customised AR application, showcasing the overlay of
holographic instructions on top of the physical clay model.

Figure 5. Analogue sculpting process informed by holographic instructions.

Augmented reality is then used to holographically overlay this digital
information directly on top of the analogue sculpture. App controls give users
the real-time ability to switch between the display of the predefined contours and
silhouettes, allowing them to decide, as they sculpt, which necessary guides to
access to inform their addition or removal of material. This process is repeated
until an analogue interpretation of the digital file is accomplished (see Figure 5
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Figure 6. Top: View through mobile device with holographic instructions and view on clay
model where mass is removed or added accordingly. Bottom: Sculpting while viewing through
mobile device with holographic instructions. .

2.3. PHOTOGRAMMETRY

Photogrammetry software packages Meshroom® and ReCap® were then used to
capture the analogue clay sculpture and bring it back into a digital modelling
environment. A photo series taken by the participants was used as input to
regenerate a digital 3D model approximation of the analogue model (see Figure 7).
This digital model was then passed to the next participant for the next modelling
iteration.
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Figure 7. View of scanned clay model in Meshroom photogrammetry software.

Photogrammetry typically requires dozens of pictures of one object, a software
setup, processing time to convert the images into a 3D model, and post-processing
time for cleaning the mesh outcome in a 3D modelling software. This process can
take up to a few hours, depending on the used photogrammetry software.

Good photography skills are crucial to achieve successful photogrammetry
result. The object should be captured from all 360-degree angles and from the
top, middle and bottom. Image quality and resolution also affects the scan results,
with more recent handheld devices with better camera specifications typically
producing better results. Artificial lighting can possibly unfavourably affect the
scan outcome, whereas daylight conditions typically increase the quality of the
final scan. Used computer’s processing power also played an important role, as
one might only see an unsuccessful result after hours of processing, impacting
timelines. Clay properties also effected the scanning result: darker sculpting
clays resulted in less detailed scans than light-coloured material, as shadows and
highlights of the sculpted clay seemed to be less recognisable for the cameras on
dark surfaces.

3. Outcome

Unique characteristics and qualities emerged as the transmogrifications by
multiple authors accumulated with each step. Three cycles were completed,
producing a total of 56 sculptures. Their digital models were rendered for display
in an online exhibition presenting the collection in a virtual space visible by means
of walkthroughs with 360-degree views (see Figure 8).

This exhibition and website was created with free online virtual tour
creator Theasys®, a tool which allows for a series of digital renderings to be
interconnected through a navigation system to create and publish a 360° Virtual
Tour. The exhibition can be either experienced with virtual reality goggles as an
immersive 3D environment or through web browsers where visitors can navigate
through the exhibition space by clicking on arrows and using the mouse or finger
to direct the view.
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Figure 8. Virtual exhibition.

Exhibition visitors can observe and compare the sculpture transmogrifications
which are highly informed by the incremental slippage in the translation of the
sculptures. Rather than striving for accuracy in precise replication, the show
highlights the emergent characteristics in each iteration, leaving within each
sculpture a trace to the multiple co-authors’ hands, making the overall a collective
art piece.

The photogrammetric scan and the human sculpting hand became the two
contradicting authors, placed in a bi-directional dialogue between accuracy and
transgression throughout a modelling process centred around the holographic
guidelines. A high-resolution scan, for example, will directly affect a following
iteration’s similarity far more than a low-resolution scan, and a precise replication
of the holographic overlay will sway the following scan more favourably than an
unprecise copy. The level of participants® prior sculpting skill also substantially
differed within the group, which can be observed in the execution of the models.
The participants’ learning curve for working with holographic guides also affected
the resolution of the outcomes. Each participant’s first iteration can therefore
be seen as a first prototype with the technique, rather than as a well-executed,
holographically guided model which can be found the last iterations.

4. Discussion and future opportunities

The scanning technology used in this workshop relied on photogrammetry, which
today can be accessed with free software and does not require additional hardware.
The integration in latest mobile devices of LiDAR hardware, a technology found
for example in the fourth generation Ipad Pro and the Iphone 12 Pro, presents an
increase in usability and quality of 3D scanning technology. LiDAR stands for
light detection and ranging. The LiIDAR scanner measures how long it takes light
to reflect back from objects, so it can create a depth map of any space you’re
in (Apple, 2020). LiDAR has been used for several years now, for example in
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self-driving cars, robotics and drones, but the integration into a mobile device
opens up a whole new world of possibilities for 3D scanning and the use of AR. It
allows devices to understand their surrounding space by mapping it in 3D, enabling
the accurate placement and interaction with virtual AR objects. It also allows for
the generation of 3D objects based on a quick scan with apps such as 3D Scanner
App. Within a few minutes one can create a meshed-out 3D object. The quality
of the 3D mesh scan is not as decent as the method presented in this paper yet,
but considering the acceleration of the workflow, we can see a potential use of
integration LiDAR mobile 3D scans for future applications.

XR integration today has become rather straightforward: workshop
participants were able to quickly grasp the setup and installation of the apps, and
an intuitive understanding of the holographic instructions could be observed. The
user-friendly interface of the Fologram app permitted participants to just follow
the instruction given by the bespoke guides. The Fologram app was streaming
information directly from a Grasshopper file, rather than being a standalone app,
so a prior knowledge of that platform was helpful, as this allowed users to adapt
and customise certain functionalities.

Future studies could benefit from incorporation of other softwares, such as
Unity Reflect, that allow sending data from third-party plugins such as Rhinoceros,
Revit, or Sketchup to a Unity Reflect cloud server or to a Reflect server on your
machine. This data is then pushed to the device of choice, such as IOS or Android
phones or the Unity Editor itself where the data can be enhanced. This improves
overall workflow, because a live data link can be set up between the base geometry
and the applications. This data change can be viewed simultaneously by users
across multiple applications.

5. Conclusion

Today, AR enhanced craftsmanship has the ability to be taught remotely and online
around the world by the aid of XR integration. This study demonstrates that
XR and photogrammetry technology have the ability to enhance clay modelling
craftsmanship, allowing for a technology-driven democratisation of skill. The
incremental slippage between sculpting iterations showcases how, as the hand
becomes a key component in these computer-numerically-controlled workflows,
inevitable innate and unpredictable human imprecision, inaccuracy, and error can
become a constructive, qualitative part of the creative process. In doing so,
this study proposes a counter-narrative to common research on robotic or CNC
fabrication aiming for high accuracy and precision.
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Abstract. The traditional participatory design approach has its
physical limitations regarding the number of workshop participants and
visualisation tools used. In order to get the input from more people and
to enable three-dimensional design visualisation, an online web-game is
developed as a mass participatory design tool. For the purpose of this
research, a specific social issue regarding the ”Not In My BackYard”
(NIMBY) attitude in Singapore was chosen as a vehicle. The results
from a small pilot test group of a prototype shows that the participants
find this approach engaging. The game also has a potential in terms of
recording participants’ design and attitude inputs.

Keywords.  Mass Participatory Design; Citizen Participation;
Web-game Design; three.js; WebGL.

1. Introduction

Participatory design is an effective approach for solving community-based design
problems. The designer can facilitate the discussion and contribute their design
expertise while people from the community can offer their knowledge about the
site context. A traditional workshop-based approach typically uses drawings,
plans and other two-dimensional visualisation tools.

One example that managed to use traditional participatory design workshops at
a large scale was a city-wide project in Vancouver, Canada, in 2015. The CityPlan
Vancouver project was catried out over a period of two and a half years, involving
100 000 citizens (Rosol 2015). The project has generally been regarded as being
very successful.

However, such traditional approaches suffer from two main drawbacks:
limited scalability and limited support for spatial exploration. The scalability issue
stems from the fact that face-to-face workshops have inherent limits regarding
the number of workshops that can be held, and the number of participants that
are able to join those workshops. Scaling up the participatory process, as was
done in Vancouver, is often prohibitively costly and time consuming. The spatial
exploration issue stems from the fact that physical plans and models commonly
used in participatory design workshops mainly support two-dimensional planning.

PROJECTIONS, Proceedings of the 26" International Conference of the Association for Computer-Aided
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In high-density cities, the most innovative solutions often require 3D solutions that
are spatially complex (Pietsch 2000).

This research proposes to overcome these drawbacks by leveraging online
digital tools that allow participants to explore alternative design options.
Al-Kodmany (1999) has highlighted that: “Used on their own, the traditional
non-computerized tools lack the capabilities for sophisticated analysis, display,
and visualization that enable the public to make more informed decisions”. One
issue with such tools is that they are often too overwhelming and intimidating
for the general public to use. For participatory design, any such tools should be as
simple and as unintimidating as possible (Al-Kodmany 2001). However, this often
results in digital tools being used solely for the visualisation of design options. For
example, a well-known case-study is the participatory design project led by the
University of Glamorgan, on the proposed development of a wind farm in South
Wales (Berry et al. 2009). The workshops included various GIS visualisations that
show how the windfarms would be visible in the landscape. While these digital
tools were successful in allowing citizens to understand the visual impact of the
wind farms it did not allow the citizens to modify or change the design.

The aim of this research is to allow participants to create their own designs,
thereby giving feedback on the types of spatial configurations that could be
acceptable. We believe that innovative spatial configurations may be able to
ameliorate various types of social tensions that may exist in high density urban
environments. Configurations may involve stacking different types of programs.
From a planning perspective, we suggest that it would be useful to be able to
gather data on different types of configurations that citizens would find desirable.
This data could then be used to inform the planning of future urban environments.
Furthermore, if such tools can be developed as online games, they could potentially
be accessible to a much larger number of citizens, in contrast to the limiting
context of a traditional participatory design set-up. Games as a medium offers
immersive problem-solving experiences where players can learn not just facts, but
also multiple ways of seeing and understanding problems (Squire 2008).

A number of researchers have developed online participatory design tools
specifically for allowing citizens to develop their own designs. The most
well-known example is the “Qua-Kit” urban modelling tool developed by
Anonymous (2016, qua-kit.ethz.ch/about). The tool allows participants to do
a simple massing of 3D components on a base map. Qua-kit records the
configurations submitted by the participants and other participants can then view
and leave reviews on them. Qua-kit allows for a quick exploration of urban
planning iterations, however, the unconstrained modelling approach used in this
tool was still found to be rather complex for usage by the lay-people.

Another interesting tool is Block’Hood, an architectural simulation videogame
developed by Jose Sanchez (2015). The game aims to educate players on the
concept of trade-offs in city planning, with a focus on sustainability. The goal
of the game is to design a sustainable city that is ecologically interdependent,
testing the players’ resource management skills. This game was studied for its
simple voxel-based modelling approach which can be adapted for the context of
this research.
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In this research, we have developed an online web-game that addresses the
aforementioned limitations of a traditional participatory design workshop. The
game uses a voxel-based 3D modelling approach that is easy for citizens to use, but
that nevertheless allows complex spatial configurations to be created. The focus of
the game is to develop spatial configurations that resolve various potential social
tensions and conflicts between different programs, including residential housing,
worker dormitories, markets, restaurants, and parks. The game allows citizens to
develop and explore their own design ideas within the constraints imposed by the
game environment.

Section 2 describes the proposed design scenario and section 3 describes the
implementation of the first version of the game. Section 4 presents the results from
a pilot study while section 5 discusses the limitations and future work.

2. Design Scenario

A social issue in Singapore has been adapted as a vehicle for this research.
NIMBY, which is short for “Not In My BackYard” is a term coined in the
1970s and it refers to “the protectionist attitudes of and oppositional tactics
adopted by community groups facing an unwelcomed development in their
neighborhood” (Dear 1992). NIMBYism in Singapore is not new. With its high
population density, Singapore has no choice but to build unpopular facilities near
residential areas. In the past decade, there have been numerous NIMBY cases in
Singapore, usually regarding the construction of nursing homes and foreign worker
dormitories. NIMBYism often arises from the lack of proper communication
between the two parties involved in the development: the residents and the
developer.

A study conducted by Sirianni (2007) highlighted that a well-designed
participatory planning process could curb NIMBYism as it increases mutual
understanding between the two parties involved. Therefore, the aim of this
research is to create a game that will allow participants to develop an understanding
of how 3D spatial planning can resolve many NIMBY issues. Urban proposals that
incorporate programs such as nursing homes or worker dormitories can result in
various mutually advantageous solutions that would benefit all the residents.

The web-game developed for this research is a simple town building game with
complex rules. It has a simple interface where participants will be able to build
a 3D configuration by selecting a module, placing it into, or deleting it from the
neighbourhood. The interface is made to be as intuitive as possible to make sure
that it can be understood by anyone. However, the computational rules behind the
scoring system require a certain level of complexity in order to capture various
relationships and trade-offs relating to NIMBYism and city planning.

An imaginary site that represents a typical Singaporean neighbourhood has
been designed as the game environment, see figure 1. After accounting for a 10m
building set-back from the road, the site consists of a 90 x 90m buildable plot for
the game. This plot is further divided into 9 x 9 grid of 10 x 10m squares as this
grid size was found to have a good scalability in the context of Singapore’s built
environment.



34 A.C. YENARDI AND P. JANSSEN

i e - @~ POINTBLOCK

bl
- -‘\
SECONDARY . | [ // ‘,//
ROAD " /.- =2
il i, 4
| '/, g MULTI STOREY
NEIGHBOURHOOD ] . — CARPARK
SHOPPNG MALL ) g =
N ‘ BUILDABLE
i 1| PLOT
MRT STATION 1 . H
MAIN ROAD
NEIGHBOURHOOD °
PARK

Figure 1. Game environment details.

In the proposed web-game, players are faced with the challenge to develop
a plot of land with different programs. There will be some inherent conflicts
between these programs and players can then explore different types of spatial
configurations to minimise the conflicts and maximise the benefits. Some of these
conflicts can be built into the UI/UX of the platform while some others can be
a written description. Additionally, the building constraints and goals can be
incorporated in the UI/UX of the platform, such as by not allowing participants
to submit their iteration before they have fulfilled certain requirements.

The in-game conflicts will mainly be based on the concept of trade-offs:

1. Trade-offs based on resources: Participants will be given a fixed number of
modules of different programs (housing, education, F&B etc) that they will be
able to build on the buildable plot. For example, the housing program includes
residential, worker dormitories and nursing home modules. Building more
dormitory modules means less residential and nursing homes modules can be built.

2. Trade-off based on critical mass: The more people who live in the neighbourhood,
the more facilities the residents get to share and enjoy together. NIMBY facilities
such as worker dormitory modules are denser than residential units such that there
will be an incentive to include more dormitories in the neighbourhood in order to
unlock bigger facilities such as a food court.

Participants will not be given a single numerical score for their iteration. Instead,
several different ’share-holders’ are identified and each of them will have their own
scores. For example, building many nursing home modules but no playgrounds
will give a high satisfaction score for senior citizens but a very low score for
children. These scores will only be shown to participants after submission so as
to not affect their decision making while playing the game. For each participants,
the scores serve as a personal check on the NIMBY attitude. These scores and
their related numerical data indicate preferences and attitudes of the participants,
and hence will be useful for planners, see table 1. Planners can customise the
limitations implemented in the game to test for different participants’ attitudes. For
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example, a group can be tasked to build a minimum number of worker dormitories
while another is free to build what they want.

Table 1. Types of scores and their relevance.

Type of score | Description Implication

Ratio based | Scores based on the ratio between | Indicate how comfortable

score various variables e.g., the ratio | participants are with a
between Singaporean Residents and | certain compromise in living
Foreign Workers. arrangement.

Proximity Scores based on how close some | Indicate the facilities

based score modules are to another e.g., the | participants are comfortable
proximity of residential units to | sharing with other parties.

green spaces versus the proximity of
dormitory units to green spaces.
Scores based on the number of
modules built in the neighbourhood.

Indicate the type of facilities
participants want from new
developments.

Count based
score

3. Prototype Implementation

In order to test the proposed method, a prototype version of the game, called
“Sharing a Backyard” was developed. The game was implemented as a web
application that could be accessed in any web browser. The main software library
used behind the development of Sharing a Backyard is three.js. Three.js is a
cross-browser JavaScript library and application programming interface (API) that
allows users to create and display 3D models and animations in a web browser
using WebGL renderer. The numerous 3D models used for the game are first built
using Rhino and Blender. gITF file format is chosen for the final export as it allows
for faster and more efficient use in 3D games.

Figure 2. From left to right; samples of residential, park and worker dormitory sub-modules.

In this prototype version, three types of modules are included, namely a
residential module, a foreign worker dormitory module and a park module, see
figure 2. The residential and dormitory modules are included to introduce a
conflict of interest related to the social issue addressed in the context of the game.
The park module is included as a neutral, public good facility. The design of the
modules for Sharing a Backyard is made with minimal details to avoid imposing
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the idea of a model residential building and to avoid overloading the system. Using
an abstracted design also allows participants to better relate the environment to
their own neighbourhood.

Figure 3. ‘Mutation’ process, cluster forming .

When a module of the same type is built next to each other, the modules
mutate to form a cluster of connected modules, see figure 3. There are two
types of module propagation, namely a planar propagation and a 3D propagation.
The current dormitory and residential modules follow the 3D propagation logic,
allowing vertical expansion, while the park modules follow the planar propagation
logic. In order to create clusters of interconnected modules, the different method
of propagation requires different numbers of sub-modules in a set. For planar
propagation, six sub-modules are required in a set, while 24 sub-modules are
required for 3D propagation. The logic of propagation is explained and tabulated
below, see table 2.

Table 2. Planar and 3D propagation sub-modules.

. . Number of Neighbour . Graphic Bottom To Vertical Code

Graphic Neighbours Type Planar Code I P
round 0 S

I 0 0 ‘ ¢
. 1 1 “ ground 1 Vv
. 2 adjacent 2A ‘ 1 0 R

. 2 opposite 2P * 1 1 w

3 3
m w S
[ | 4 4 * 0 1 w

For planar propagation, six different types of sub-modules are identified
based on the number of filled neighbours a voxel has and the location of the
neighbours relative to the voxel. A numeral code is assigned to the sub-module
for identification. These sub-modules are then programmed to rotate to face the
correct position in relation to the location of neighbouring modules.
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For 3D propagation, the same planar rules applies but with a vertical
component added to the logic. A sub-module type is evaluated based on the voxels
on the top and bottom of the said voxel. An alphabetical code is assigned to the
sub-modules for identification.

The game interface contains a brief description of the design scenario, along
with a few basic instructions on how to proceed to play the game. A task is given
for the participants to build a certain number of each module type on the empty
plot. There is a counter at the side of the screen to keep track of this. A brief
explanation on the three different modules and the game controls are also given at
the side of the screen.

Figure 4. The latest user interface for ‘Sharing a Backyard’.

The image above is the latest interface of “Sharing a Backyard” and is slightly
different from the one used for pilot testing, see figure 4. Some new updates have
been implemented in the latest version:

1. A build limiter has been introduced to stop participants from building more than
tasked.

2. New modules have been introduced including, “hawker center” (a typical
neighbourhood food court in Singapore), elderly fitness corner, tennis, and
basketball court. These are unlockable when the neighbourhood has reached a
critical mass of a certain number of residents.

3. Resident count variables have been introduced, different sub-modules have
different resident counts according to the size and number of housing units.

4. A saving mechanism has been developed for participants to submit their iteration
in the form of an array of keys to the cloud. The developer side can then import
the submitted files to the game to examine the participants’ iterations and scores.

5. A simple scoring mechanism has been introduced to evaluate participants’
iterations. These scores will be shown to participants after they have submitted
their iterations.

The latest version of “Sharing a Backyard” can be accessed through:
https://annayenardi.github.io/SHARING A BACKYARD CA/index.html
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4. Pilot Study

A small pilot test involving even participants with various demographic
backgrounds was conducted to confirm the feasibility and effectiveness of this
approach. The group of respondents was relatively diverse with people coming
from different age groups and occupations. It was interesting to see that different
people come up with very different design strategies and iterations. Only the
respondents with an architecture background massed the dormitory and residential
modules in the same cluster. Others separated the two masses, often building the
residential block higher to give the residential apartments better views. Some other
iterations separated the dormitory and residential apartments while connecting the
masses with roof gardens, saying that the garden was for the two parties to share.
Some snapshots of the design iterations by the participants can be seen in the
figures below, see figures 5-8.

Figure 6. Respondent 3: 23 F, Singapore Citizen, Architecture Student.
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|

Figure 8. Respondent 7: 60 M, Singapore Citizen, Security Officer.

The mean rating for the game was 8.9/10, with 3 respondents rating it 10/10.
This is a good indication that Sharing a Backyard has a potential to be an even more
enjoyable game to play when it has more features. Making the game enjoyable to
play is important, as it must be engaging for the participants if it were to collect
meaningful attitude data and also raise awareness among the participants.

At the pilot-testing stage, the proposed method might not be so effective
in changing participants’ attitude towards NIMBYism. However, this can be
attributed to the lack of avenues for the participants to get inspiration for their
design. For example, several participants mentioned their strategy of building the
residential volumes high for better views and property price which could have
been executed better if they were to build the residential volumes on top of the
dormitory volumes, yet they separated the two volumes. To address this limitation,
the development of an online repository of previous designs can be considered.
Participants can be shown a number of previous designs before they start building
their own so that they can be more aware of the various creative spatial planning
solutions that can be built in the game.

5. Future Work and Limitations

This research aims to develop a web-game as a participatory design tool which will
allow a greater number of participants and better interface for 3D spatial planning.
The web-game also has a potential to raise awareness among participants regarding
the target issue, while at the same time, providing planners with meaningful
data regarding spatial preferences. However, there is still a lot of room for
improvement. First, the scoring system needs to be developed further. A more
complex scoring system would be able to better estimate a participants’ attitude
towards the target issue. In the context of the vehicle of this research, it would be
to estimate a participant’s NIMBY attitude based on the submitted design iteration.
More modules should also be included to create a more complex and realistic
trade-off between the different programs.

The current version of the game only works on a desktop browser. Adapting
this game for smartphone access is an important future goal. When coupled with a
smartphone interface, the web offers the means to reach out to a lot more audiences
than any physical workshops could. When a participatory design activity can
be easily done from our personal smartphones, simply by scanning a QR code,
anybody can submit their design entries anytime and anywhere.
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Figure 9. What ‘Sharing a Backyard’ is envisioned to be able to generate in the future.

There are some inherent limitations that arises from the choice of medium and
interface of this web-game. First, the simplicity of the 10 x 10m grid result in
a limitation of the size of the modules and hence the complexity of the overall
design. Secondly, with a building game, there is a tendency for the participants
to prioritise the overall aesthetic of the neighbourhood they are building instead
of reflecting their actual preferences regarding the target issue which will result in
inaccuracies in the data generated. Lastly, intangible qualities such as ‘attitude’
are difficult to measure and quantify. Therefore, more research would still have to
be done in order to further investigate these issues.
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Abstract. Inrecentyears, academia has deviated from the lecture-based
model to a hybridized system of instruction and experiential learning.
Experiential learning aids students in understanding collaborative
processes in architectural praxis and exposes them to engaging learning
opportunities, a critical component of architectural studio education
(Nijholt et al. 2013). During the COVID-19 outbreak, students
are barred from accessing on-campus facilities.  This causes a
redevelopment of curricular delivery and disrupts experiential learning
which heavily relies on in-person interaction. It is imperative for
instructors to retain experiential learning in the transition to virtual
instruction. This paper explores experiential learning within virtual
platforms for instruction. Through outlining the implementation of
technologies, capitalizing on connectivity, and maximizing opportunity
for digital problem solving, the authors posit a framework that other
educators may adopt. The paper concludes with a case study of a
virtual design-build project, and the various techniques implemented in
retaining experiential learning during the pandemic.

Keywords. Pedagogy; Experiential learning; Social connectivity;
Resilience; Disrupted education.

1. Introduction

Experiential learning has proven to expose students to engaging and rewarding
hands-on learning opportunities while also providing them platforms for
applications of design thinking that develop over the course of their studies (Nijholt
et al. 2013). With social distancing dramatically altering curricular delivery
in most architectural institutions worldwide, the lack of contact and hands-on
learning has not only created a knowledge gap, but also has dramatically reduced
students’ engagement in curricular learning. By critically examining conventional
pedagogical models and current pandemic experiments, architectural education
during these unprecedented times may be enhanced for the sustainability of the
practice and quality of learning environments. Along with presenting some key
strategies for implementation such as capitalizing on international connectivity,
advancing emerging technologies, transporting instruction outside the digital

PROJECTIONS, Proceedings of the 26" International Conference of the Association for Computer-Aided
Architectural Design Research in Asia (CAADRIA) 2021, Volume 2, 41-50. © 2021 and published by the
Association for Computer-Aided Architectural Design Research in Asia (CAADRIA), Hong Kong.
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classroom, and maximizing opportunity for digital problem solving, the paper
examines several examples from Canada’s largest architecture program, focusing
on modes and alternative methods of experiential learning via virtual platforms
during the COVID-19 pandemic.

2. Experiential Learning in Architectural Education

Experiential learning derives from the act of doing or experiencing (Lewis and
Williams 1994). The learning tactic is meant to immerse students within methods
of education that focuses on the development of new skills and manners of thought
in the reflection of ‘doing’ (Lewis and Williams 1994). Experiential learning
focuses on techniques of performance, practice and experimentation that allows
students to cognitively understand the implications of their learning subjects in
a real-world and meaningful format (Lewis and Williams 1994). Within the
context of architectural education, experiential learning is more interactive and
engaging than reading, writing, or hearing about design and its concepts. These
activities would include field projects, physical construction, and other methods
that demand a high level of thinking, analysis, and knowledge in order to carry
out activity and ensure success of the project (Kolb 2014). Kolb’s Experiential
Learning Theory (ELT) involves Reflective Observation, Active Experimentation,
Abstract Conceptualization, and Concrete Experience (Hui et al. 2018). While
Concrete Experience is essential to experiential education during the pandemic,
students are limited in its traditional applications and experimentation. Rather
than be mired in a lack of facilities and resources, by taking advantage of digital
workflows at home, students are exposed to expanded methods of learning as
technology provides opportunity to experiment with design through efficient
sharing of ideas that help translate architectural thinking into a tangible reality
(Hui etal. 2018). According to Kolb, lifelong learning is derived from experiential
learning which exposes students to unique situations of problem-solving, activity,
and collaborative environments (Kolb 2014). In the context of the multi-faceted
topic of architecture, these areas of education retain the greatest fidelity to the
core of the praxis as it addresses constructability, team design processes, cost
mediation, model experimentation, and more.

3. Experiential Learning Techniques during Remote Instruction

Due to the COVID-19 pandemic, most post-secondary institutions closed their
campuses and transitioned to online learning (Silverman et al. 2020). While access
to workshops, and in-person collaborations are restricted during the work from
home paradigm, the fundamentals of architectural education can be maintained
through the adaptation of current curricula and a focus towards an experiential
approach to pedagogy. No longer endowed with access to advanced digital
fabrication and simulation facilities on-campus, students are challenged to reduce
their idea into its most basic components to develop experimentation techniques
that are possible to conduct at home while extremely effective in the learning
process.
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3.1. ACCESS TO VARYING EXPERIENCES AND CAPITALIZING ON
INTERNATIONAL CONNECTIVITY

In order to retain a positive learning atmosphere for the students, it is crucial
for a variety of experiences to be offered to the students, both within the
virtual classroom and through extracurricular initiatives. Such experiences range
from the incorporation of guest lectures within course environments, virtual
site visits, and individualized learning opportunities for students. To diversify
perspectives and draw upon a practical commentary into pedagogy, instructors
can begin to incorporate more diversity inviting guests as both reviewers and
lecturers. Capitalizing on the opportunity brought about by the lack of a physical
learning environment invites a great variety of previously unavailable individuals,
due to distance, timing and subject matter. For instance, for a studio with a
focus on developing resilient architectural solutions in the COVID-19 pandemic,
guest reviewers included medical specialists with the most up-to-date factual
information and insight on the subject. Similarly, many industry professionals
find themselves with a more flexible daily schedule, thereby increasing the
opportunity for professional expertise to play a part in pedagogical discourse.
On several occasions, industry experts were invited to give students guidance in
their respective areas of skill. Such visits ranged from tutorials given by local
visualization firms on the development of architectural renderings, to international
firms shedding light on their approaches to modular construction.

3.2. IMPLEMENTATION OF EMERGING TECHNOLOGIES

As education turns to technology, new methods of representation and experience
are revealed to enhance the learning experience. Although the conventional
typical forms of course delivery during the pandemic have consisted of video
conferencing with a slide-by-slide narrative, this format reduces the student from
an active participant in their education, to a passive observer. More engaging
ways of communication become crucial in retaining students’ interest allowing
them to contribute in more significant capacities. Such means involve turning to
more technologically driven methods, which include the incorporation of varying
media into education going beyond videos and imagery. Instead, the focus is on
interactive media such as the use of video games and virtual reality (VR).

Video games share several commonalities with the architectural design process
such as involving graphical representation, narration of architectural ideas, and
collaborative teamwork (Di Mascio 2017). They also demand an interactive
approach, where to understand how to ‘play’, users and designers must have active
participation (Di Mascio 2017). The first objective of expressing ideas through
video games is to immerse players in a world that is believable, evoking emotions,
curiosity, and exploration, that may be indistinguishable from real experiences (Di
Mascio 2017). Therefore, the use of video games as an expression of architectural
education is an asset to experiential learning during the pandemic through its
ability to narrate ideas, manipulate perspectives of design, and demand for details
and research to be effective.

The reference of historical architecture in video games requires incredible
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detail for the representation of construction, systems, and materiality (Di Mascio
2017). The involvement of existing architecture in video games to develop a
contextual understanding of projects requires thorough knowledge and research
on the behalf of the students that may otherwise not have been explored given the
restrictions to visiting sites during the pandemic. Not only is the player able to
navigate through reconstructed architecture and urban environments (of varying
fidelity), but they are also able to experience the social context of the buildings
and how they were originally occupied, enhancing their understanding of the
urban fabric as a whole. The understanding of historical architecture and the
construction of buildings through the lens of video games allow for a simulation
that will enhance experiential learning and thus the expression of architectural
ideas. Video games can simulate the visual appeal of cities and atmospheric
quality, approaches to the cityscape, and other details that express the designer’s
intentions (Di Mascio 2017). The development of a video game in architectural
education allows students to thoroughly understand the implications of its existing
counterpart from conceptual to technical stages of its design, and even further
beyond the concrete experience of the city by the implementation of their own
ideas and narration of the world (Di Mascio 2017). For example, in a second
year architecture studio, students were directed to examine the fidelity between
construction methods of various commercial buildings including the Washington
State Convention Centre in Seattle and the design of structural systems in their
own performance hall designs.

VR environments allow for students to experience their projects from a
participatory means rather than as an exterior observer. Incorporation of VR into
pedagogy presents itself on a variety of levels, from the inclusion of interactive
virtual field trips (iVFTs) where historical and distant locations and architecture
are examined using VR photographs and videos as an alternative to images which
are less personally engaging for the students (Tawhai, 2017). For instance,
during school trips, students are able to document their excursions through
360° photography and subsequently re-examine the spaces, as well share the
experiences with others (Hui, Estrina, Lee, Zhou, & Kinuthia, 2020).

In VR, students are given the opportunity to occupy the spaces they design,
thereby taking hypothetical environments represented through orthographic
imagery and scale models into ‘real’ occupiable spaces. Although VR is most
typically used in architectural pedagogy through the use of expensive VR headsets
for the representation of student’s unbuilt work, there are a variety of alterative
means of engaging virtual environments. Due to the COVID-19 pandemic,
students find themselves scattered throughout the world, and most frequently
lack access to the hardware required for navigable VR operation, which are
often prohibitively expensive (Snigh, et al., 2020). However, through the
implementation of much more affordable solutions such as Google Cardboard,
students are able to still interact virtually from their homes. The majority of
popular rendering software such as Twinmotion, Enscape, Yulio, and V-Ray allow
for not only navigable VR experiences, but also the creation of 360° imagery and
videos for students to easily view on their mobile devices (Hui, Estrina, Lee, Zhou,
& Kinuthia, 2020). In addition, the aforementioned software packages are able to
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generate desktop-based playable environments, placing the student’s model into
an environment similar to that of a video game. Through this interface, faculty
and students alike are able to navigate through student’s projects easily and freely
without the need for expensive hardware.

3.3.  TRANSPORTING INSTRUCTION OUTSIDE OF THE DIGITAL
CLASSROOM

Due to restrictions of material resources and access to workshops, students can
continue to develop and experiment with physical models by producing smaller
scale elements with more common materials. This sustains the experiential
learning aspect of sketch and final models in the architectural design process by
demonstrating how large projects may operate on a miniaturized level. Through
an assignment that involved students to propose designs of light fixtures, physical
models were created using stationary materials and techniques such as the
use of corrugated cardboard and paper in modular forms. This approach to
design during the pandemic provides an alternative but effective approach to
construction without the necessity of workshop machinery or complex materials.
By simplifying architectural ideas in these sketch models, students are able to
have a more direct representation of their design, develop a stronger grasp of
the necessary components of their concept, and maintain the experiential learning
component of the design process.

Figure 1. Paper models for light fixture project.

In another example, a student’s independent study initiative with the
involvement of memory shape alloys, led the student to design an installation
proposal incorporating 3D motion using these wires. Although the student was
unable to fabricate their entire proposal due to workshop access restrictions, they
conducted a full-scale testing as both a means to experiment and as a proof of
concept. Through this process the student was able to, with very little access to
resources, problem solve and learn from the fabrication and testing process.
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Figure 2. Students’ experiments with memory shape alloys.

A common pedagogical paradigm in architectural education is to undertake
design projects that simulate design-builds but do not conclude with physical
construction of the project itself. Through this process, students experience the
procedure of composing an architectural structure that will be brought into reality
by addressing issues such as client, site, cost, transportation, and buildability in
great detail. In an initiative where students were tasked to propose pavilions as
a part of the annual Winter Stations Festival on Toronto’s beaches, the project
specified an in-depth analysis and presentation of how the structures were to
be constructed if chosen as a winner. This demanded that students to develop
applied knowledge of required components of structure necessary to withstand
harsh Canadian winters, conjecture how it would be constructed, and explore the
possibilities and efficiencies of the project’s production. While the pandemic can
limit students’ ability to construct their designs due to limited workshop access and
prevention of large gatherings, the outline of student projects may be adapted to
incorporate more detailed exploration of the design process to enhance experiential
learning in architectural education.

Lifeguard Station Steel Geodesic Structure Triangulated Plywood Frame Vacuum-Formed
Fractal Apertures

Figure 3. Assembly exploration for Winter Stations Festival proposal.

In another example, an Ontarian camp for children with disabilities
collaborated with students to design an animal paddock which involved a thorough
analysis of client-influenced parameters. This method empowered students
to participate in an experience that simulates the demands of a client, their
requirements towards program, budget, and more importantly, that addresses
the implications of a real-world experience. This type of project can be easily
applied to several architectural remote learning assignments through a flexibility
of program and site that facilitates conversation between designer and client
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throughout the education of an architect.

3.4. MAXIMIZING OPPORTUNITY FOR DIGITAL PROBLEM SOLVING

The online learning environment provides many challenges, especially through
the implementation of more digital workflows and tools. While this provides a
steep learning curve for many older generations, younger students are very much
accustomed to adapting to new technologies rapidly (Hui et al. 2020). In order
to keep students engaged and to continually expand their digital problem-solving
capacities, a range of individual and collective problem-solving opportunities need
to be provided. These digital learning conditions can be represented on a chart,
categorized by team size and difficulty on the axis, respectively.

A HIGH INTERACTION

Online Whiteboards

Lynda Tutorials
In-person

Online Tutorials

< >
< >

INDIVIDUAL ENGAGEMENT GROUP ENGAGEMENT

Blogs

Navigable
Digital Models
(Enscape)
Social Media
(Instagram)

Y LOW INTERACTION

Figure 4. Graph representing the classifications of the various types of digital learning .

For instance, the adaptation of new communication platforms, such as the
whiteboard software Miro, serve as a low intensity and collective learning
effort. This allows studio groups to work together to incorporate the tool
into their workflow. In contrast, learning the coding language Python and its
implementation into Unity, would be an individual, high intensity learning goal.
A mixture of various challenges scattered throughout the chart’s four quadrants
(Figure 4) provides the most engaging opportunities for students to not only
collaborate and learn from one another, which serves as a large portion of
architectural learning (McClean and Hourigan 2013), but also delivers a variety of
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difficulty within the learning journey. Although typical studio building projects
may help engage students in various digital challenges, such as 3D modeling and
mampulatlon of graphic imagery, it does not offer a platform for students to truly
engage in experimentation with reality the way design build projects do. This is
where the approach of ‘digital design builds’ comes into play. By pivoting the end
goal for the project from a typical ‘build’ installation or physical experienced space
to a digitally experienced environment instead. Such an approach alleviates many
impediments that come about with remote learning, such as limited fabrication and
manpower capabilities. Instead, these projects aim to challenge students with the
design and development of digital environments, allowing for both individual and
collaborative work to take place in tandem with low and high intensity learning.
The students, operating in small groups, are able to not only experiment with their
ideas of space, but also exceed the constraints the physical would place in order
to fully embrace the virtual interactivity of the project. In addition, these projects
allowed students to individually hone into digital skill sets of interest to them,
while through the combination of such various strengths the projects emerged
multi-faceted.

Figure 5. A digital VR environment designed by students when challenged for a digital design
build.

4. Case Study - Blended digital design build

Emerging from the challenge of experiential learning during remote education, the
new typology of a blended digital design build arose. Typically, extracurricular
design-build projects are carried out by groups of students aiding with the
fabrication and installation. However, this was no longer a valid typology as access
to the building became limited with the rise of COVID-19 cases in the area. As
an alternative, the students turned to the blended digital design build typology,
where larger emphasis was placed on the digital component of the project as
opposed to the physical as is typically done. Rather than fabricating architectural
propositions for applications of robotics, this project focused on the possibilities
of digital projection mapping, challenging students to explore the opportunities of
the combination of interactive media and projected digital environments (Figure
6).

The project’s development was composed of two portions. The first consisted
of a digital and interactive component, which integrated the motion tracking of
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any passersby to create a responsive digital projection. The second constituent
involved the physical structure itself, which served as the medium to be projected
upon. In order to reduce the extents of fabrication demands, the physical
components were computer numerically controlled (CNC) routed foam panels,
optimizing cost, fabrication time, and reducing personal contact among the team
members. This work division not only allowed much of the work to be digital
and more ideal for remote completion, but also permitted for the fabrication to
be outsourced without the requirement for students to fabricate on their own.
This paradigm mandated that students design with an even greater sensitivity on
logistics and feasibility. By adopting a procedural prototyping model, students
incrementally developed modest full scale samples of a modular system before
proceeding to a larger execution. The team focused on creating an array of
2’x2’ sample forms with which they are able to test materials and projections.
In adopting this incremental strategy, the students were able to focus on digitally
generating both the virtual and physical components at a controlled scale while
simultaneously testing various interactions and possibilities of interplay between
the two.

Although working remotely proved to be a challenge due to hardware
limitations and difficulty in communication, students continued to successfully
collaborate in the remote context. Once the students landed upon the software
Touchdesigner as the most appropriate to accomplish their design goals, the group
was able to adapt to the relatively straight forward software collectively. Within
the group, several students became interested in more technical exploration, and
began to explore the possibilities of raymarching within the projection in order
to facilitate the possibility for complex 3D geometries to be manipulated and
projected live. This required the students to learn the coding language GLSL and
its incorporation within the Touchdesigner ecosystem as well as its integration
within the Azure Kinect feedback loop. In contrast, other students were more
inclined to further develop their parametric modeling skillsets and investigated
the possibilities for the CNC’ed portion of the project through the use of the
Grasshopper and Rhinoceros interfaces. Such a staggering of skillsets not only
provided students with opportunities for more individualized explorations of their
own interests, but also allowed for a variety of collaborative, individual, high and
low-intensity digital learning to take place throughout the course of the project.

Figure 6. Physical sculptural element (right), motion-responsive projections (center) and an
impression of the installation (left).
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5. Conclusion

While the pandemic forces students and professors to feel restricted to the
confines of their homes, it provides an opportunity to expand the techniques of
architectural education through technology and domestic experimentation that
would not have been possible in different conditions. Undoubtedly architectural
education is dramatically different during the pandemic however the experiential
learning capacities need not diminish; if anything, they will merely evolve
and adjust via the technological resources available. Architecture has always
adapted and adopted technological innovation in not only the design of the built
environment, but the materials, methods, and models of production. This is yet
another challenge and milestone for architectural pedagogy. Through remote
learning and its capitalization of international connectivity, implementation of
emerging technologies, transporting instruction outside of the digital classroom,
and maximizing opportunity for digital problem solving, the value of experiential
learning is enhanced through a multitude of facets that have yet to be explored
during the COVID-19 pandemic.
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Abstract. This paper explores the role of real-time-virtual-engines
(RTVE) in contemporary architectural education. The research is a
response to the increasing footprint virtual reality (VR) has begun to
forge in the studios of architecture programmes. This paper stipulates
that the use of RTVE in architecture is unique to CAAD research
given the student motivation to ‘create with’ and ‘for’ VR. Presenting
the results of two literature reviews that question: how does use of
the Real-Time Virtual Engine shape the students learning experiences
in the architectural design studio? The initial results are undertaken
as a narrative literature review. This work uncovers the role of
RTVE and ties it to a number of established educational frames. The
subsequent search was undertaken using the systematic literature review
framework. The knowledge generated from this piece of research
locates that there is a substantial lack of empirical data exploring the
experiences of student use of RTVE in the architectural design studio.

Keywords. RTVE; Education; Design Studio.

1. Background

As an academic, writing a paper in December, I am afforded the unique chance to
take stock of the activities of the year, and in doing so, [ wonder, as one does, ‘why
we do what we do’, and also, why we often ask our students to ‘do what we do’,
‘do what we did’ and sometimes, ‘do what we wish we did’. As humans, many of
our activities are ingrained. We have all been students prior to teaching. We have
all received tutelage at one institution or another, and had some characteristics
ingrained - and then at some point, we are allowed to teach. Then, to no fault of
our own, quite a bit of time passes between the state of being a student and being
an educator, and one could reasonably expect that the experience of the learner, as
a learner, can be construed from experiences based on the educator. We can then
question, do we genuinely have a vivid map of the experiences of our students?

To begin to understand how the learning experience of our students is
constructed, it is valuable to look at the institutional structures of tutelage the

PROJECTIONS, Proceedings of the 26" International Conference of the Association for Computer-Aided
Architectural Design Research in Asia (CAADRIA) 2021, Volume 2, 51-60. © 2021 and published by the
Association for Computer-Aided Architectural Design Research in Asia (CAADRIA), Hong Kong.
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student architects experience. One of the seminal studies and most frequently
referenced studies that inform the education of an architect is authored by Donald
Schonl His work, *The Reflective Practitioner’, has had a profound and sustained
impact on how, ’architecture’ as a course of study is delivered to students (Webster,
2008). Proposing that ’the learning environment is *mapped to the activities of
the profession’ (Schon] 1983) the work of Schonl is a guiding influence for
many schools of architecture (Webster, 2008)(D. A. Schon, 1988). His notions
that students are set with a ’brief” (Koper, 2005) undertake their daily study and
receive tutelage in a *design studio’ (Davies, 1960) endure to this day (MacGilvray,
1992). Additionally, and central to this study, the stipulation that students are
to be instructed and given ’tools typical to industry’ (Attoe & Mugerauer, 1991)
is equally a defining characteristic and experience for students who study in this
field. Research on the role of the *design brief” (Lutnaes, 2015) is well established,
as is the purpose, configuration, inhabitants and changes to the design studio.
Additionally, considerable effort has been invested in understanding the ’tools’
(Gramazio, Kohler, & Oesterle, 2010) and ’processes’ (Oosterhuis, Bouman,
& Lenard, 2002) undertaken by both ’professional architects’ (Gero, Neill, &
Science, 2006) and also ’student architects’ (Moleta, 2016).

Current literature states, the contemporary architectural student inhabits an era
where the range of digital tools is perpetually expanding (Iriti, Bickel, Schunn,
& Stein, 2016). This shifting of poles has generated considerable academic
discussion, especially in within CAAD research. The instruments that have
been historically significant for architects such as sketching (Ekstromer & Wever,
2019), modelling (Shih, Sher, & Taylor, 2017) and scale drawing have seen less of
an emphasis as students are encouraged to prepare for industry and gain increasing
fluency in the use of digital tools (Beckmann, 1998; Carroll, 2010; Whyte &
Nikolic, 2018). The pressures influencing this change come from a range of
fields: professional (Architects Accreditation Council of Australia (AACA) and
the Australian Institute of Architects (AIA), 2013; Wang, Wu, Wang, Chi, & Wang,
2018.), legislative (Ostwald & Williams, 2008) and constructional (Wang et al.,
2018). The literature suggests that contemporary communication technologies will
assist the design (Yuen, Yaoyuneyong, & Johnson, 2013), visualisation (Moleta,
2017), documentation and construction of buildings (Chen, Cui, & Hao, 2019).
Educators (who are often largely Architects themselves) are accommodating of
these influences, hoping that these skills will better prepare graduates for the
contemporary (and increasingly competitive) workplace (Spaeth, Khali, Spaeth,
& Khali, 2018). Consequently, as others have noted, the knowledge required of
students to succeed is continually evolving (Burdick & Willis, 2011; Heller &
Heller, 2014). Where each of these fields seems to delve into the broad term of
‘digital tools’, there is an essential joint component, and that is the necessity to
use digital tools to communicate (Bates-Brkljac, 2012; Birt & Cowling, 2018;
Lin, 2012; Whyte & Nikolic, 2018). Digital tools have been heralded as the
means to understand both the complexity of the problem (Novakova, Achten, &
Maté¢jovska, 2010) and also the communicate the sophistication of the solution
(Abdelhameed, 2013). The Real-Time Virtual Engine as a communication tool
has seen an increasing focus in educational research. Studies cover the entire
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gamut of scholarly research from medicine, to geography; however, for the student
architect, The Real-Time Virtual Engine is reported to offer several compelling
characteristics. The Real-Time Virtual Engine is inherently ‘spatial” and possesses
the capacity to communicate complex geometry in a manner that is not easily
repeatable in other means (Chen et al., 2019; Ford & Ford, 2017). The Real-Time
Virtual Engine also offers the ability for its inhabitants to better perceive proportion
(Innes, Moleta, & Schnabel, 2018) and scale (Payette, 2012). The visual fidelity
also allows users to better communicate types of material (Abdelhameed, 2012)
and lighting qualities (Chen et al., 2019). It also affords its users the chance to
produce the ‘feeling’ of a space, using the term ‘atmosphere’ and also locates the
user within a ‘temporal environment’. These affordances have seen the use of
the Real-Time Virtual Engine achieve widespread employment in every school of
architecture.

While this search uncovers a rich plethora of material and positions, what I find
strikingly interesting, is that much of the material presented is from non-empirical
studies. What is equally interesting is that in many cases, the studies are not
constructed from the student perspective or have not included the student’s voice.

2. Research motivation

The motivation for me as a design studio lecturer is that a defining characteristic
of my daily tasks is that I spend time with my student cohort, converse and
discuss their architectural design proposals. I listen, I offer suggestions, and
I interpret their propositions. It is potentially an unsettling characteristic of a
creative discipline that there is often no singularly correct answer; thus, it is
often the role of the architectural educator to interpret the words of the student
to understand their work and offer feedback. Communication is important and
arriving at a common understanding is of considerable advantage for both parties,
student and lecturer.

In my experience, in academia, the profession and in the student body each
sector is keenly interested in the use of digital tools. I often discuss such matters
with my colleagues. We debate the affordances of how we present, explore and
experience the representation of an architectural design. We discuss what this
means for our profession and as educators what this means for our students. It
is often speculated that one of the intrinsically interesting components of the
contemporary toolset is that we no longer review static projects on printed paper,
but rather are enabled to inhabit and architectural design in ways not historically
possible.

When employing the use of Real-Time Virtual Engine we can now make
decisions on ‘how’ and ‘where’ we will ‘inhabit’ a representation of a project
which ultimately and perhaps problematically, allows the creation of individual
and unique readings of a given project. Dwelling on these notes, I postulate, the
tools we use to communicate now shift from being didactic to being speculative,
instructional to experiential, specific to in-specific. We can consider then, in the
contemporary design studio, today’s students are invested in creation in a way that
is different from the way in which their predecessors ever did, or ever could. We
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could also speculate, given the unique readings contemporary tools offer, that our
students are now faced with communicative hurdles that are undeniably divergent
and undeniably significant. We will not know however unless we engaging in
understanding these matters from their perspective.

3. Review of literature

In an attempt to answer ‘how does use of the Real-Time Virtual Engine as a
communication tool shape the students learning experiences in the architectural
design studio?” The following literature reviewed is presented in four sections
that trace the development of communication issues in the context of architectural
education. It begins with the central issue of how abstract architectural ideas can
be communicated. Changes to the field include the tool of virtual reality and its
importance to architectural studies

4. Abstraction to the real

As with many professionally accredited programmes of study, students of
architecture are quick to align themselves to the activities, aspirations and concerns
of professional architects. Within a year of their education, students are largely
equipped to read the same professional journals, enter competitions and participate
in the many events of the professional world (Askland, Williams, Ostwald, &
Australia. Department of Industry, 2012) A contributing factor to this culture
occurs due to the fact that most academics in schools of architecture are, by in
large, either former or current architectural professional themselves (Schon, 1988).
This close relation to the profession is a strongly held tradition and one that is
unlikely to change. These sentiments are supported in a number of key texts
citing a desire in architectural studies to achieve the ‘real activities of an architect’
(Webster, 2008). Webster argues that “design studio learning simulated real
professional action” (p. 63). There is, however, one considerable and frequently
overlooked difference between the modes of practice between the aspiring student
architect and the professional. This is a matter of knowledge gained from the
experience of reviewing one’s work; a difference that can be seen in the ‘output’
that centres on notions of ‘media’ (Roudavski, 2011). Where the architect gains
an understanding of their work through 1 to 1 review of the built outcome,
the student, however, gains architectural understanding through communication
with their lecturer. Considerable effort has been imparted in understanding and
defining architectural education, Table 1 provides an overview of approximately
six decades of theoretical literature and accreditation reports, organised according
to key principles and aspects (or focus) of these studies.
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Table 1. Table 1: Overview of theoretical literature.

Key Principle Key aspects of architectural Literature
education
What Research centred on defining Davies (1960); McEwen (2003); Varnelis (1998);

what are the key principles for Carlhian (1979)
architectural education

Where Works that define the studio Caruso (2008); Gul (2012); Deamer (2005);
experience Lyndon (1978); Attoe & Mugerauer (1991)

Creativity Creativity as an educational goal Herbert (2010); Wang & Huang (2018);

Kilicaslana & Ziyrek (2012)

Technology Research centred on the role of Novakova, Achten & Matéjovska (2010); Westfall
technology in architectural (2008)
education

Pedagogy Research centred on pedagogical MacGilvray (1992); Dutton (1987); Askland,
systems Williams, Ostwald... (2012)

Qualification Research defining the registry Architects Accreditation Council of Australia
characteristics of professional (AACA) and the Australian Institute of Architects
degrees (AIA). (2013); Orr (2015)

Table 1 defines this body of literature within the categories of What, Where
Creativity and Technology. The compelling finding from this literature is that
the professionally-oriented educators in architecture have a tendency to refer to
research centred on reviewing the work of professionals (Schon, 1988) and not
students. This important characteristic, and point of difference from this proposed
study is that architectural educators or professionals (Gero et al., 2006) are likely
to be able to articulate their views on their experiences in greater detail (Shih et
al., 2017).

This observation of the literature advances a case for the value of a study
that explores the experience of the design studio from a student perspective. In
schools of architecture students read about design, they talk about design and
inevitably engage in the act of design. However, these ‘designs’ they speak of
can only ever be articulated through ‘abstraction’ (Koper, 2005). Also, students
will never gain experience of their design as a real building. Therefore, they will
only ever be able to imagine and subsequently communicate their designs through
sketches, measured drawings or physical models. This ‘problem of abstraction’
has been cited as a limitation to the study of architecture (Iordanova, 2007, p. 687).
Students, in contrast to professionals, are unlikely able to achieve the experience of
inhabiting their designed buildings. The important act of reflecting on a structure is
not possible to the student architect. The journey through the spaces or exploration
of a structure is only ever imagined in the minds of the student and speculated in
the minds of their teacher. Peter Downton (2016) argues this position in ‘Design
Research’ noting that, “In the case of projects, the referents for images or mock-ups
are yet to be possible to experience and the project may never come to fruition
and never exist beyond this modelling of it” (2016, p. 118). For the student, the
‘imagined building’ through communicative tools is the only possible outcome
from the established design studio learning experience.
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5. What is the Real-Time Virtual Engine?

In the past decade, the Real-Time Virtual Engine has arrived to power interactive
computer graphics. The current generation of learners have been exposed to
gaming, and more recently, virtual reality gaming from a young age. The
equipment is not only more affordable, it is easier to use. The increased volume
of feedback from consumers has produced increasingly more accessible user
interfaces, and presently, the use of the Real-Time Virtual Engine has found its
way into professional architecture as a communication tool that offers exceptional
visual fidelity, and a novel means to allow clients to experience buildings prior
to construction. The compelling characteristic is that inhabitants are often able to
‘walk’ freely in the Real-Time Virtual Engine, simulating the experience of ‘being
there’ and making decisions of what to ‘do’, whilst there (Segard, Moloney, &
Moleta, 2013; Vaai, Moloney, & Moleta, 2014). The experience of ‘being there’
has been seen as an answer to some of the criticisms of physical architectural
communication tools. A user is able to experience the volumetric, material, and
spatial characteristics of a design, without the ‘difficult to acquire’ intellectual
translation required of sketches, scale drawings and models. This is however the
established view recorded from practice and not a recorded experience of students
who use it.

Architecture, as a field of professional tertiary education, relies extensively on
the use of architectural communications such as: representation, simulation, and
visualisation. Abstractions are an understandable requirement. The complexity,
legal obligation and monetary cost associated with the act of constructing
a building render the process of learning architectural design by planning,
manufacturing, and then the important aspect of reviewing the completed building
prohibitive to the extreme. To bridge this gap, the educators in schools of
architecture set exercises for students to hone their communication skills. Tasks
are designed to allow students to develop their designs and develop the skills
to communicate their designs to others. Physical representational tools such as
sketches, scale drawings and models have historically been routinely employed. In
most prospectus’s drawing is listed as a high priority for students of architecture,
and additionally, many schools will offer numerous courses focussing on these
and related skills. Drawing is also considered as an important ‘expressive’
and as unique in the way that it allows the designer to think through problems
as they develop on the page (Lowe & Lowe, 1972; Webster, 2008). It is,
therefore, considered an important arrow to develop in a very large quiver.
Conversely, physical tools, such as sketching, however, have been criticised as
focussing on a skillset that is removed from the act of design, postulating, that
students of architecture become expert in the art of communication, at the expense
of an intrinsic understanding of the spatial and constructional requirements of
designing architecture. These voices report it is possible through physical media
to misrepresent knowledge of a building through the manipulation of materials and
space.
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6. Why is the Real-Time Virtual Engine important for architectural studies?

Architecture as a field of study engages its students in design-based problems to
facilitate learning the skills required for the design of buildings and structures
(Wang et al., 2018.; Whyte & Nikolic, 2018). This field of education has
historically required the learner to develop the ability to interpret two-dimensional
drawings into three-dimensional relationships (Ascher, 2015; Varnelis, 1998).
Examples of these skills may be found in the placement of a building on a complex
sloping site, ensuring that a building envelope does not intrude into a neighbouring
properties access to sun or a junction of three or more structural members. The
spatial and geometric complexity required of the discipline are known stumbling
blocks for the developing architect (Caruso, 2008; McEwen, 2003).

A number of reports note that the skills of ‘spatial understanding’ are difficult
to muster because traditional means for depicting design situations are located in
the orthographic drawing tradition (Abdelhameed, 2013; Aflatoony, Wakkary, &
Neustaedter, 2018). It is common practice that two-dimensional drawings are used
to communicate a three-dimensional structure. A series of pages are far easier to
transport than a physical model, and if a model were used, it would need to be so
complex that the utility of its role as a ‘communication tool’ would be debatable.
The orthographic drawings system contains a view from above, a view from the
front, a view from the side and potentially a section view. While this system of
communicating is historically significant (Lowe & Lowe, 1972), rising criticism
of the system is evident (Bilda, Gero, & Purcell, 2006) in conjunction with the
rise of computationally-aided design (Ekstromer & Wever, 2019; Jonson, 2005;
Poelman & Keyson, 2008.; Shih et al., 2017).

The rise of computational design is reported as offering significant change
(Ekstromer & Wever, 2019). Ekstromer and Wever note virtual reality enables
a shift from working primarily in two dimensions to working on a ‘virtual model’
in three dimensions. The field of CAD is a highly contested and the volume of
research (see Table 2) and commentary is generated by architects, technologists
and software developers actively promoting virtual reality. Five international
conference circuits and two highly regarded journals support the peer-reviewed
dissemination of this research.

Table 2. Table 2: Sub-fields of architectural education.
Sub-fields of architectural Literature
education

Educational Studies in

Architecture Cocchiarella (2015); Poelman & Keyson (2008)

Computational architecture Abdelfattah, H. K. and A. A. R. (2004);

Technology in Architectural Chieh (2005); Vecchia, da Silva & Pereira (2009); Liang (2006); Radford
Education (2000)

Virtualisation as an educational
tool Nitsche (2008); Bogost (2007)

There have been many studies exploring the use of the Real-Time Virtual
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Engine. A review of the literature using the search terms Game Engine, Virtual
Engine, Real-Time, Technology, Education yielded a high number of results
(Bozalek, 2014; Foot, 2014; Koszalka & Wu, 2004; Nussbaumer, 2012). In
many of these studies, a complex system of recording the activities of the
learners and their engagement with technology is employed. A high number of
studies employed informal interviews or open-ended questionnaires. A number
of researchers have referred to an ’interview checklist’. However, this is an
incidence frequently found in the field of Human-Computer-Interaction and
Interface Design. Yael Kali (2011) discusses the role of technology in creative
contexts in 'Learning, Media and Technology’. She states, *We believe that future
progress in learning R&D will require more and better research on users, their
needs, contexts of use and the affordances of the various tools and resources that
are meant to improve their design activity...” (p. 130). This is a valid claim, the
field needs more reporting to better our understanding of the impacts of technology
on future learners. Propositions such as this indicate the need to undertake study;
however, how do we study the experiences of those who employ virtual reality
in the architectural design studio? Table 3 traces seven key principles important
in architectural education and maps each principle to studies undertaken using a
Real-Time Virtual Engine.

Table 3. Table 3: Architectural studies in virtual reality.

Key Principle What aspects of Architecutre have been Literature
explored in VR
Atmosphere The abilty to describe space in high fidelityto ~ Moleta (2015); Moleta (2017); Debono & Moleta
evoke an emotional response (2016); Vasylevska, K., Podkosova, ., & Kaufmann,
H.(2015).;
Construction Constructability, project management and Moleta, Vaai & Moloney (2014); Joch (2005)

construction pratices are central to Architecure Beckmann (1998). Mitchell & McCullough (1991);
Morgan & Zampi (1995); Livingston (2008);
Kuliga, Thrash, Dalton & Hélscher(2015)

Collaboration Architecture as a profession requires its Lo, Schnabel & Moleta(2018); Moleta, Walker &
students to develop skills in collaboration and  Schnabel (2018); Lo, Schnabel & Moleta(2016);
sharing Moleta (2016); Segard, Moleta & Moloney (2013);

Crealive expression Crealive expression and speculalion on design  Rogers, Schnabel & Molela (2019); Voss & Molela
activity (2016); Dean (2008)

Geometry, Scale, How architects use geometry scale and Holth, Meekings, Moleta & Schnabel (2019);

Proportion proportion Innes, Schnabel & Moleta (2017)

Culture How architecture contributes to a culture Qureshi, Schnabel & Moleta (2019); Silcock,
through design of social spaces Rushton, Moleta & Schnabel (2018); Qureshi,

Schnabel & Moleta (2018); Aydin, Schnabel &
Moleta(2017); Duddumpudi, Moleta & Moloney
(2013)

Design systems How architects go about the