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Preface

Architecture is currently facing a physical-digital era that requires a re-consideration
and re-assembly of traditional concepts. From digital twins to meta-universes, a series
of technological trends have projected the futures of architectural production and inhab-
itation on the planetary scale. From global warming, to the pandemic, a series of social
and ecological upheavals have also unveiled the urgency to re-define the relationship
between globalization and locality.

To propose new methodologies and new tools within the architectural ontology of
the phygital future, we need to fundamentally rethink the boundary between the virtual
and the real. What is the future of the relationship between physical space and virtual
intelligent technologies? Will they coexist in parallel, or will they integrate and synergize
together?

To meet the challenges of the current existential crisis, we also need to fundamentally
rethink the relationship between architecture, nature, and human society in this phygital
era. Is there a way in which the phygital nature of architectural production and inhab-
itation could provide a conceptually new model of sustainability as opposed to merely
offering more engineering solutions?

As the theme of Architectural DigitalFUTURES 2023, Phygital Intelligence intends
to promote a series of scholarly dialogues on these technological, social, and ecological
transformations in architecture. The key objective is to re-define the term “digital twin”
and to investigate the role of phygital intelligence in architectural production in all the
transcended territories of the virtual and the real, the individual and the collective, as
well as the global and the local.
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Deep Mining Authorship

Sandra Manninger' and Matias del Campo?®
L NYIT (New York Institute of Technology), 16 W. 61St Street, Room 914 212.261.1741, New
York, USA
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Abstract. Considering the emerging field of architecture and artificial intelli-
gence, it might be necessary to contemplate the remodeling of the concept of
authorship entirely. The invention of authorship is a complex historical process
that can be traced back to the emergence of print culture in Europe in the 15th cen-
tury. Prior to this period, most literary and artistic works were created anonymously
or attributed to collective or anonymous sources, such as folklore or religious tra-
ditions. However, with the rise of printing, texts became more easily reproducible
and marketable, and there emerged a need for individual authors to take credit for
their works. The notion of authorship was closely tied to the idea of originality
and ownership, as authors sought to assert their exclusive rights to their works and
to distinguish themselves from other writers. This was supported by the develop-
ment of copyright law, which granted legal protection to authors and their works,
and helped to establish a market for literary and artistic works. The idea of the
author as a singular, autonomous figure gained further prominence in the 18th and
19th centuries, with the emergence of romanticism and the cult of the individual.
This period saw the rise of the idea of the artist as a genius, whose works were
the product of their own unique creativity and imagination. This idea was further
reinforced by the rise of literary criticism, which focused on the interpretation and
analysis of individual works and their authors. However, as Michel Foucault and
other scholars have argued, the notion of authorship is not a universal or timeless
concept, but rather a historically contingent and culturally specific one. Different
societies ad cultures have different understandings of authorship, and these have
shifted over time in response to changes in technology, culture, and social values.
As it stands now, authorship in its traditional form can hardly be applied in a
context where automated collaborations provide more than 50% of the generated
material. This is true for multiple art fields. Visual Arts (Mario Klingemann, Sofia
Crespo, Memo Atken, Ooouch, etc.), Music (Dadabots, YACHT, Holly Herndon),
Literature, etc. Very soon this will also be true for Architecture. The consequence
is also an entire rethinking of the concept of the sole genius. This notion, devel-
oped by German Romanticists in the early 19th century, is, in the current context
of Al-assisted creativity, completely obsolete, as we are drawing from the genius
of hundreds of thousands of artists and artworks in order to interrogate the latent
space for unseen artistic opportunities. More akin to an archeological dig leading
to the discovery of a next-generation jet fighter plane.

© The Author(s) 2024
C. Yan et al. (Eds.): CDRF 2023, Phygital Intelligence, pp. 3—10, 2024.
https://doi.org/10.1007/978-981-99-8405-3_1
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Keywords: Authorship - Agency - Genius - Artificial intelligence - Creativity -
Theory

1 Introduction—An Ontology of Authorship

In this paper we present a position towards the concept of authorship in the context of
the emergence of technologies and design techniques in architecture based on artificial
intelligence (AI). In order to prepare the ground for a conversation on Authorship and
Al, both of these fields need to be described and defined in the context of the debate in
this paper.

The word “authorship” has been in use in the English language since at least the 16th
century. The Oxford English Dictionary cites the first known use of the word in 1579,
in a book titled “A Discourse of the Adventures passed by Master F. J. in his Voyage to
the East Indies”. The word “authorship” is derived from the Old French word “autor”,
meaning ‘“‘creator or originator”’, which in turn comes from the Latin word “auctor”,
meaning “producer, father, or founder”. The term “authorship” has since become an
important concept in literature, academic writing, and other forms of creative expression
such as architecture, referring to the act of creating or producing a written work and the
recognition or attribution given to the individual or group who created the work.

The common understanding of ‘Authorship’ states: “An author is 'the person who
originated or gave existence to anything and whose authorship determines responsibility
for what was created”.

Authorship in the context of this paper refers to the act of creating or producing artistic
work, such as a book, painting, sculpture of design. It primarily refers to the recognition
or attribution given to the individual or group who created the work. Authorship is
important because it acknowledges and gives credit to the person or people who put in
the time, effort, and creativity to produce the work.

In academic and research contexts, authorship can be a complex issue, as there are
often multiple individuals who contribute to a piece of work, and determining who should
be listed as an author can depend on a variety of factors such as the level of contribution,
intellectual input, and responsibility. In such cases, authorship guidelines and protocols
are usually established to ensure that appropriate credit is given to all those who have
contributed to the work. The concept of authorship has been present for centuries and
has been defined and discussed by various scholars, philosophers, and literary figures
throughout history. However, the modern understanding of authorship and its legal impli-
cations can be traced back to the 18th and 19th centuries, when copyright laws were first
introduced to protect the rights of authors and their intellectual property. In academia and
research contexts, authorship guidelines and protocols have been established by various
organizations and institutions, such as the International Committee of Medical Journal
Editors (ICMIJE), the Council of Science Editors (CSE), and the American Psychologi-
cal Association (APA), to help researchers determine who should be listed as an author
and ensure appropriate credit is given to all contributors.

In the arts, authorship can be a complex and subjective issue, as it involves questions
about creativity, originality, and intellectual property. The definition of authorship in
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the arts can vary depending on the medium, genre, and cultural context of the work. In
some cases, the artist or creator of a work may be considered the sole author, while in
others, authorship may be shared or attributed to multiple individuals who contributed
to the creation of the work. Some art forms, such as collaborative works, performance
art, and conceptual art, may challenge traditional notions of authorship and emphasize
the role of the audience or viewers in co-creating the work. Overall, the definition of
authorship in the arts is often shaped by legal, cultural, and artistic considerations, and
may be subject to interpretation and debate.

Itis even more complex when it comes to architecture, as it involves the collaboration
of multiple individuals and disciplines in the design and construction of a building or
structure. The definition of authorship in architecture can vary depending on the specific
project, the role and level of involvement of each participant, and the legal and cultural
context of the work. Some architectural projects may be attributed to a single architect
or design team, while others may involve multiple designers, engineers, contractors,
and other stakeholders who contribute to the project in various ways. In some cases,
authorship may be shared or collaborative, with each participant contributing their own
unique ideas and expertise to the design process. Professional organizations such as
the American Institute of Architects (AIA) and the Royal Institute of British Architects
(RIBA) have established ethical standards and guidelines for architects and designers
to ensure that appropriate credit is given to all contributors and that the integrity of the
design process is maintained. However, authorship in architecture can still be a complex
and debated issue, particularly in cases where disputes arise over ownership, attribution,
or credit for a particular design or project.

2 Debate—Authorship, Authority and Language

Authorship of language is a concept that relates to the origin and ownership of language,
particularly in the context of its use in literature and other forms of creative expression.
While language is a shared cultural resource that has evolved over time through the
contributions of countless individuals and communities, authorship can be seen as a
way of assigning ownership and attribution to specific uses of language in literature and
other creative works. In the context of literature as well as in architecture, authorship
of language or form can refer to the ways in which writers use language to create
meaning and shape their work. This can include considerations such as the writer’s
style, voice, and use of literary devices, as well as broader questions about the cultural
and historical context in which the work is created. All of which can be translated to
the use of formal language in architecture design, which form a specific portion of
the authorship of a design object. This being considered, the concept of authorship of
language has been challenged by poststructuralist and postmodernist theories, which
suggest that language itself is inherently unstable and fragmented, and that meaning is
not fixed but rather constantly in flux. According to these theories, the author is not a
single, unified figure who controls the meaning of a text, but rather a product of the
social and cultural discourses in which they operate. Overall, authorship of language is
a complex and contested concept that involves questions about the origins, ownership,
and use of language in literature and other forms of creative expression.
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Michel Foucault, a French philosopher and social theorist, was known for his influen-
tial work on the relationships between power, knowledge, and discourse. While Foucault
did not specifically address the concept of authorship authority in his writings, his ideas
on the nature of power and knowledge can be applied to the ways in which authorship
is constructed and contested in various fields.

In his book “The Archaeology of Knowledge”, Foucault argues that knowledge is
not a static entity, but rather a dynamic, constantly evolving system of discursive prac-
tices that are shaped by power relations. He suggests that the way in which knowledge is
produced and circulated is not neutral, but rather reflects the interests and perspectives
of those in positions of power. This perspective can be applied to the issue of authorship
authority, as it raises questions about who gets to decide what constitutes authoritative
knowledge, and how these decisions are shaped by broader social, cultural, and politi-
cal contexts. Foucault’s work also highlights the ways in which authorship can be used
as a tool of power, with certain individuals or groups being granted more authority or
recognition for their work than others, based on their social status or institutional affil-
iations. Michel Foucault’s position towards the author can be understood through his
influential essay, “What is an Author?” In this essay, Foucault argues that the traditional
understanding of the author as the singular, individual creator of a work is a relatively
recent historical development, and that it is closely tied to notions of authorial intention,
originality, and ownership. He suggests that these ideas emerged in the 18th and 19th
centuries, and were closely tied to the rise of capitalism and the development of copy-
right law. Foucault critiques this traditional view of the author, arguing that it is overly
individualistic and neglects the role of social, cultural, and historical factors in shaping
the production and reception of a work. He suggests that works of literature are not cre-
ated ex nihilo by individual authors, but are rather the result of a complex web of cultural
and discursive practices that extend beyond the individual. Foucault also suggests that
the notion of the author as an autonomous, transcendent figure is problematic because
it encourages a form of interpretation that focuses solely on the author’s intentions and
meanings. He suggests that this approach neglects the role of readers and interpreters in
shaping the meaning of a work, and that it limits the potential for creative and subversive
readings. Overall, Foucault’s position towards the author is complex and nuanced, and
challenges traditional notions of authorship and creativity. He suggests that the author
is not a singular, autonomous figure, but is rather shaped by a range of social, cultural,
and historical factors, and that the meaning of a work is not fixed or determined by the
author’s intentions.

To round up the picture regarding the criticism of Poststructuralist thinkers, Roland
Barthes cannot be ignored. “The Death of the Author” is a phrase coined by French
literary critic Roland Barthes in his essay of the same name, first published in 1967. In
this essay, Barthes argues that the traditional concept of the author as the sole originator
and controller of the meaning of a text is a myth, and that the meaning of a text is instead
created through the interactions between the reader and the text. Barthes asserts that
the author is not a transcendent figure who imbues the text with meaning, but rather a
historical and cultural construct that has been used to establish the authority of the writer
and the ownership of the text. He suggests that the idea of the author as a single, unified
source of meaning is a product of a particular historical and cultural moment, and that
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this concept has been used to control and limit the ways in which texts are interpreted
and understood.

“The Death of the Author” has been influential in literary and cultural studies, as it
challenges traditional notions of authorship, interpretation, and meaning-making, and
emphasizes the role of the reader in co-creating the meaning of a text. It has also been
criticized by some scholars who argue that it ignores the role of the author in shaping
the text, and that it promotes an overly subjective and relativistic view of interpretation.

3 What is Authorship in the Age of AI?

The ongoing debate of authorship and artificial intelligence (AI) revolves around ques-
tions considering the nature of creativity, the role of human agency, and the boundaries
between human and machine-generated art and architecture. On the one side, proponents
of Al-generated art argue that machines can produce creative works that are indistin-
guishable from those produced by humans, and that these works can challenge tradi-
tional notions of authorship and creativity. They also suggest that Al-generated art has
the potential to democratize access to creative tools and to expand the boundaries of what
is possible in art. On the other hand, critics of Al-generated art argue that machines lack
the consciousness and intentionality of human creators, and that the notion of author-
ship is closely tied to human agency and the expression of individual identity. They also
raise concerns about the potential for Al-generated art to displace human artists and to
reinforce existing power structures in the art world. In addition to these philosophical
debates, there are also practical and legal considerations around the ownership and copy-
right of Al-generated art, as well as questions about the ethical implications of using
machines to produce art. Overall, the debate around authorship and Al-generated art is
complex and multifaceted, and involves questions about creativity, agency, ownership,
and ethics that are still being explored by artists, scholars, and policymakers.

To illustrate this point the authors would like rely on the example of the ‘Portrait
of Edmond de Belamy’.The painting was created by the French art collective Obvious
in 2018, using a form of Al called Generative Adversarial Networks (GANs)?*. The
painting depicts a blurry, slightly distorted portrait of a fictional aristocrat named Edmond
de Belamy, and was sold at Christie’s for over $430,000.

The creation of “Portrait of Edmond de Belamy” sparked a discussion and debate in
the art world, as it raised questions about the nature of creativity, authorship, and the role
of machines in artistic production. Some critics argued that the painting was simply a
product of mathematical algorithms, and that it lacked the intentionality and emotional
resonance of human-generated art. One of the most vocal critics of the painting was the
artist and critic Jerry Saltz, who wrote a scathing review in New York Magazine in which
he called the work “terrible” and accused the art world of “gushing over crap” simply
because it was created by a machine.

Other critics raised similar concerns about the role of machines in art, arguing that the
painting lacked the emotional resonance and intentionality of human-generated works.
Some also questioned the validity of the auction price, suggesting that it was driven
more by novelty and hype than by the artistic merit of the painting itself. Others praised
the painting as a groundbreaking example of the potential for Al to create new forms of
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art and challenge traditional notions of authorship and creativity. Despite these debates,
“Portrait of Edmond de Belamy” has become a significant cultural artifact and a symbol
of the growing interest in Al-generated art. It has also spurred further research and exper-
imentation in the field of computational creativity, as artists and researchers continue to
explore the possibilities and limitations of machines as creative tools.

4 Conclusion: The Future of Authorship

The future of authorship is a complex and multifaceted question, as it is tied to larger shifts
in technology, culture, and society. However, there are several trends and developments
that are likely to shape the future of authorship in the coming years:

1. Digital media and the internet: The rise of digital media and the internet has already
transformed the way that information is created, shared, and consumed, and is likely
to continue to impact authorship in the future. As more people have access to digital
tools and platforms, the barriers to entry for creating and sharing content will continue
to lower, potentially leading to more diverse voices and perspectives in the cultural
landscape.

2. Attificial intelligence and machine learning: The development of artificial intelligence
and machine learning technologies is already impacting the creative industries, with
machines producing everything from music and visual art to literature and journalism.
In the future, it is likely that Al-generated works will become even more common,
potentially challenging traditional notions of authorship and creativity.

3. Collaborative and participatory practices: In recent years, there has been a grow-
ing interest in collaborative and participatory forms of art and culture, with artists
and audiences working together to co-create works. This trend is likely to continue
in the future, potentially blurring the boundaries between authorship and audience
participation.

4. Shifts in cultural values: As cultural values and norms shift over time, so too will
the way that we understand and define authorship. For example, as the importance
of individualism and originality is challenged by more collective and collaborative
modes of working, our understanding of authorship may also shift.

Overall, the future of authorship is likely to be shaped by a range of technological,
cultural, and social factors, and will continue to evolve in response to changing norms
and practices.
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Abstract. Taihu stone is an important landscape element in Chinese Private Gar-
den on Southern Yangtze river, which is known for its profound cultural and
aesthetic significance. In this paper, we intend to introduce the 3D spacial char-
acter of Taihu stone into architectural forms and spaces using machine learning,
trying to explore the possibilities of Al-assisted 3D form finding and design latent
space exploration. Existing spacial transformation of Taihu stone is mainly demon-
strated by continuous section slicing, which cannot directly analyze and generate
3D space, thus cannot learn the most characteristic internal space of Taihu stone.
This paper used the latest 3D point cloud probabilistic diffusion model to achieve
3D form generation and interpolation of Taihu stone and architectural massing
through latent space exploration. Experiments show that a sufficiently trained dif-
fusion model can generate 3D point clouds of Taihu stone and building massing, as
well as generate interpolations between them. The latent vector can be manipulated
to generate outputs that are more oriented towards the Taihu stone or the building
massing, to meet the different needs of designers. Generated point clouds can be
reconstructed into triangle meshes or voxelized, as a morphological prototype for
further design implementation. Generated forms are capable to provide inspiration
and reference for the designers to create free forms, showing the potential of the
diffusion model to assist architecture design in conceptual phases.

Keywords: Deep learning - Diffusion model - 3D form finding - Latent space
exploration - Taihu-stone

1 Introduction

The pursuit of innovative forms is a constant topic in architectural design. With the
development of deep learning in recent years, form-finding based on the case study and
data research brought designers more innovative techniques. Seeking the combination
of two elements to develop innovative forms is a common technique in architectural
design. For example, exploring the expression of exotic styles in local environments,
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and discovering new application scenarios for traditional forms and elements in modern
contexts. Charles Jencks believes that postmodernism has a dual nature, that is, mod-
ern architecture is often combined with something else (usually traditional architectural
methods). The solution for the postmodernist movement is to create an architecture that
is based on both new technology and old paradigm, as well as being professional and
popular [1]. This is usually a challenge for architects. Algorithmic assistance makes
design results unpredictable and has great advantages in assisting designers in the early
stages of creation and shape finding, but it also requires a new workflow to support this
shift in mindset [2]. The machine works in a unique way that can be combined with
cultural imagery to produce creative morphologies. A machine can quickly acquire and
learn data across historical and geographical dimensions, assisting human architects to
understand cultural imagery. In addition, because machine learning is not influenced by
emotions or personal preferences, it can also give integrated solutions to different cultural
imaginaries and provide a different perspective for human designers, even incorporat-
ing different cultural imagery or historical contexts. Campo et al. have combined the
characteristics of outstanding examples from architectural history with specific design
contexts to generate creative images and inspire the design of 3D architectural spaces

[3].

1.1 Traditional Cultural Imagery Transformation in Modern Chinese
Architecture

This paper takes Modern Chinese Architecture as an case study. The concept of Mod-
ern Chinese Architecture is among the most popular topics that Chinese architects have
been exploring and practicing in recent years. The core philosophy of Modern Chinese
Architecture is the inheritance of Chinese elements and the pursuit of innovation. The
meanings of Modern Chinese Architecture are evolving as time changes, with the conno-
tation of Chinese elements gradually changing from the initial traditional architectural
elements such as large roofs to a broader one. Some culturally rich landscapes, compo-
nents, appliances, etc. have been abstracted and transformed into modern architectural
volumes and urban environments.

Architects like Wangshu and Lixinggang are trying to introduce the spatial char-
acteristics of Taihu stone into the architectural space to create innovative forms within
the philosophy of Modern Chinese Architecture. Taihu stone is an important traditional
cultural imagery in the private gardens in China (Fig. 1), with rich cultural connotations
(Fig. 2). The morphological characteristics of Taihu stone are exceptionally complex and
varied, formed by years of erosion and carving by water or acidic soil in nature, retaining
only the hard part of the limestone texture [5]. Its porous and intricate forms coincide
with principles of modern architecture in transparency and flowing spaces. For example,
in Taihu house designed by Wangshu, the highly abstract geometric shapes of Taihu
stone are used as the prototype of the architecture, which reproduced and reinterpreted
the spatial characteristics of Taihu stone in the architectural space (Fig. 3).
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Fig. 2. Dream of the Red Chamber by Cao Xueqin also named as The Story of The Stone. 1llus-
trations in the book reflecting the daily life of the ancient Chinese contain images of Taihu stones.

(4]

1.2 Diffusion Probabilistic Models

The cutting-edge diffusion probabilistic model is introduced into the architectural spatial
translation of Taihu stone in this article. The diffusion probabilistic model is a machine
learning model inspired by the simulation of the reversed diffusion process developed
by Ho et al. in 2015, which can generate high-resolution pictures from random noise
[7]. A standard diffusion model is composed of two main process domains: forward
diffusion and reverse diffusion. During the forward diffusion period, the original dataset
is contaminated with gradually introduced noise until the image becomes completely
random noise. In the reverse process, the data are recovered from Gaussian noise by
gradually removing the predicted noise at each time step using a series of Markov
chains. The diffusion model is more diverse in generating results than the generative
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Fig. 3. Taihu stone form embedding into architecture by Wangshu [6]

model GAN, which has been developed maturely in recent years, and the process of
training and generation is extremely tractable and flexible [8].

This paper intends to use the latest 3D point cloud diffusion model to conduct exper-
iments on 3D shape finding and shape interpolation generation for a complex and porous
3D morphology. Taihu stone is taken as the case in this paper. We try to make a practical
transformation of the generated morphology to form a 3D shape-finding workflow at the
early stage of design.

2 Related Works: Form Finding and Al Creativity

Generating design alternatives through shape interpolations is a common tool to boost
Al-assisted form creation. As early as 1988, Hong et al. used the faceted representation
method to achieve interpolation between two morphologies, and the generated results
can be used for the simulation of biological evolutionary processes, animation, and por-
trait robots [9]. Metrics such as the connection between cubical contents (V) and surface
quadrature (A) and the relationship between V/A are examined. An interactive platformis
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constructed to achieve a user-friendly evolutionary design workflow for designers [10].
Recently, machine learning tools such as CNN and GAN-assisted design workflows
have made great progress in 2D generations. Corresponding 3D generation is inspired
and reconstructed on basis of 2D planar. In deep learning, interpolation generation is
often combined with the high-dimensional vectors obtained during training to generate
images with semantic meanings. Chen et al. investigated the potential of different repre-
sentation learning-related techniques in the latent space semantic representation in GAN
generation models based on data from the SUN database. The experiment achieved the
generation of more diverse and tractable design alternatives [11]. Zhang et al. developed
a technique to implement the transformation between 2D pixels and 3D voxels of con-
tinuous sections from architectural volumes to build a 2D pixel to 3D voxel workflow
[12]. With the workflow, the author improved the ability of machine learning to provide
designers with several intermediate solutions between two design styles. However, the
generation of low to high dimensions is restricted by manipulation techniques and the
designer’s own thinking stereotypes. The generated shapes will be confined to predefined
rules, and the potential of Al in aiding innovative design will be difficult to explore.

The complex morphology of Taihu stone has also been explored by scholars as a
prototype for promoting innovation in complex forms. Feng et al. simulated and opti-
mized the curved surface topology of Taihu stone using CFD and BESO, resulting in a
complex porous form [13]. Similarly, Ye et al. developed a computational algorithm for
generating tafoni (porous rock morphology similar to Taihu stone), using evolutionary
algorithms and 2.5D descriptive algorithms [14]. Furthermore, they explored the prac-
tical value of such complex porous forms in architectural design. The aforementioned
studies are based on rule-based reconstruction of Taihu stone morphology, which is a
cumbersome process and may result in limited outcomes. Notably, Liu et al. employed
deep learning techniques to extract and grasp the spatial characteristics of Taihu stone
based on labeled cases [15], and the 3D morphologies are reconstructed by continuous
sections. However, the experiment did not propose specific methods or references for
the translation of the morphological elements of Taihu stone into architectural space,
and there is also limitation of dimensions.

It is evident from the related studies that most of the current research in the field of
computer-aided form finding and creativity is focused on generating images, with limited
emphasis on directly generating three-dimensional forms. Additionally, research on the
translation of Taihu stone morphology in architectural space has mostly focused on the
study of the complex form of Taihu stone itself, without providing abstract methods that
can be directly applied to architectural form. Thus, this paper aims to explore the spatial
characteristics of Taihu stone from a 3D perspective using the diffusion model latent
space, in order to provide alternative solutions for form finding in three-dimensional
architectural space.

3 Method

This paper intends to build a 3D form-finding workflow (Fig. 4) based on diffusion prob-
abilistic models for designers to provide them with morphological alternatives between
imagery and target massing blocks. The whole workflow is composed of the devel-
opment of the front-end and back-end. The back-end work mainly includes training
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database construction, diffusion model training, and interpolation model construction.
The back-end development environment and pre-trained models are packaged as the
basis for the front-end development. The front end consists mainly of a user-friendly
interface incorporating a GUI, and several 3D reconstruction methods that easy for archi-
tects to further develop the architectural spaces. The front end enables the latent code
generated by the algorithm not only for the design space but also as a modeling tool that
supports multiple operations to generate 3D point clouds.

BACK-end

Data preparation model training

| 3D mesh of Taihu stone Data normalizing
3D mesh of building mass algorithm

|
\

FRONT-end

Generation & Interpolation mesh reconstruction and optimization

Fig. 4. 3D form finding workflow based on diffusion probabilistic models

3.1 The Back-End

Data Preparation

This paper aims to propose a paradigm for deep learning to help designers in 3D shape
finding, and Taihu stone is selected as a case for the rich cultural connotations it contains.
The 3D model dataset of Taihu stone in the experiment is constructed based on the natural
generation process of Taihu stone (Fig. 5). The matrix of Taihu stone is limestone, and
its complex and porous form was formed through thousands of years of weathering and
water erosion. Therefore, in this paper, we simulate the process of generation of Taihu
rocks with rhino combined with grasshopper: firstly, 50 samples of high-quality Taihu
rocks with different morphological characteristics that meet the aesthetics of traditional
Chinese literati are collected as references; the contours of the rocks are generated with
Voronoi algorithm; we used surface subdivision on the rock contour to simulate the
natural weathering process; finally, the porous morphologies formed by water erosion
is simulated with ant colony optimization. To generate the transition form between the
building massings and the target Taihu stone, 50 randomly generated building massings
are added to the training dataset.

Before training, the data is required to be processed into 3D point cloud format first.
The triangular mesh model of the Taihu stone and the randomizer block is sampled into
a point cloud format consisting of 8192 points and normalized to a spatial coordinate
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Fig. 5. Data Preparation

system between -2 and 2, which facilitates the extraction of features by the deep learning
model.

Model Training

The model used in this paper is a 3D point cloud diffusion model developed by Luo et al.
based on the standard diffusion mode [16]. Luo et al. added a PointNet structured point
cloud auto-encoder to the standard model so that the model can generate point cloud
data by denoising process.

The training process contains two stages: encoding and decoding. Firstly, the pro-
cessed 3D point cloud data is input to the PointNet auto-encoder, and the input point
cloud data is encoded into a 512-dimensional latent space vector Z. Z is added as a
parameter to each step of the noise-adding process in the forward diffusion process, and
the target of the reverse diffusion process is to predict the noise in the forward diffusion.
During the decoding process, the noise addition of the forward process and the denoising
of the reverse process are cycled continuously, until the predicted noise generated by
the reverse diffusion process is highly fitted to the real noise. The fully trained decoder
generates 3D point cloud data that highly reproduces the features of the target dataset
(Fig. 6).

Shape Interpolation Algorithm

The shape interpolation generation is mainly achieved by manipulating the 512-
dimensional latent vector z generated from the input samples. Inputting the two target
morphologies into a fully trained PointNet auto-encoder can generate latent codes z1
and z2 corresponding to the two morphologies. The line-space algorithm can derive
interpolation between the two latent space vectors. A sufficiently trained decoder can
decode the high-dimensional interpolation vectors into a new 3D form to generate a
transition form between the two target forms (Fig. 7).

In this paper, the fully trained model can generate intermediate shapes of Taihu stone
and building volumes. The experimental results show that the model can generate 3D
shapes with a mixture of different categories, rather than simply finding the average value
of the coordinates of two target point clouds (Fig. 8). The number of interpolations is
an adjustable input parameter of the testing model, which is set to facilitate the users to
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Fig. 7. Shape interpolation algorithm based on the trained model

adjust the features of the generated morphology closer to Taihu stone or cubic massings
in real-time.

3.2 The Front-End

Leveraging on the previous work, the resulting pre-trained model and generation envi-
ronment can be packaged as the basis for front-end development. The latent space
parameters are allowed to be edited by users (Fig. 9), making the latent space of the
diffusion model not only an exploratory space that can be used for design research
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Fig. 8. Results of point cloud generation and interpolation

but also can be transformed into a practical 3D shape-finding and modeling tool for
designers. Further reconstruction techniques include the down-sampling of point clouds
and reconstructed surfaces via open3D to further optimize morphology and abstracting
features for architectural design (Fig. 10).

Mesh Reconstruction

To enable observation and manipulation by designers, the front end must first reconstruct
the 3D point cloud generated by the model into a mesh. This paper uses the surface
mesh reconstruction method provided by the open3D platform, and further optimizes
the reconstructed mesh for surface refinement in Rhino. Through further subdivision and
smoothing of the reconstructed surface, a smooth free-form surface shape is obtained,
which can serve as a prototype for free-form architectural forms or skins.

Voxel Down-Sampling

Another approach is to downsample the generated point cloud, abstracting the main
features of the generated shape, and then voxelizing it into a more universal and easy-
to-operate cuboid form. By adjusting the size of the voxels on the X, Y, and Z axes, the
size of the reconstructed voxel units can be controlled. Users can adjust the size and
proportion of the voxels according to their requirements for the shape. The generated
cuboid form can be edited globally and partially as a prototype for architectural design.
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4 Discussions

This article is based on the cutting-edge 3D point cloud diffusion model and combines
various methods for point cloud 3D reconstruction, to establish a designer-friendly 3D
shape-finding workflow. The main goal of the workflow is to assist designers in gener-
ating alternative design proposals between two target forms. The generated proposals
preserve the selected style and site volume while also possessing a certain level of
creativity.

The main methodology of this paper is to establish an artificial intelligence-assisted
design exploration pipeline based on the diffusion model, to discover the lateral thinking
and innovative design capabilities of machine learning based solely on 3D datasets. The
pre-trained PointNet auto-encoder in the diffusion model encodes a high-dimensional
latent code Z during the generation process. By interpolating Z and inputting it into
the pre-trained 3D diffusion decoder, the intermediate shapes between two input forms
can be obtained. These intermediate shapes possess elements of both forms and have
the potential to further develop into building forms. In the front-end part of this paper,
two methods: surface reconstruction and voxelization downsampling are proposed to
further abstract the generated forms into building forms, demonstrating the potential of
the diffusion model in assisting architects in complex form design.

The Practical Value of Taihu Stone Shape Transformation

In addition, this paper intends to explore the possibility of artificial intelligence-assisted
incorporation of traditional cultural intentions into architectural space and to explore the
depth of artificial intelligence can explore in fields of architectural design cognition.

In architectural design research and practice, seeking the combination of two ele-
ments to inspire new forms of design is a commonly used approach. The significance
of transforming and combining traditional elements such as Taihu stone with modern
architecture lies in creating unique architectural forms by reinterpreting traditional ele-
ments and integrating them with modern architecture, making buildings more artistic and
culturally meaningful. At the same time, the implementation of traditional elements can
also raise awareness of historical culture, promoting cultural inheritance and develop-
ment. In addition, the combination of traditional elements with modern architecture can
also expand the ideas and methods of architectural design, bringing more possibilities
and innovations to architectural design. Building on the research and practice of prede-
cessors such as Wang Shu and Li Xinggang, this paper studies the transformation and
application of Taihu stone formative elements in modern architectural massing, explor-
ing the directions of Taihu stone form translation in practical applications. The form of
the “Taihu house” is restored in the reconstruction process, providing a machine-learning
interpretation of modern Chinese architecture.
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Abstract. Stable Diffusion model has been extensively employed in the study
of architectural image generation, but there is still an opportunity to enhance
in terms of the controllability of the generated image content. A multi-network
combined text-to-building facade image generating method is proposed in this
work. We first fine-tuned the Stable Diffusion model on the CMP Facades dataset
using the LoRA (Low-Rank Adaptation) approach, then we apply the ControlNet
model to further control the output. Finally, we contrasted the facade generating
outcomes under various architectural style text contents and control strategies.
The results demonstrate that the LoRA training approach significantly decreases
the possibility of fine-tuning the Stable Diffusion large model, and the addition
of the ControlNet model increases the controllability of the creation of text to
building facade images. This provides a foundation for subsequent studies on the
generation of architectural images.

Keywords: Architecture generation - Stable diffusion - LoRA - ControlNet

1 Introduction

Artificial intelligence has entered a new period of integration as of the twenty-first
century. Machine learning, the foundational technology of artificial intelligence, is also
the attention of architects. Most research use generative adversarial networks (GAN),
which produce building facades (Isola et al. 2016) and layouts (Huang and Zheng 2018),
to apply machine learning to generative design. These studies demonstrate that GAN
trained on labeled samples is very adept at learning the shape of architectural features and
their position arranged in building faces and planes. Supervised GANs like Pix2Pix HD
(Park et al. 2019), and cycleGAN (Zhu et al. 2017) require conditional input during both
training and inference. However, it is challenging to transition between tasks using this
GAN model, which was trained using specific samples. For instance, creating structures
with various architectural styles necessitates training several models. Moreover, the
sample size is the key impediment. Even while unsupervised models like DCGAN
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(Radford et al. 2015) can train a lot of samples, handling downstream tasks is still
challenging.

Multi-modal task processing has become a hot area of research in recent years,
including text-to-image generation, as the drawbacks of training samples have been
greatly reduced. The Stable Diffusion model (Rombach et al. 2021) is a model for text-to-
image generating tasks and creates detailed images from text descriptions. Midjourney
(Borji 2022) and DALLE 2 (Ramesh et al. 2022) are models that are comparable to
this one. These techniques for creating images to text have been applied broadly in
disciplines like architectural design. In the AI Spring series of courses co-organized
by DigitalFUTURES & FIU DDes in 2022, the application of text-to-image advanced
technology in the field of architecture will be discussed.

However, large sizable diffusion model have poor adaptation to tasks requiring the
creation of building facades, and it is typically challenging to regulate the training and
generation results (Ruiz et al. 2022). Hence, this research starts with the Stable Diffusion
model, utilizes the LoRA approach to refine the model, trains on the building facade
dataset, and then integrates the ControlNet model to control the generated results to
accomplish the accuracy and controllability of the generated results. This will provide
an easier creative tool for architects to generate a large number of controllable building
facade design results by changing a few prompt words.

2 Methodology

2.1 Network Architecture

Stable Diffusion is a Text-to-Image generation technique based on Latent Diffusion
Models (LDMs) (Rombach et al. 2021). It can generate better outcomes for image gen-
eration than the GAN model. Such as Unconditional image synthesis, image restoration
(Inpainting), Super-resolution, Text-to-image generation, etc., random Gaussian noise
can be gradually denoised after training. There are three essential parts to the stable dif-
fusion model: (1) Variational autoencoders (VAE), which include both an encoder and
a decoder. The first preserves significant deep picture features and transforms the image
into a low-dimensional latent space representation for U-Net. The latter creates images
from representations in the latent space. (2) U-Net is a residual module-based encoder
and decoder that decodes low-resolution images into high-resolution images after the
encoder compresses the images. (3) Text-Encoder, which translates the tagged sequence
to a potential text embedding sequence, transforms the input text into a meaning that
U-Net can comprehend and uses to direct the model as it denoises the embedding. In
order to facilitate model loading and image generation, this paper uses Stable Diffusion
Web-UI as the control system (Fig. 1). The Web-UI enables Stable Diffusion to have a
more intuitive user interface and integrates Text-to-Images, Super-Resolution and model
training function.

2.2 LoRA and ControlNet

Microsoft researchers have developed a new technology called Low-Rank Adaptation
of Big Linguistic Models (LoRA), which is primarily used to address the issue of large
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Fig. 1. Stable Diffusion Web-UI interface

model fine-tuning (Hu et al. 2021). The entire Stable Diffusion model used to be slow
and challenging to adjust. Although techniques for lightweight large-scale model fine-
tuning, like Textual Inversion or Dreambooth, are growing in popularity, the graphics
card’s computational power is still quite demanding. Because the model weight is not
necessary to calculate the gradient, the LoRA method injects the trainable layer instead
of the pre-trained model weight in each Transformer block, drastically reducing the
number of training parameters. LoRA fine-tuning is quicker and less computationally
intensive while maintaining the same level of quality as full-model fine-tuning.

On the other hand, the diffusion model generates text and images in a highly random
manner, making it challenging to manage the outcome. Furthermore, it can be challeng-
ing to precisely regulate the final generated content given the information provided in
the text. The recently released ControlNet model addresses this issue by controlling the
picture production outcomes by adding more conditions to the Stable Diffusion model
(Zhang and Agrawala 2023). As a result, it is now much easier to regulate the diffusion
model’s strong randomness generation results. Many control conditions are included in
ControlNet, including Canny Edge, and Segmentation Map, etc.

In this study, we use LoRA to optimize the Stable Diffusion big model and train it
on the CMP Facades dataset, and then we apply various ControlNet model conditions
to regulate the development of building facades.

2.3 Training Process

In this study, 200 images from the CMP Facades dataset (Tylecek 2012) are initially
chosen at random to serve as training samples (LoRA fine-tuning training requires very
few samples, and the results are excellent). These 200 images are then resized into
512 x 512 pixel. Next, use the text data from each image as the training set for the
trigger words. Stable Diffusion v1-4 (Rombach et al. 2021) was selected as the base
model, and it was adjusted on an NVIDIA RTX 2060 with 6GB of memory (Epoch =
1, Batch Size = 20000, Learning Rate = 0.00001), taking more than 2 h to complete.
The model eventually produced a size of 144MB (the file has been opened in the Civitai
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community, https://civitai.com/models/11661/buildingfacade). Second, we utilized the
model supplied by (Zhang and Agrawala 2023) for the ControlNet model (Fig. 2).

CMP Facades Dataset

Prompt (Text)

|

l,

Image Resize
3

(512x512)
- ¥ [ Stable Diffusion j
¢ Output (Image)
Reference Image el Tl -
Fal=]
i I ControlNet

A

*.  Canny Edge/ Segment Map/ Depth Map/ MLSD

Fig. 2. Experimental Workflow

3 Results

3.1 Generation with Different Style Semantic Base on LoRA

As shown in Fig. 3, we enter a prompt to compare and analyze different image sampling
methods and sampling steps (<lora: buildingface:0.7>, Ultra hd! editorial, rick owens
model, iso 400, surrealistic, 8k, full frame, landscape, architecture, Italian Style). The
prompt’s representation of the LoRA model is <lora: buildingface:0.7>, where 0.7
stands for the model’s weight. The CFG Scale was set to 7. The degree of influence
the text has on the results generated increases with decreasing CFG Scale value, while
unpredictability increases with decreasing CFG Scale value. The number of sampling
steps is also set at 2, 4, 6, 8, and 32.

We discovered that while the Euler and LMS approaches produce similar content
at each sampling step, each sampling method creates distinct content at various sample
steps. Heun method is similar to the PLMS method. Until the content of the fourth step
starts to emerge, the noise content in the second sampling step is random. It should be
noted that stages 6 through 8 of the PLMS method alter at random. Also, the results
are remarkably similar despite the fact that DPM2 and DDIM use distinct sampling
methods. The DPM2 sampling method, which has the highest tag use rate at over 80%,
serves as the foundation for the follow-up study (Rombach et al., 2021).

Then we tried the generation effect of different style semantics in the fine-tuned
Stable Diffusion model, and the parameter settings were the same as those in Sect. 3.1.
Figure 4 shows how the created building facade style adapts to the features of the prompt
when the architectural style is changed (for example, to Italianate). In the case of the
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Prompt:<lora:buildingtace:0.7>,Ultra hd! editorial, rick owens model, iso 400,

Sampling surrealistic,8k, full frame, andscape, architecture, Iltalian Style
Step (Scale=7.0, W=512, H=512)
. Steps: 2 Steps: 4 Steps: 6 Steps: 8 Steps: 32
Sampling
Method
Euler
IR W&
LMS
Heun
DPM2
DDIM

PLMS

Fig. 3. Generation results of different sampling methods and sampling steps

new Chinese style, the model generates beautiful Chinese stone railings in the base and
captures the features of the large eaves of Chinese architecture. In the treatment of the
windows and doors, the complicated decorative lines are eliminated and a supporting
scene with pine trees is created in the front. Despite their strong similarities, the Italian,
French and Rococo styles each have their own distinctive features. The French style
facade has a classical form with carvings and lines in the details, while the Italian style
facade has a window frame with elaborate carvings. The Rococo facade has elaborate
ornamentation. With the absence of intricate carving and multiple layers of decorative
lines, the Modern style facade is the most understated.
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On the other hand, utilizing a fine-tuned LoRA model based on Stable Diffusion
can produce content that is entirely different from the original dataset and offers a wide
range of adjusting options. By quickly generating numerous designs in various styles
and types for building facades with just text input, this technique to facade design for
buildings is more effective.

Original
Dataset
Prompt: <lora:buildingface:1>,Ultra hd! editorial, rick owens model, iso 400, surrealistic,
8k, full frame, landscape, Italian/French/Rococo/New Chinese/Modern style architecture

Italian Style French Style Rococo Style New Chinese Style Modern Style

Fig. 4. Generation results of different style semantic

3.2 Generation of Different Control Model Base on ControlNet

The diffusion model from text to image has a significant degree of unpredictability when
no control constraints are added. In this part, we add generative conditions to the diffusion
model using the ControlNet model. Several control models are offered by ControlNet.
In this article, we primarily employ the Canny Edge, Segment Map, Depth Map, and
MLSD models to provide control conditions for the production of building facades, and
we compare the generation of different ControlNet weights (0.2, 0.4, 0.6, 0.8, and 1.0)
results.

As can be seen in Fig. 4, the reference base image of the ControlNet model is a
building facade with 512 x 512 pixels. The prompt input and parameter settings are the
same as in Sect. 4.1. The results show that the canny edge model produces the best results
when the ControlNet weight is set to its maximum (W = 1.0), preserving the facade
layout of the reference image while also taking into account the requirement for prompts.
The elevation layout of the reference image was less similar to the results generated by
the other models in the same conditions. For example, neither the layout pattern of
the reference image nor the artistic requirements of the prompt were maintained in the
results produced by the depth map model. The degree of similarity between the generated
outputs is particularly high when the weights of the ControlNet model are relatively low
(W = 0.2), even though the two models ultimately produce different results. However,
when the weights were close to 0.4, the model outputs showed markedly different results.

In general, (1) The generated results are affected differently by the various ControlNet
control models, with the canny edge model producing more results than the segment
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map and MLSD models. The depth map model’s output has a better sense of spatial
orientation. (2) Fewer ControlNet weight values produce more varied results under the
same conditions. The building structure gets more similar to the reference object as the
weight value rises, while the building facade has less detail. Increasing the weight value,
in other words, restricts the machine’s reasoning.

Basic Image 572x572

Prompt: <lora:buildingtace:0.7>,Ultra hd! editorial, rick owens model, iso 400,

ControlNet surrealistic,8k, full frame, andscape, architecture, ltalian Style
Weight (Scale=7.0, W=512, H=512)
ControlNet [ControlNet] Weight: 0.2 [ControlNet] Weight: 0.4 [ControlNet] Weight: 0.6 [ControlNet] Weight: 0.8 [ControlNet] Weight: 1.0
Iy " .

Model

[ControlNet] Model: ' '7’
control_sd15_canny ‘

[ControlNet] Model:
control_sd15_seg

—

o .
[ControlNet] Model: 4 BT il ' -“I = I.‘H ‘s
control_sd15_dep i it ' I* | !, ]'

gNi M’ | I

| I

4

[ControlNet] Model: =
control_sd15_misd =

Fig. 5. Generation results of different ControlNet Model and Weight

We also generated various building facade styles using ControlNet’s Canny Edge
model, comparing the effects of various weight values on the outcomes. As seen in
Fig. 5, when the weight value of ControlNet increases, the architectural style gradually
unifies and the building facade’s elements become more condensed. For instance, in the
New Chinese style, when the weight value is more than 0.4, some elements are still
present but the huge eaves’ characteristics progressively fade. When the weight value is
set to 1.0, the large eaves feature nearly completely vanishes, although the upper right
corner still contains some content. In general, ControlNet may be used to successfully
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manage the consistency of the results that are created and the reference images, but more

building facade features are sacrificed. The ideal range for ControlNet’s weight value is
between 0.6 and 0.8 (Fig. 6).

Prompt: <lora:buildingtace:0.7>,Ultra hd! editorial, rick owens model, iso 400,

Style surrealistic, 8k, full frame, andscape, architecture
Semantic (Scale=7.0, W=512, H=512, Step=30)
ControlNet Italian Style 7 Rococo Syle New Chinese Style Modern Style

Weight
[ControlNet] Model:
control_sd15_seg

[ControINet] Weight:
0.4

[ControlNet] Weight:
0.6

[ControINet] Weight:
0.8

[ControlNet] Weight:
1.0

Fig. 6. Generation results of different ControlNet Weight and style semantic

3.3 Final Generation Experiments

We used the best parameters in our migration experiments. As shown in Fig. 7, we tried
to get the model to generate a modern building facade style, and the stable diffusion
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model fine-tuned using LoRA understood exactly what we wanted to get. Not only that,
but the building facade remained consistent with the architecture of the reference image
under the control of the CotrolNet model, and this process took only 0.2 s. We then added
the words “white and chrome” to the prompt and the model outputted a white facade
based on the text. By simply adding text, it was possible to quickly obtain a different
output. This will provide architects with a more efficient concept output. The results of
our experiments have been presented in the Civitai community. !

Prompt: <lora:buildingface:1>,Ultra hd! editorial, rick owens model, iso 400,
surrealistic, 8k, full frame, landscape, modern architecture

(Scale=7.0, W=512, H=512, Step=20, ControlNet Weight=0.75)

Prompt: <lora:buildingface:1>,Ultra hd! editorial, rick owens model, white and
chrome, iso 400, surrealistic, 8k, full frame, landscape, modern architecture

(Scale=7.0, W=512, H=512, Step=20, ControlNet Weight=0.75)
N %= 3 M LEAEEEER R R LR L] m
& —_— 2

Fig. 7. Examples of migration experiments

4 Conclusion and Discussion

This research proposed a method for generating building facades based on the Stable
Diffusion model. The LoRA method is used to fine-tuned the huge model, which was
trained on 200 building facades. Also, use ControlNet to regulate the generation out-
comes during the future generation process. The controllable operational research from
text semantics to building facade generation is completed in this work. The findings

1 https://civitai.com/gallery/133518 7modelld=11661&model Versionld=13784&infinite=
false&returnUrl=%2Fmodels%2F11661%2Fbuildingfacade.
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demonstrate that: (1) The fine-tuning training of the Stable Diffusion model using the
LoRA model reduces the computational power needs of the graphics card and saves
a significant amount of time. (2) The Stable Diffusion model that has been fine-tuned
using LoRA is very flexible to tasks involving building facades, and the semantic char-
acteristics of various styles can be effectively included into the outcomes produced. (3)
ControlNet can be used to effectively control the building facade generation results’ con-
sistency with the reference object structure, but too much model weight would reduce
diversity of results. Overall, this makes it easier to design building facades, simply by
changing the prompt words and adjusting the model weights to obtain a large number
of quality results. Future research could combine morphological generative algorithms
with Al to produce more accurate and richer results.

This study still has some restrictions, though. The amount of data is insufficient in
the first place since training with additional data necessitates more digital memory space.
According to further research, training can be done on a cloud computing platform with
more powerful processing capacity. Second, the prompt’s input can be improved further,
providing more details may result in the production of more high-quality building facade
content.

References

Borji, A.: Generated faces in the wild: Quantitative comparison of stable diffusion, midjourney
and dall-e 2 (2022). arXiv:2210.00586

Hu, E.J., Shen, Y., Wallis, P., Allen-Zhu, Z., Li, Y., Wang, S., Chen, W.: LoRA: Low-Rank
Adaptation of Large Language Models (2021). abs/2106.09685

Huang, W., Zheng, H.: Architectural drawings recognition and generation through machine learn-
ing. In: Proceedings of the 38th Annual Conference of the Association for Computer Aided
Design in Architecture, Mexico City, Mexico, pp. 18-20 (2018)

Isola, P.,, Zhu, J.-Y., Zhou, T., Efros, A.A.: Image-to-image translation with conditional adversarial
networks. IEEE Conf. Comput. Vision and Pattern Recogn. (CVPR) 2017, 5967-5976 (2016)

Park, T., Liu, M.-Y., Wang, T.-C., Zhu, J.-Y.: Semantic image synthesis with spatially-adaptive
normalization. In: Proceedings of the IEEE/CVF conference on computer vision and pattern
recognition, pp. 2337-2346 (2019)

Radford, A., Metz, L., Chintala, S.: Unsupervised Representation Learning with Deep Convolu-
tional Generative Adversarial Networks (2015). CoRR, abs/1511.06434

Ramesh, A., Dhariwal, P., Nichol, A., Chu, C., Chen, M.: Hierarchical Text-Conditional Image
Generation with CLIP Latents (2022). ArXiv, abs/2204.06125

Rombach, R., Blattmann, A., Lorenz, D., Esser, P., Ommer, B.: High-resolution image synthesis
with latent diffusion models. IEEE/CVF Conf. Comput. Vision Pattern Recogn. (CVPR) 2022,
10674-10685 (2021)

Ruiz, N., Li, Y., Jampani, V., Pritch, Y., Rubinstein, M., Aberman, K.: DreamBooth: Fine
Tuning Text-to-Image Diffusion Models for Subject-Driven Generation (2022). ArXiv,
abs/2208.12242

TYLECEK, R. 2012. The cmp facade database. Tech. rep., CTU-CMP-2012-24, Czech Technical
University

Zhang, L., Agrawala, M.: Adding Conditional Control to Text-to-Image Diffusion Models (2023).
ArXiv, abs/2302.05543

Zhu, J.-Y., Park, T., Isola, P.,, Efros, A.A.: Unpaired image-to-image translation using cycle-
consistent adversarial networks. In: Proceedings of the IEEE international conference on
computer vision, pp. 2223-2232 (2017)


http://arxiv.org/abs/2210.00586

34 H. Ma and H. Zheng

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license and
indicate if changes were made.

The images or other third party material in this chapter are included in the chapter’s Creative
Commons license, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder.


http://creativecommons.org/licenses/by/4.0/

q

Check for
updates

Research on Image-to-Image Generation
and Optimization Methods Based on Diffusion
Model Compared with Traditional Methods:
Taking Facade as the Optimization Object

Zexi Lyu!®, Zao Li?, and Zijing Wu?

! Hefei University of Technology, Hefei, China
1079036667@gg.com
2 Anhui Jianzhu University, Hefei, China
3 University of Waterloo, Waterloo, ON, Canada
z256wu@uwaterloo.ca

Abstract. The intersection of technology and culture has become a topic of great
interest worldwide, with China’s development embracing this integration as an
essential direction. One critical area where these two fields converge is in the
inheritance, translation, and creative design of cultural heritage. In line with this
trend, our study explores the potential of stable diffusion to produce highly detailed
and visually stunning building facades. We start by providing an overall survey and
algorithm fundamentals of the generative deep learning models used so far, namely,
GAN and Diffusion models. Then, we present our methodology for using Diffusion
Model to generate architecture fagades. We then demonstrate how the fine-tuning is
done for Stable Diffusion is done to yield optimal performance and then evaluate
four different training methods of SD. We also compare existing GAN based
facade generation method with our Diffusion based method. Our results show that
our Diffusion-based approach outperforms existing methods in terms of detail
and quality, highlighting the potential of stable diffusion in generating visually
appealing building facades. This research contributes to the growing body of work
on the integration of technology and culture in architecture and offers insights into
the potential of stable diffusion for creative design applications.

Keywords: Facade - Diffusion - GAN - Image-to-image - Image generation -
Fine-tuning

1 Introduction

Rapid urbanization in China has incited a conundrum of architectural style disarray,
necessitating urgent preservation of vanishing features. Facade enhancement, a vital
aspect of architectural style, demands collecting, organizing, analyzing, evaluating, and
redesigning extant styles. Traditionally, this labor-intensive process yielded subjective
outcomes. This study focuses on generating building facades via stable diffusion, initially
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establishing a dataset of neo-Chinese architectural fagades based on component types
and distribution patterns. Subsequently, this dataset evaluates the performance of four
stable diffusion methods for facade images and tests existing labeled facade datasets.

Related work. Over the past decade, generative image synthesis has been extensively
researched and applied, particularly in architectural design. GANs [1], which have dom-
inated the field, consist of a generator producing data samples and a discriminator iden-
tifying samples as real or generated. Both components, typically U-Nets, iteratively
improve until the generator successfully deceives the discriminator. The generator initi-
ates with random noise sampled from a distribution (e.g., Gaussian), while the discrimi-
nator, trained on ground truth datasets, outputs the probability of a sample’s authenticity.
The process minimizes the loss function:

min maxV (D, G) = Expy. (0 [108D(X) ] + Eznp, (o) [log(1 — D(G(2)))]

Original GAN has limited performance on conditional outputs, so Conditional GAN
[2] was proposed by computing the D(xly) and G(zly). Pix2Pix [5] further improved
CGAN by improving generator and discriminator with U-Net and PatchGAN as well as
optimizing loss-function using L/ loss as below.

G* = arg min maxL.can (G, D) + 31L11(G)

Further work on Pix2Pix by Yu et al. [7] in their paper on architectural facade
generation suggest that Pix2Pix perform well in facade generation and facade style
conversion after 100 epochs of training (Fig. 1).
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Fig. 1. The diffusion process for an input image. Going from left to right is the forward process
where Gaussian noises are added step by step until the image is completely Gaussian. The goal
of the model is to learn the function that best approximates the reverse process, going from step t
to step 0.

Diffusion model [8] is another family of latent variable model that had been re-
searched extensively for image synthesis purposes. The main idea behind DMs is to
construct a Markov Chain that adds random Gaussian noise to sample image gradually
until it is no longer visually meaningful and that learns how to reverse this process. The
forward process is defined as below:

T
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where ¢ denotes the timestep of each operation and beta denotes the variance sched-ule
or noise schedule such that (variance schedule).
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This is done by finding the estimating g(x;—1) conditioned on original data, that is,
q(x:—1|x¢, x0). Hence rewriting the conditional probability using Bayes rule gives:

Q(xt|xs, x0) ~ G (1, B)

~ 1=

Br= 1——(7t - B
~ Jor (1 — o NI
(X, X0) = i _t l)xt + d iﬂtxo
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where @ = 1 — B, a simplification trick used in forward diffusion process that makes
q(x;—1) can be conditioned on xq alone. This way with the reverse process defined, the
loss function could be modeled as following:

06 (xr—11x7)
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By optimizing pg, the reverse process, the model’s loss function can be modeled
by taking the negative log-likelihood function to get to the variational lower bound of
the loss. Ho et al. in his paper on DDPM [3] further simplified the loss function and
improved the training efficiency by ignoring the weights in the original function and
keeping the variance fixed while train only the mean of the normal distribution.

Rombach et al. in the paper Latent Diffusion Model [4], which is the model we
will be using for this paper, further improved the training efficiency for generating
high resolution images by first encoding the input into latent variable using an encoder
network and then feed the lower dimension latent variables into a DDPM-like U-Net
architecture for image generation.

2 Methodology

We propose in this paper to use fine-tuned Stable Diffusion, an implementation of Latent
Diffusion Model to conduct fagade generation and compare the effect of various diffusion
model training methods and parameter sets have on the final generated facades. We also
compare the quality of generated facades with previous work on generative architectural
facade using earlier methods such as cGAN (Figs. 2 and 3).

2.1 Introduction to Diffusion Training Methods
2.1.1 Textual Inversion

Textual Inversion is a feature in the Stable Diffusion model, which allows for person-
alizing the model by training a small part of the neural network with custom images.
This way, the model can be guided to generate new images based on the concepts taught
through Textual Inversion. The Textual Inversion process involves feeding a set of images
into the model, which then outputs a vector that represents a specific concept. This vector
can then be used in the text-to-image generation process to generate new images based
on the taught concepts.
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prompt:
masterpiece,best quality,
stgle facadebv style, A .

2, Od—square—foqt i:w_o—stones house,
(gtwo layers)), with windows and a
stone facade, modern and angular, set

in a mountain with forest landscape,
Subsurface Scattering, Glass Caustics,

mall modern house, tibetan inspired
architecture, on a green hill between
trees, photorealistic, highly detailed,
real architecture, highly detailed, HD,
Cinematic

Fig. 2. An illustration of img-to-img generation. To the left is the original architecture image1
taken at Song Yang country, Zhejiang Province of China, and to the right are four img-to-img
images generated with respect to the prompts listed in the middle.

VAE-encode
EEEE—

Original Image show of Latent Space

(After revisualization)

VAE U-net text encoder
Image encoder predict the noise convert the text to
embedding
embeddings

VAE-decode
-

Fig. 3. The architecture for training and tuning LDM to perform fagcade design tasks. Random
seed is also included to add more variety in generated contents.

2.1.2 Hypernetwork

Hypernetwork is a novel concept used to fine-tune models without touching any weights.
This technology is widely used in style transfer and has better generalization performance
compared to textual inversion. In Stable Diffusion refers to an additional layer that is
processed after an image has been rendered through the model. It tends to skew all results
from the model towards the training data, essentially changing the model.

The learning rate for the Hypernetwork may be different than the learning rate for
the embedding, with a lower value for the Hypernetwork (Table 1).

1 Original architecture images are from CRCV- The second National Architectural Design
Competition of Songyang Rural Revitalization.
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Table 1. Comparison of three experiments on Hypernetwork structure?
First experiment: Turn on Second experiment: Turn on Third experiment: Turn on the
the LN, Dropout, Layer the LN, Dropout, Layer 1, 2, 1, | LN, Dropout, Layer 1, 2, 2, 1,
1,2,1 activate the function Swish activate the function Swish
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000008 00008 00008

£ 00006 £ 00006 £ 00006
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000000

20000 22000 26000 26000 28000 30000 32000 34000 5000 10000 15000 20000 25000 5000 10000 15000 20000 25000 3000
Reps Seps Seps

For the training set we selected, the learning rate of the third experiment achieved a
good effect, about 70% of the performance can be restored. LN makes sense for training
to be more stable by preventing overfitting. Enabling Dropout can prevent hypernet-
work overfitting. Custom dropout ratio is not currently supported, with a default of 0.3.
Although the extended layer structure can obtain good training effect, the pt file with
layer structure 1, 2, 1 occupies about 8§3.8 MB of real-time memory, while the PT file
with layer structure 1, 2, 2, 1 occupies about 167 MB.

2.1.3 DreamBooth

DreamBooth [9] is an innovative tool for refining text-to-image diffusion models, such
as Stable Diffusion, enabling subject-driven generation. The fine-tuning process entails
retraining the model with minimal subject-specific images and identifiers, resulting in a
model adept at discerning subjects, isolating them from existing contexts, and accurately
synthesizing them within new desired settings. Described as a photo booth by its Google
research team creators, DreamBooth facilitates the customization of personalized diffu-
sion models with limited training data. Utilizing Imagen as its foundation, the model can
be exported as.ckpt, easily integrated into various Uls. While heralded as the preeminent
image generation model, it demands a mid-tier gaming GPU and restricts simultaneous
usage with other models.

2.1.4 LoRA: Low-Rank Adaptation for Fast Diffusion Fine-Tuning

LoRA [10] is a technique for adapting pre-trained language models to new tasks by
freezing the original model’s weights and adding trainable rank decomposition matrices
to each Transformer layer. This approach significantly reduces storage requirements
while maintaining input and output dimensions. Implemented as a Python package called
loralib, it integrates with PyTorch models like HuggingFace. LoRA introduces minimal
inference latency and capitalizes on the inherent low-rank characteristics of large models

2 Test code from https://colab.research.google.com/drive/1qzwe Y EMIFkG6jPa04tD1MhW
WOzgSnDvP?usp=sharing.
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by adding a bypass matrix, simulating full fine-tuning. This method presents a simple,
effective solution for lightweight fine-tuning.

3 Experiments

We conduct three types of experiments. First one is a comparison of diffusion model with
GAN, pix2pix in particular; second one is a comparison of different parameter tunings
among LDM, including sampling methods, steps, CFG Scales, img2img redraw etc.; the
last one is a comparison of different training methods, Textual Inversion, Hypernetwork,
DreamBooth and LoRA on our own generated dataset. We aim to find an efficient, high
quality parameter and training methods that can fulfill the exact needs of architects.

3.1 Comparison of Facades Generated by Pix2Pix and Latent Diffusion Model

We first compare Conditional GAN Pix2Pix with the LDM model used by Stable Dif-
fusion. Pix2Pix is one of the most used generative GAN models in many different fields
and it has yielded decent quality and accuracy in the area of architectural facade design.
Qiu et al. experimented with Pix2Pix on fagade design and trained their network on
CMP? Facade dataset by Tylecek et al. for 100 epochs. We use the same dataset and
train our LDM and presents a comparison of generated fagades as in Figure. As can be
seen in the comparison, LDM can achieve better quality and se-mantic understanding in
the generated facades then those of the Pix2Pix models (Figs. 4, 5 and 6).
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Fig. 4. CMP Fagade dataset

3 Dataset from https://cmp.felk.cvut.cz/~tylecrl/facade/, hereby declare.
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Ground Truth pix2pix

Ground Truth pix 2pix

pix 2 pix aiffusion

Ground Truth aitfusi Ground Truth pix2pix asfusion

pix 2 pix

aifusion

Fig. 6. Comparison of architecture facades generated from img-to-img translation using Pix2Pix
from Qiu et al.’s work and Stable Diffusion from our tuning.
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Another advantage of LDM over Pix2Pix is that LDM is an unsupervised model that
does not require any labeling on data for training. We used only the original images in
CMP Facade dataset for training while Pix2Pix network also used the label images to
assist in training to yield optimal results.

3.2 Comparison of Images Generated by Different Prompts

Stable Diffusion, a prompt-based text-to-image model, comprises two key components:
Contrastive Language-Image Pre-Training (CLIP) [17] and the generative Diffusion
Model. CLIP, a multimodal model, is trained on text and image data to generate textual
summaries from images. It transforms input text prompts into embeddings fed into the
reverse diffusion process, conditioning generation. Prompt words stem from the model’s
natural language processing (NLP) scheme and tagged words in initial training materials.
These prompts directly influence the final image elements, with accuracy being vital for
effective Al-generated images. Thus, prompt selection and design require meticulous
attention for optimal results (Fig. 7).

loop iteration

Inpainting

loop iteration

Fig. 7. Prompt + PS/Inpainting img-to-img loop iteration

The above figure illustrates the iterative process of img-to-img used in this research.
The current workflow involves the use of prompt and post-processing techniques, such as
Photoshop (PS) or inpainting. Using the figure as an example, the forward prompt used
by the author is “(masterpiece), (best quality), ((facade-one style)), three 2000-square-
foot, two-stories small modern houses, ((two layers)), with windows and a stone fagade,
modern and angular, set in amountain with forest landscape, Subsurface Scattering, Glass
Caustics, Small modern house, photorealistic, highly detailed, real architecture, ((low
saturation)), highly detailed, HD, Cinematic”. “fagade-one style” is the label/trigger
word trained by the author’s model, and using this label for image generation can achieve
desirable results. () adds emphasis to a term, [] decreases emphasis, both by a factor of
1.1. You can either stack ()/[] for increasing/decreasing emphasis or use the new syntax
which takes a number directly-it looks like this:

(word: 1.1) = (word)

(word: 1.21) = ((word))

(word: 0.91) = [word]

The negative prompt used by the author is “lowers, text, error, extra digit, low quality,
jpeg artifacts, signature, blurry, normal quality, cropped, worst quality”.
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When keeping the seed (the starting point of the random number generator)
unchanged, different image effects can be generated by changing the prompt or mod-
ifying the match degree between the prompt and the generated image, as shown in
Fig. 8.

with windows and a stone facade with stone facade with windows with angular facade

CFG Scale: 5.5

CFG Scale: 7.0

CFG Scale: 8.5

N

- o

CFG Scale: 10.0

Fig. 8. Prompt replacement—CFG Scale X-Y graphs

3.3 Comparison of Images Generated by Sampling Method, Sampling Steps,
Classifier Free Guidance Scale, Img-to-Img Redraw Amplitude

The diffusion model generates clear images from noisy counterparts via a forward noise-
adding process and a backward denoising process. This sampling method, crucial for
image generation, affects denoising, quantization, and operational speed. This study
compares popular methods, including Euler a, DDIM, and the DPM series. Non-linear
iterative methods like DPM a and Euler a exhibit declining quality beyond a certain
iteration count, while linear iterative methods, such as DDIM/Euler, display an oppos-
ing tendency, with quality relying on iteration count. However, marginal effects limit
significant improvements beyond a certain point (Fig. 9).

As shown in the figure, the image generation performance is better with the Euler a
sampling method and Sampling Steps between 50 and 60.

The Classifier Free Guidance Scale (CFG Scale) balances sample quality and diver-
sity by jointly training conditional and unconditional diffusion models without using a
sampler. Higher prompt relevance yields increased prompt frequency and reduced object-
environment fusion, while lower relevance allows greater Al creativity and enhanced
fusion.
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Steps: 30 Steps:35 Steps: 40 Steps: 45 Steps: 50 Steps: 55 Steps: 60

DPM adaptive

DPM++ 28 a Karras.

DPM++ 2M Karras

0DIM

Fig. 9. Sampling Steps—Sampling Methods X-Y graphs

When the Denoising strength is less than 0.5, local modifications will be made
directly on the original image. When the Denoising strength is greater than 0.6, elements
that match the original image will be rarely seen (Fig. 10).

Denoising: 0.55 Denoising: 0.56 Denoising: 0.57 Denoising: 0.58 Denoising: 0.59 Denoising: 0.6

CFG Scale: 6.0

CFG Scale: 7.0

CFG Scale: 8.0

CFG Scale: 9.0

CFG Scale: 10.0

Fig. 10. Denoising strength—CFG Scale X-Y graphs

As shown in the figure, the image generation performance is better with the CFG
Scale is between 7 and 10, and the Denoising is 0.59.
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3.4 Comparison of Images Generated by the Training Methods: Textual
Inversion, Hypernetwork, DreamBooth, LoRA
After the training models are completed, the variables are strictly controlled and the tags

of the generated embedding and DB model are tested (Fig. 11).

Embedding(no trigger words) Dy

words)

trigger words) ~DreamBooth( trigger words) LoRA

°

Hypernet str. : 0.0

°

Hypernet str. : 0.6

o

Hypernet str. : 0.8

Hypernet str. : 1.0

Fig. 11. Training models—Hypernet Strength X-Y graphs

Hypernetworks differ from Textual Inversion as they fine-tune the model, leading
to better generalization and better training aesthetics. DreamBooth can generate good
results with just a few input images of a specific object and its corresponding class name
(e.g., dog), along with a unique identifier implanted in different textual descriptions. DB
is better than Textual Inversion as it inserts training data into the output, leading to high
similarity and great results.

LoRA approximates full fine-tuning expressiveness by setting rank r equal to pre-
trained weight matrices’ rank, with increasing trainable parameters. Consequently,
LoRA converges to the original model, whereas adapter-based methods converge to an
MLP and prefix-based methods to a model restricted by input sequence length (Fig. 12).

humans, power lines, blue sky,

feature descriptor about the utility pole...

material.txt

I
1

scenery, sky, outdoors, day, :

building, window, house, plant, |

road, cloud, street, tree, no :

1

LoRA training file :
|

material in the dataset.png

Fig. 12. LoRA’s datasets composition schematic

With the assistance of textual prompts, the training dataset for LoRA can be more
guided, resulting in more directed and desirable style transfer outcomes.
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LoRA offers a lightweight, efficient alternative to full model fine-tuning of Stable
Diffusion, outperforming DreamBooth in speed and adaptability. Low-rank adaptation
yields compact results (1-6MB) for easy sharing and compatibility with diffusers and
inpainting. In some cases, LoRA surpasses full fine-tuning, with potential for check-
point merging, recipe creation, and enhanced fine-tuning via CLIP, Unet, and tokens.
Offering multi-vector pivotal tuning inversion, LORA models are smaller than 2GB +
DB counterparts, enabling rapid training, art style replication, and DB training with
minimal VRAM requirements.

3.5 Using Loopback Method to Optimize Images

Fig. 13. Using Loopback method to improve image quality

Loopback is a method by Stable Diffusion to use generated image output, in our
case, generated facades, as input for the next round of generation. The process is similar
to a cycle of repeating image-to-image translation. We set the iteration steps to 2 steps
and Fig. 13 is the yielded result. It can be seen that Loopback can provide better details
in generated fagades.

3.6 Using ControlNet to Guide the Facade Generation Process

ControlNet is a method proposed by Zhang [17] to control the output of a pretrained
Diffusion model to achieve better accuracy. It is achieved by having a locked neural
network(the original pretrained model) and trainable copy of the original network at the
same time and feed the control conditions(i.e., a edge map or line sketch) to the trainable
copy and then connect the copy with the locked model layer-wise.

Best practices for using ControlNet is to convert original image into an edge map.
Edges or scratches can effectively control the output into desired results. Some edge
detection methods we have tested and resulted decent output includes:

(i) Holistically-Nested Edge Detection Boundary (HED Boundary) [18], a convolu-
tional neural network based edge detection model trained on labelled datasets that is
capable of learning the hierarchical relations and other complicated spatial relations
in image and combine these information when converting into edge maps;

(i) Semantic Segmentation using Uniformer [19], a transformer based architecture that
utilizes 3D convolution and spatiotemporal attention mechanism to achieve better
compute efficiency and accuracy in various tasks, including segmentation on images.
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HED

Edge Detection Boundary

Fig. 15. Semantic Segmentation in img-to-img

ControlNet along with edge detection and segmentation techniques enables architects
to generate fagcades designs using a sketch drawing or an existing facade image with
better accuracy and better alignment to the user’s intentions. Edge detection technology
plays a crucial role in controlling the creation of images in the Img-to-Img framework,
allowing designers to achieve the desired rendering effects in the generated images, as
shown in Fig. 14. The involvement of semantic segmentation allows for more accurate
differentiation of the various elements in the original image, facilitating better subsequent
translation: architectural elements are replaced with new architectural elements, and so
on, resulting in better facade generation and better surrounding environment, as shown
in Fig. 15.

To apply lighting to generated images, upload the light source image to the image
generation area and place the original image in ControlNet, selecting the Depth model,
as shown in Fig. 16. Depth [20], a valuable intermediate representation for actions in
physical environments, facilitates realistic rendering in scenes by comparing pixel depth
values and preventing distant objects from obscuring closer ones.

Due to the inherent principle of img-to-img, which generates images based on the
original image with added Gaussian noise, color block distribution is generally similar,
but controlling finer details is challenging. With ControlNet’s intervention, the model,
initially guided by text generation, can now comprehend information extracted from
images. Combined with img-to-img, this yields more desirable control outcomes.

ControlNet also supports the combination of multiple models, enabling multi-
condition control of images. For example, by setting up two ControlNets, the first one
controls building facade contours using HED, while the second one manages background
composition through Seg or Depth. Adjusting ControlNet weights, such as prioritizing
HED over Depth, ensures accurate fagade structure recognition, followed by content and
style control through prompt words and style models.
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Img2Img

MENF

Fig. 16. Img-to-img combined with ControlNet--take Depth as an example

4 Conclusion and Discussion

Stable Diffusion outperforms earlier models like Pix2Pix in architecture facade gener-
ation, excelling in content quality and training efficiency. By adding a bypass matrix,
based on the model’s low-rank characteristics, LoORA achieves lightweight fine-tuning
effectively.

This method offers potential in architectural style consistency and coherence. Despite
some non-functionality, the generated images preserve the original photo’s composition
and color tone, with the structure well-extracted and translated, resulting in logical facade
compositions. Utilizing this method during the sketch stage enables designers to evaluate
color, form, and composition across multiple schemes.

However, Stable Diffusion has limitations, including potential inaccuracies in recog-
nizing environmental factors, regulations, and engineering functionality. Thus, human
experts should review and refine generated facades for feasibility.

Architectural AI’s future is promising, providing assistance and inspiration for facade
designs and allowing architects to focus on innovative tasks, elevating productivity.
While serving as a valuable tool, it should not replace designers’ emotional judgment
and final decisions. The technology’s success depends on the collaborative synergy
between designers and Al tools, capitalizing on each other’s strengths and weaknesses
(Fig. 17).

Despite personal constraints in data collection and hardware configurations, this
study addresses key issues in historical and cultural preservation. It targets challenges
like updating historical core buildings, maintaining architectural style and quality, ensur-
ing seamless style transitions in transitional zones, and integrating traditional design
elements with modern urban functionality. Additionally, the research leverages digital
technologies, including diffusion models, semantic ontology methods, and rough set
screening, to develop innovative fagade design strategies in preservation areas.

Future research will quantify image data for the training method, enhancing the
generation of effective, realistic architectural images. Due to the extensive data required
for optimal diffusion model training, subsequent work could explore data collection
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Fig. 17. Extra effect display

and preprocessing collaborations with academic and commercial institutions, as well as
employing automated tools for data identification and refinement. This research holds
significant implications for urban design and preservation, with potential applications
extending beyond the study’s scope.

Funding. This research was funded by the National Natural Science Foundation of China,
grant number 51978226, and the Anhui Province University Outstanding Scientific Research
and Innovation Team, grant number 2022AH010021.
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Abstract. This paper presents a feedback-based computational method for the
placement of columns in the early design phase of complex multi-story struc-
tures. The method integrates a circle packing algorithm, a spring system, and
structural engineering simulations within a single script for the reciprocal and
informed arrangement of columns in the space. While allowing the users to have
an explorative approach, it empowers diverse potentials in multi-story construc-
tions including additional cantilevering spaces around the boundary, increased
spatial qualities with large span possibilities, multidirectional structural arrange-
ments, and multi-purpose use of space. As a result, the developed algorithm allows
for flexibility by leveraging the design possibilities of grid-based and irregular col-
umn arrangements and promotes the integration of structural and design-related
constraints in the spatial organization of various building typologies.

Keywords: Computational design - Column placement - Complex networks -
Organization of space - Multi-story buildings

1 Introduction

1.1 Integration in Multi-story Construction

Construction is regarded as a slow-to-change sector since technological advancements
often take several decades to be significantly implemented (Drewer and Gann 1994;
Griibler et al. 1999; Stoneman 2001; Kuklina et al. 2021). The labor-productivity growth
of the building industry has been one percent a year over the past two decades, even
when other sectors such as manufacturing or agriculture have displayed remarkable
development (Barbosa et al. 2017). In essence, construction involves sophisticated,
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project-based activities that include interdependent subgroups collaborating on tasks
over time (Mahapatra and Gustavsson 2008). As a result of its normative rules, however,
the sector becomes more rigid (Geels 2004). Stable perceptions regarding roles and
responsibilities lead to predefined boundaries between disciplines. In spite of it being the
world’s second-largest industry, the low amount of sharing, concealment of knowledge,
and lack of integration hinder innovation in construction.

At the same time, urbanization rates have been increasing in all geographic regions
over the last seven decades (United Nations: Department of Economic and Social Affairs
2019). The rise is to such an extent that the number of multi-story construction in the last
two decades is more than in the previous 115 years (Oldfield et al. 2014). Column-slab
systems, in particular, have gained increasing attention due to their impact on material
use and longevity of buildings (Hueste et al. 2007; Georgopoulos et al. 2014; Nandy
2016; Meibodi et al. 2018; Santhosh and Kumar 2021; Krtschil et al. 2022). From
a design perspective, those systems require several spatial and structural aspects to
be considered. This involves the properties of the building materials, the loads to be
carried, the arrangement of the linear and surface elements in each story, and how forces
are transferred on the structure (Griinbaum 2008). On a global level, it is expected
from the design team to balance varying demands including the spatial decisions, the
client’s interests, the projects’ cost, and the overall performance of the proposed design
(RIBA 2020). Conventional practices often follow a linear approach despite the need
for integrated knowledge. The involvement of sophisticated and standalone software
programs favors the gap between disciplines.

1.2 Computational Design for Integration

Advancements in computational design have formed a novel paradigm in the building
industry. Geometry-based tools and their integrated scripting environments have devel-
oped new design thinking with generative rule sets, parameters, and logical relationships
(Barrios Hernandez 2006; Oxman and Gu 2015). Finite element analysis tools have
helped define stresses, deflections, and dynamic behavior even for intricate geometries
using sophisticated techniques (Mueller 2014).

Despite the advanced computer technologies, the fundamental concept of the exist-
ing processes has remained unchallenged, displaying the computerized version of tradi-
tional modes (Menges 2016). Design tools mostly prioritize the generation of articulated
geometric shapes regardless of their multifaceted constraints. Similarly, analysis tools
mainly analyze predefined geometries and are therefore unsuited for simultaneously
informing the design process. In the early design stages of multi-story construction,
designers are limited in how to evaluate their design options beyond architectural con-
straints. Even in the most prestigious architectural projects, engineers end up having
subservient positions (MacDonald 2001). The late consideration of structural concerns
or the needs of users results in changes that increase the time and cost of the project.
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2 Research Aim and Scope

The need for integrated thinking is particularly apparent in the design of slab layouts
in multi-story construction. Slab design requires the consideration of various domains,
such as building codes and regulations, load-bearing capacity, the structural performance
of the slab, the accessibility of the space, energy performance, serviceability, aesthet-
ics, cost, and material usage, all in a holistic way. Within that context, the placement
of columns directly influences the placement of the beams, walls, or other structural
elements, the span and structural depth of the building, the spatial organization of the
defined spaces and rooms, as well as the arrangement of the circulation elements and
service shafts. Hence, the positioning of the columns has a prominent impact on the
holistic domains of multi-story construction. This research aims at enhancing informed
and creative thinking in early spatial design while ensuring the structural performance
of the slab system. It focuses on the development of a feedback-based computational
workflow for the placement of columns in the design of complex multi-story structures.

3 Relevant Work

In the last two decades, computational methods became increasingly popular for design-
ing floor layouts in buildings. Several have focused on determining the structural and
architectural schemes for certain layout conditions. For instance, Shaw et al. developed
an evolutionary algorithm utilizing the sweep line method to derive column layouts for
orthogonal buildings (Shaw et al. 2008). Nimtawat and Nanakorn suggested a coding
scheme that identifies beam-slab layouts with rectangular slabs as binary chromosome
strings with given column and wall positions (Nimtawat and Nanakorn 2010). Herr and
Fischer provided a strategy for the generation of structural column and beam layouts
for reinforced concrete structures in China (Herr and Fischer 2013). Muresan et al.
optimized the stiffness distribution in a slab layout while preventing the oversizing of
elements using a set of floor outlines and column layouts (Muresan et al. 2018). By
dividing the rooms repeatedly, Mondal proposed an automation process for placing
the columns and beams in single-story convex orthogonal floor plans (Mondal 2018,
2021). However, the boundaries or layouts generated in all the above research have been
limited to regular and rectangular configurations. Furthermore, they either lacked con-
tinuous structural integration or were insufficient to address spatial complexities such
as cantilevered spaces. Similarly, other computational workflows have been initiated to
self-organize architectural elements of a structure (Alvarez et al. 2019; Schwinn and
Menges 2015). Considering the early design phase of multi-story construction, Orozco
et al. developed methods for arranging the panel segmentation and the reinforcement
of timber slab structures (Orozco et al. 2021, 2022; Krtschil et al. 2022). Nevertheless,
these methods excluded the arrangement of columns.

Some research has also highlighted the importance of automated column placement
for less traditional configurations in the early design phase and has been influential in the
development of this research. Scheuer used agent-based modeling (ABM) to define the
configuration of arbitrarily positioned columns in a large concrete structure. However,
because of the dynamic shrinking and growing behavior, the system tended to be heavier
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and less prone to change. Besides, the involvement of many interdependent parameters
made the decision-making process more sensitive (Scheurer 2005). Questioning the lin-
earity of the structural elements, Vierlinger et al. included inclined columns in the system
and established a symbiosis of functional and architectural variables. Nevertheless, the
involvement of thousands of elements and their elimination required some other opti-
mization steps as well as integrated post-processing (Vierlinger et al. 2013). Preisinger
used multi-objective optimization to place inclined columns under a roof while avoiding
some predefined volumes. In this example, however, instead of approaching the prob-
lem with a more organized and informed methodology, a level of randomness has been
involved in the process (Preisinger 2022).

4 Methodology

This paper presents a feedback-based computational method for the early-stage spatial
and structural design of slab layouts, focusing on the column placement of complex
multi-story structures. Unlike standalone software packages, it allows users to integrate
several constraints and simultaneously observe the implications of their design con-
siderations in regular or irregular layout conditions. The methodology utilizes those
constraints as inputs and outputs while benefiting from algorithmic design thinking.

4.1 Input Variables

Column positions are often prescribed by architects with consideration of the outside
boundary of the slab, the desired span, and the arrangement of used spaces and access
areas. In this relatively heuristic approach, designers are limited in the involvement of
structural requirements.

Following that, the developed method takes several variables and considerations as
inputs (Fig. 1), such as:

e Boundary of the slab: The continuous line that limits the area of the slab. The overall
form can vary from rectangular layouts to more complex or curvilinear shapes.

e Number of columns: The desired number of columns to be used in the space. The
results can be simultaneously checked to meet the building requirements.

e Column distribution area: The area within the boundary of the slab where the columns
should be distributed. This feature is convenient when certain cantilevering or balcony
spaces around the boundary are considered. In case the user wants to place the columns
within the entire boundary of the slab, this feature can be disabled.

e Spanrange: The expected optimal span between the columns after they are placed by
the developed algorithm. More specifically, it identifies the diameters of the circles
around the columns. This feature helps the users think beyond the otherwise limiting
spatial opening possibilities of certain material systems.

e Fixed columns and walls: Predefined locations of specific columns or walls such as
those around the main circulation areas or shafts of a building. If not required, this
feature can be disabled.
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Fig. 1. Input variables displayed on a testing setup

e No-column areas: The spaces to have no columns within the column distribution
area. These can include the locations around the openings and exit routes or the areas
involving elevator shafts, stairwells, or spatial rooms.

Considering the performance-related calculations, structural inputs such as the mate-
rial definitions, cross sections, height, and load should also be defined. In conclusion, a
variety of inputs are proposed to enhance the flexibility of the method. As it is possible
to disable some of the inputs, it is also possible to expand the number of inputs.

4.2 Algorithms, Solvers, and Outputs

According to the given constraints, the solvers of the system distribute the columns while
helping reduce the displacement of the slab and allowing for simultaneous checking of
the results within a single script (Fig. 2). For each feature, algorithms and solvers from
different fields have been involved in the process, and integrated into the graphical
algorithm editor named Grasshopper [Grasshopper 1.0.0007] in the same computer-
aided design application software Rhinoceros3D [Rhino 7.0].

Algorithms

The circle-packing algorithm applies a mathematical technique for arranging circles
within a given space so that they are tangent to each other and the boundaries of the
space. In the construction industry, architects and engineers try to find the best column
arrangement within a given boundary area. When the centers of the circles are viewed
as the central points of the vertical structural elements, circle packing solves a similar
column placement problem as the architects and engineers do. Therefore, the inputs
and outputs of the circle packing have a strong correlation with the ones of the column
placement problem. The boundary of the circle packing area, the number of circles,
and the distance between the circles’ centers correspond to the column distribution
area, the number of columns, and the span of the slab structure, respectively. While the
outcome of the circle packing is efficiently distributed circles within a space, the outcome
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of the developed algorithm treats the central points of the circles as columns. For this
method, the algorithm developed by Daniel Piker for Kangaroo Physics has been applied
[Kangaroo 2.42]. Concerning the predominantly geometric approach of circle packing,
structural considerations have been involved through a spring system and a parametric
structural engineering tool.

Spring system models are used in various applications, from physics simulations to
robotics, for simulating mechanical systems’ dynamic behavior. They can be seen as the
simplest finite element method using one-dimensional elements (Kattan 2008). When
defined as networks, the model describes a position at each vertex point as well as a
spring along the edges between those points with a stiffness and a length. Following this
logic, the spring system between the column locations is concurrently generated and
checked while the column distribution solver is running. The deformation has been the
limiting factor of the slab design in the selected case study. Considering the distance
between each column, the algorithm prevents the columns from exceeding the optimal
span while helping reduce the displacement of the slab. The push and pull mechanism
of the springs also ensures that the distributed columns are kept away from the fixed
column locations and from the no-column areas.

Solvers

Structural calculations and engineering models are performed through an interactive
structural design plug-in named Karamba [Karamba3D 2.2.0]. It is preferred based on
its simplicity of use for non-experts and the speed with which it produces responses to
different design options. Besides, to repeat a sequence of instructions multiple times, a
feedback-based solver named Anemone is utilized [Anemone 0.4]. In consideration of
the desired outputs, the distribution of the columns and the spring system are looped.

Outputs

Considering the nature of co-design (Knippers et al. 2021), slab layout selection is often
not solely based on one domain’s knowledge. Instead, the optimal solution is mostly the
compromise of several constraints involved, which are mentioned in Sect. 2 “Research
Aim and Scope”. For this reason, the overall algorithm is designed to enable the users to
check the outcomes continuously. These consist of spatial arrangements, the location of
the columns, their corresponding structural simulations, column reaction forces, and the
displacement of the slab. Furthermore, additional features are integrated with different
slab systems in mind, such as generating a network of beams and eliminating the under-
utilized beams, with the flexibility to expand or modify those options.

4.3 Testing Setup

The methodology has been chiefly explored and developed on a main case study as a
testing setup. The case study selection has been based on the critical overview of current
multi-story buildings in regard to their environmental and design-related consequences.
The timber building sector has built increasingly more multi-story structures over the
last two decades (Svatos$-RazZnjevié et al. 2022). The carbon sinkage potential (Churkina
etal. 2020), low climatic impact (Agusti-Juan and Habert 2017), high strength-to-weight
ratio (Ramage et al. 2017), and ease of machinability of timber (Wagner et al. 2020)
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Fig. 2. Methodology chart explaining the input variables, algorithms, solvers, and outputs.

are among the reasons of the resurgence of the sector. In addition, several studies have
discoursed the interrelationship between the use of timber in the construction industry
and increased productivity of labor (Mahapatra and Gustavsson 2008; Barbosa et al.
2017; Salvadori 2021). However, multi-story timber construction has still been limited
in its architectural vocabulary and spatial design on account of its restricted span range
and unidirectional floor plans.

In order to challenge these architectural limitations, the method has been demon-
strated on an irregular multi-story timber structure consisting of a curvilinear slab bound-
ary with the potential for varying span and cantilever conditions (Orozco et al. 2021,
2022). The boundary has been designed with the largest width of 16 m, the largest
corner radius of 2 m, and the longest cantilevering balcony condition of around 2.5 m.
The outline of the testing setup is visible in Figs. 1 and 2. Even though a pavilion-scale
timber building has been chosen as a case study, the proposed method can be applied to
other available systems with columns such as concrete, steel, or hybrid material systems.
Consequently, its implementations to other timber building layouts and material systems
are also showcased.

5 Results

The initial developments of the algorithm were performed on the testing setup. Six
columns were distributed on a total area of 112.3 m?. The column distribution boundary
was intentionally designed to be challenging for the structural performance of the slab
system. The algorithm was also provided with a fixed column, a fixed wall, and a no-
column area. The cross sections of the slab, beam, column, and wall elements were
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defined as 30 cm, 15 x 20 cm, 28 cm, and 25 cm, respectively, and the material was
set as timber. Constant gravity and slab loads were applied to the structure and the
simulations were displayed accordingly (Fig. 3).

a. Initial position c. Circle péck\ng and avoidance from the fixed locations

Displacement
fow high

————— ¥ Spanrange  -- No-columnarea 8 Fixed column = Fixedwall ~ —> Spring system

Fig. 3. Results of the column placement algorithm on a testing setup. a Inputs of boundaries, the
number of columns, fixed wall, and no-column area are given to the system. b Given number of
columns is distributed from the center of the column distribution area. ¢ Circle packing algorithm
continuously placed the columns while avoiding no-column areas. d Spring system kept the span
in an optimal position. e From all the generated solutions, the output of the algorithms is compared,
and the desired one is selected considering the maximum displacement, largest beam length, and
the reaction forces on the columns.

The columns were successfully placed on the testing setup by the algorithm. Live
outcomes of each step were monitored on the same platform while the solvers were
distributing the columns and trying to achieve the optimum span range. This included
the maximum displacement of the slab, the length of the largest beam, the reaction forces
of each column, and the columns’ avoidance of the no-column area, fixed wall, and fixed
column. The final slab displacement was 0.39 cm with an achieved span of 7.73 m.

To represent its flexibility, the developed algorithm was applied to several other slab
boundaries with fewer inputs and different numbers of columns (Fig. 4).

In addition to the multi-directional layout arrangements, it was also possible to get
more regular column placements (Fig. 4b). In conclusion, regardless of the shape of the
boundary, the desired output conditions could be achieved.

Lastly, the algorithm was applied to real building layouts with several constraints
and different materials. In reference to a timber building, the Tamedia Office Building
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Fig. 4. Versatility of the algorithm on various boundary conditions. a Column placement is run
on a convex boundary as a heptagon. b Rectangular boundary displayed the performance of the
developed tool on regular layouts. ¢ Concave boundary is tested for irregular arrangements.

in Zurich was selected as a base (Shigeru Ban Architects 2013). Certain details about
the building were obtained from the Multi-story Timber Buildings Database (Svatos-
Raznjevi¢ and Menges 2022). As a hybrid material system, 23 Dwellings’ slab layout
by Muoto Architects was tested (Muoto Architects 2015) with a steel structure and a
concrete elevator shaft. For both cases, the number of columns was kept the same as in
the real building case (Fig. 5).

The generated results had similar layouts to the existing column arrangements.
Through the process, the users could also investigate other cross-section and column
arrangement possibilities with their corresponding structural simulations and calcula-
tions. At the same time, certain defects were also identified by applying the developed
algorithm to real building layouts. For instance, in some cases, sharp edges on the col-
umn distribution boundary prevented the movement of the columns. Therefore, small
fillets on the corners were integrated for smoother circle packing and spring systems.
Besides, having a large number of fixed locations and predefined spaces on the same lay-
out sometimes caused blockages in the distribution path of the columns. Although those
were temporarily fixed, future work can identify possible software bugs and ensure the
robustness of the system by testing it on several more cases. Taking everything into con-
sideration, the algorithm successfully integrated several constraints, helped improve the
decision-making process with explorative parameters, and allowed its users to approach
early design cases more comprehensively.



60 E. S. Sahin et al.

Tamedia Office Building, Shigeru Ban Architects

£

40
S

a. Initial position of the algorithm with the overlay
of the existing plan (Shigeru Ban Architects, 2013)

b. Distribution of the columns <. Output of the algorithm

09 cm
124m I:

Max. displacement: 11.8 cm
Largest beam length: 2.

gth: 22.1m

a. Initial position of the algorithm with the overlay

Fiseis 20ts) . Output of the algorithm

Displacement.
low high

dia scale 7~ 23 Dwelings scale C* Spanrange - Nocolumnares © Fixedcolumn = Fixedwall — Spring system

Fig. 5. Applications on the real building cases with different materials and layouts. The method
is applied on a multi-story timber precedent named Tamedia Office Building by Shigeru Ban
Architects which was designed with an irregular layout with 48 columns. The performance of the
method is also tested on a hybrid building precedent with steel and concrete named 23 Dwellings
by Muoto Architects. a Initial position. b Reciprocal distribution of the columns considering the
given inputs. ¢ Output of the algorithm.

6 Discussions and Outlook

This paper presented a feedback-based computational method for the placement of
columns in the early design phase of complex multi-story structures. It integrated several
design-related variables such as the boundary condition, the desired number of columns,
the column distribution area, the optimal span range, the locations of fixed columns and
walls, and the no-column areas as constants. Constrained by those preferences, the devel-
oped algorithm allowed its users to check the outcomes of the structural analysis live,
while letting the algorithm produce their optimal layout. As aresult, it empowered diverse
potentials which are infrequently seen in multi-story timber building design, including
additional cantilevering spaces around the boundary, increased spatial qualities with the
possibility for large spans, multidirectional structural arrangements, and multi-purpose
use of space. To highlight its versatility, the developed approach is then elaborated on
existing slab layouts with different boundary conditions, changing numbers of columns,
and different material systems.

Following the proposed method, promising fields for further research have been
identified. Methodologically, the algorithm selection can go beyond circle packing and
spring system, perhaps to agent-based modeling or machine learning methods. These
could enable the integration of other column behaviors and user interaction while approx-
imating optimal solutions. In addition, the column arrangements of several slabs in dif-
ferent levels can be simulated to better understand the seismic behavior of corresponding
layouts. This can leverage the design possibilities even further, such as to systems with
atriums. From a technical point of view, the single-script approach might be expanded
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with the full integration of a feedback-based structural solver, and with multi-objective
parameters. Conceptually, the flexibility of the developed method can allow for the
implementation of several other design variables of different fields. As an example, life-
cycle assessment-related parameters or other performance criteria such as acoustics and
vibration can be incorporated.

Overall, elaborating on the placement of columns, this method presents a reciprocal
co-design approach to integrate the constraints of different disciplines involved in the
early design phase of multi-story structures. It bases itself on the existing research and
provides a user-friendly platform in a widely-used computer-aided design software envi-
ronment. Unlike other examples, the method enables the generation and evaluation of a
multitude of design options in a relatively quick, easy, and simultaneous way regardless
of the regularity or irregularity of the given boundary conditions. Besides, it provides
the corresponding simulations and calculations of the structural system in the same plat-
form. The developed method has the potential to surpass the architectural and structural
constraints of slab design, allowing for higher productivity, sharing, and integration in
a variety of stages of multi-story construction.
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Abstract. The present contribution addresses the topic of how to design novel
structures in timber with the aid of a computational tool based on vector-based
graphic statics (VGS) in a research-by-design approach. The context, scope
and theoretical framework allowing to design strut-and-tie models in timber is
explained. An application (design task given to Eng. Arch. Students) is presented.
The results concern the primary structure and joints, and are discussed regarding
the initial objectives.

Keywords: Timber Construction - Structural Design - Digital fabrication -
Parametric Design - Graphic-statics - VGS - Research-by-design - Teaching of
structures

1 Context and Scope

Abstract. The first section explains how the latest developments of graphic statics com-
bined with the use of timber can help tackling the issue of the design of low embodied
carbon load bearing structures in the coming years.

1.1 The Design of Structures as a Multi-factorial Problem

The design of structures is a multi-factorial exercise that requires a permanent anchoring
in the physical context of the project. In addition to ensuring the mechanical resistance of
the structure, the design needs to consider many different factors such as functionality,
geometry, construction, cost, and environmental impact among others. In a world of
limited and dwindling resources, the structure should also be designed with a view to
disassembly, recycling, and reuse of its components.

A structural solution is only optimal regarding to the order of importance given to
each criteria. The first challenge lies in defining this weighting. Architects are used
to dealing with project involving a set of complex and different constraints. Structural
relevance is often left aside in this case unless it reveals unavoidable in the definition of
the project. The methodology presented here aims to give a simultaneous focus on both
the structural and architectural requirements.
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1.2 Graphic Statics and the Design of Structures
1.2.1 Development of Graphic Statics

Regarding the design and analysis of structures, graphic statics has proven its consider-
able potential for achieving efficient and elegant structures. This method relies on two
interdependent diagrams, namely the form and force diagrams (Maxwell 1864). The first
represent the geometry of the structure together with its external force, the latter embeds
a synthetic vector representation of the forces applied to each node of the structure, thus
representing vectorially the equilibrium of forces acting on the structures.

The interdependency of the two diagrams and their visual convenience provides a
visual and intuitive understanding of the relationship between a structural shape and its
inner stresses. Graphic statics was initially developed by the likes of Stevin (1586),
Varignon (1687), Rankine (1858), Maxwell (1864), Culmann (1866), and Cremona
(1867) among others. The swiss engineer Robert Maillart is one of the pioneers using
graphic statics to define innovative and efficient structures. An iconic example is the
Salginatobel Bridge built in 1929 (Fivet and Zastavni 2012) This method relying on
hand-drawing was almost abandoned in the second half of the 20th century, in part, due
to the development of computers and numerical tools (Fig. 1).

Fig. 1. Salginatobel Bridge (1929) from Robert Maillart. Left: picture taken by Zastavni (2008).
Right: graphic static drawing: with form diagram on the right.

1.2.2 Resurgence of the Interest of Graphic Statics

The resurgence of interest for graphic statics among engineers, architects and researchers
in the last years can somehow be explained as follow.

Numerical analysis approaches are not the best for the early stage of design since their
way of working relies more on an analytical process with structural models requiring
various hypothesis to give a result, resulting in a lack of interactivity.

Secondly, the possibility to benefit from a computational framework to use graphic
statics created a favourable context, since hand drawing can be very time consuming
and cannot quickly generate or modify geometries for a project.

Finally, the latest theoretical and practical development of 3D graphic statics opened
new possibilities in terms of complex 3-dimensional structural typologies. In this, two
main methods were developed, namely the vector-based (D’acunto et al. 2019) and
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the polyhedral-based (Akbarzadeh 2017; Lee 2018). Both approaches have their own
specificities and benefits (Fig. 2).

Fr e

tension
=—=—=  compression

external force

Fig. 2. Graphic statics in 3 dimensions: Form diagram F of a self-stressed tetrahedron (left),
polyhedral based force diagram (b), vector-based force diagram (c¢). (from D’acunto et al. 2019)

1.2.3 VGS a Computational Tool for Vector Based Graphic Statics

VGS is a plugin in the digital environment of Grasshopper from McNeel Rhinoceros
whose main purpose is to automatically generate 3D vector-based interdependent form
and force diagrams. VGS is developed by Pierluigi D’acunto, Jean-Philippe Jasien-
ski, Yuchi Shen and Patrick Ole Ohlbrock. The theoretical foundations are based on
vector-based graphic statics (D’acunto et al. 2019) and its implementation results in a
computational tool (Jasienski et al. 2023).

The plugin allows the designer to generate 3D structures in equilibrium, as well as to
modify them in real-time acting either on the force or the form diagram (while assessing
the consequence of the modification on the other diagram). It is thus a very adequate
tool for the generation of efficient structures at equilibrium at the very first stages of the
design phase (Fig. 3).

1.3 Timber as a Construction Material for the Present and the Future

The actual environmental crisis asks for a major reduction of our CO; emissions to limit
the effects of global warming. In this context, structural engineers have an important role
because the construction industry generates around 40% of gasses inducing GW and
36% waste in Europe. It is important to highlight that the primary structure of buildings
represents more than 50% of this impact. In order to follow the goals fixed by the 2015
Paris agreement, the construction industry needs to be carbon-free for 2050. Combined
to that, the increase in population calls for building new homes. Both engineers and
architects are facing a huge challenge to find new ways of building that have a way
better ecological impact.
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Fig. 3. View of a structural model of a 3D tensegrity structure in the VGS tool within the McNeel
Rhinoceros and Grasshopper digital environment. From left to right: Form diagram (a), cor-
responding Force Diagram (b), parametric definition with the VGS modules in Grasshopper

(c)

In this context, timber appears to be a very interesting material because it has the
capacity to store CO; and so is considered as having a positive carbon footprint compared
to other materials. The negative GWP from the CO; point of view of timber calls it to
play amajor role as a construction material in the coming years. In this perspective, VGS
being specifically designed to address structures mainly composed of bars in structural
networks fits particularly timber structures that are characterized by such arrangements.

2 Theoretical Framework

Abstract. The second section discusses the theoretical framework in which the research
takes places. It introduces the hypothesis behind the use of graphic statics and strut-
and-tie models for timber, within the framework of the theory of plasticity and more
precisely the lower bound theorem.

2.1 Theory of Plasticity

Until the 20th century, the only approach that was used for the calculation of structure
was the theory of elasticity. The concept was firstly introduced by Galilée with the
famous example of a cantilevered beam, where he considered the section as uniformly
in tension (which is partially incorrect).

At the beginning of the 20th century, the first analysis of results of experiments on
steel structures questioned that theory. Gvosdev formalized the first principle of plastic
calculation in 1938. His work remained unknown, the first theory of plasticity as we
know it today were established by Greenberg and Prager in 1949 under the name of
static and kinematic theorems.

The theory of plasticity brings an answer to the inconsistencies of elastic theory,
considering the ductility of the material and its consequences on the redistribution of
stresses (Baker et al. 1956).
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2.2 Lower Bound Theorem

Both theorem of plastic design were theorized in 1936 by Gvosdev and Feinberg, which
Greenberg and Prager proved in 1949. The lower bound theorem, particularly suited for
design purposes, says: for an ideal plastic material, any limiting load obtained from a
distribution of internal forces is less than or equal to the actual limiting load.

As aresult, a graphic statics drawing is one possible solution to the static theorem;
equilibrium-based design was born, allowing for the management of different materials,
structural typologies, or scales, while respecting the three initial conditions of the plastic
static theorem. Robert Maillart’s work on detailing his structures can be considered as
application of this theorem.

2.3 Plastic Design and STM Approaches

Thanks to the lower-bound theorem of plasticity, any continuous structural system made
of a plastic material can be modeled as a strut-and-tie network. The strut-and-tie mod-
elling (STM) approaches were developed for the analysis of shear-walls and structural
details in concrete structures based on plastic theorems.

Modelling the structural behavior of complex structures by strut-and-tie networks is
a common practice in structural engineering when Bernoulli hypothesis does not apply,
which has been effectively evidenced by several contemporary structural engineers.

Strut-and-tie models are considered by Fivet (2013) as high-level structural abstrac-
tions that depict the force path acting inside a structure in the most reduced way. It
is composed only of rods in compression—struts—or traction—ties—linking together
pin-jointed nodes on which point forces are applied. They can be used as generic abstrac-
tions for many types of structures such as pin-jointed frameworks or beams and frames
subjected to bending moments, but also to trace lines of thrust in compression-only
structures.

2.4 Characterisation and Applicability of STM for Timber

Plastic principles are used for structural dimensioning of timber in most structural stan-
dards. Stress-strain relationship of timber demonstrates clearly plastic capacities in com-
pression, both parallel and perpendicular to fibres. In contrast, timber is fragile against
traction forces, particularly perpendicular to fibres, with a resistance below one twentieth
of the tensile strength along fibres. In most structures, the required ductility for using
the principles of plastic analysis and design is reached through the plastic capacities of
timber in compression and the ductility brought by steel components of joints.

Due to limited properties to redistribute force in tension, timber should be given
special attention for contact joints alone when modeling it using struts and ties to avoid
possible.

In this regard CLT panels, which are composed of several interlocking layers (three,
five or seven) of planks placed side by side present some interest. These changes in
direction within the material give them stiffness and resistance comparable in both main
directions of the plane and enable using the principles of Strut-and-Tie Modelling in the
framework of plastic design.
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3 Research by Design—A Case Study

Abstract. The third section explains how a Research-by-Design approach was proposed
to architectural engineering students to address the topic of the design of creative and
efficient timber structures. The implementation was focused on both the primary structure
and the joint-systems and fabrication.

3.1 Research-By-Design

An in-depth study integrating the multiple parameters introduced previously (see 1.1)
benefits from being based on a research-by-design-type approach, where prototyping
can have an important role to play. The final solution is neither necessarily defined
nor known. The parametric and adaptive dimension is therefore essential. Typically,
research-by-design can be implemented involving master-classes, workshops and project
development for architectural contest. This method has the capacity to reveal structural
approaches or limitations about complex design issues (Fig. 4).

DESIGN phase SClentific phase

design as:
- case study > research ON the design

! fdatal

I - 5
1| H g oy
! | design as: theories / hypotheses H " analytical / reflective / evaluation
|| FORMALIZED = laboratery appreach phase (incl. resilience analysis)

i .

Ty
- THEORIES || designas: i
INPUT i i ;
- HYPOTHESES i “ereative formalisation PROCESS i TR on
2t 4 i - heuristic process > genetic npplza_c? ________ i formalisation /
ol T T T T b = variational
1 | [process] ' approach
il | i
:
il
! heuristic
| heuristic

Fig. 4. Research by design main significances [credits Denis Zastavni and Commission RPP,
2021]3.2 Research context—design task
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The topic of the design project is an addition to the Queen Elisabeth Music Chapel
(located in Waterloo, Brussels), a center of excellence for artistic training with an inter-
national dimension and outreach. Its instruction is reserved for highly skilled musicians.
At the time of its creation, the famous critic Vuillermoz already described it as a kind of
‘modern Villa Medici’.

The students involved in the exercise are asked to design, in the vicinity of the
existing buildings, a medium-sized rehearsal and concert hall and three to four pavilions
for hosting artists in residence (all in timber structure).

Fig. 5. View of the work of group 02: site model and model of the concert hall.

3.2 Research Objectives

The structure of the main hall must be integrated into the design process by the groups
of students from the beginning. Their task is to design, size, and draw their wooden
structure: (1) design the structure to support vertical forces—dead loads, live loads -,
horizontal forces—wind—in X and Y directions; (2) model the structure on the principle
of strut-and-tie modeling; (3) build this model in the Rhino and Grasshopper environment
and analyze it with VGS; (4) detail a specific joint of the structure, assuming the sections
are cut to transmit maximum forces through direct contact, while avoiding the use of
steel fasteners. The joint is designed to make it possible to transfer forces according to
their nature (tension/compression): contact planes, possible anchoring of tensile forces,
possible assembly of the joint, restoration of continuity of one or more bars, etc. The
purpose is to promote the direct transmission of forces between timber elements, in the
direction of the fibers. The cuts for the assembly can be made using digital fabrication:
cutting or milling.

Students involved in the design exercise have the option to work either with wooden
sections or CLT panels, considering the possibility of modeling their structural working
with STM.

3.3 Results

The design and development of the structure progress together through drawings, assess-
ments, and models (see Fig. 5). Various support systems are studied to sustain roofs and
facades while withstanding snow and wind loads. The large span is dimensioned based
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on the necessary capacity and architectural constraints. All or part of the structure is
modeled using struts and ties in the parametric environment of Rhino and Grasshopper,
allowing for continuous adaptation of the structure.

Here, designers ensure the static equilibrium of their structure by using form-finding
tools such as Combinatorial Equilibrium Modeling (CEM) or others approaches. The
structure is analyzed using VGS, with its transformation module to refine the structure
according to the goals defined by groups of two, such as minimal efforts, minimal
sections, required height, specific acoustic shape, or particular zenithal openings, etc.
This process of analysis and optimization converges towards the definition of the shape
and efforts of the structure. These assumptions are then used to design a joint to be
manufactured using digital fabrication (see Fig. 6).

Fig. 6. Synoptic of the final results of group 06—from top left to bottom right: structural model,
assembly proposal, form diagram, force diagram

The diversity of structural models reflects the different approaches taken by the
students in defining at the same time the architectural and structural project as a whole.

A few groups managed the exercise with three-dimensional strut-and-tie modeling.
With the help of CEM (Ohlbrock and D’acunto 2020), they were able to achieve a
balanced structure despite the complex geometries (see Fig. 7).
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The VGS tool allowed for a comparative analysis of the values of forces in the bars
of the STM models. This can be done node by node using the vector-based approach
of VGS: “Regarding the strut-and-tie network as a form diagram F, the equilibrium of
the inner forces within the structure can then be solved iteratively node-by-node using
vector-based 3D graphic statics” (see Fig. 7).

Based on this graphic statics diagrams, timber joints can be designed according
to applied forces (see Fig. 8). A critical examination of students’ assemblies quickly
revealed numerous pitfalls, such as managing different loading cases, inadequate bearing
surfaces, insufficiently balanced forces, the use of metal fasteners for ductile failure in
tension, excessively weakened sections due to notches or facet orientations in relation
to the forces, etc.... revealing the complexity of such an exercise.

Generally, the designed assemblies involve mechanisms that quickly lead to failure.
For example, in the case of the support of the beam of group 04 (see Fig. 10): if a moment
caused the beam to rotate around its support, the tie and the column in tension could
cause brittle failure. Conversely, the tie in tension and compression in the column would
pull the tie out of the column and also cause failure.

These examples highlight the benefits of a rigorous methodology to design timber-
to-timber contact assemblies, with the advantage of using three-dimensional structural
models designed and analyzed by the VGS tool.

4 Discussions and Future Work

The paper proposed a research-by-design workflow for the design of innovative and
structurally efficient timber structures and timber-timber joints. The methodology was
applied to a case study as a multi-factorial design task for a group of 3rd year Engineer
Architect students. Even if they didn’t meet all of the initial objectives, the resulting
designs nevertheless demonstrate the interest of the proposed workflow. Designing these
joints with graphic statics and the VGS tool allows for the optimization of the amount
of material needed to manufacture a connection under design-specific conditions.

Because of the difficulty to visually represent these complex connections and the
forces involved, a node-by-node approach, with superimposing form and force diagrams,
is not always sufficient for a fine understanding of the working of assemblies. In future
design session, using a representation of contact surfaces would allow to go beyond
intuition for a better control of stress trajectories and failure mechanisms.

Considering robotic manufacturing potential of these connections for further work
opens up new geometrical possibilities and allows for the elimination of any constraints
that may be associated with traditional manufacturing methods.

The parametric nature of the VGS approach in a multi-factorial design project work-
flow demonstrated his interest for timber design challenges. Based on an adequate rep-
resentation of the connections and an iterative use of VGS, the organization of future
design session would allow a more precise development of timber-to-timber connections
for the development of wooden structures.
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Fig. 7. a Form diagram (left) and forces diagram (right) of the primary structure. b Form diagram
(left) and forces diagram (right) of the primary structure—Each line represents a project
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Fig. 8. a Structural model (left) and timber-to-timber joint (right). b Structural model (left) and
timber-to-timber joint (right). Each line represents a project.
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An Exploration on the Form Design of Movable
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Abstract. 5kinds of regular polyhedra and 13 kinds of semi-regular polyhedra are
taken as the main research objects in this paper to explore the form design method
of polyhedral expansion through the rotation of polygon. Firstly, the expand-
able range of uniform convex polyhedra is defined and divided into two types
of expansion. Then three solutions are proposed, namely, discarding polygonal
faces, constructing rigid-foldable origami mechanisms and constructing scissor-
like elements, so that the prior unexpandable uniform convex polyhedron can
be expanded. These methods extend the range of expandable uniform convex
polyhedron, and can provide new form design ideas for frontier fields such as
movable furniture (toys), movable art installations, 3D kinetic facades and space
architecture.

Keyword: Uniform convex polyhedra - Expansion - Movable structures - Form
design

1 Introduction

Uniform convex polyhedra are convex polyhedra in which faces are regular polygons and
angles are the same, including regular polyhedra, semi-regular polyhedra and infinite
prisms. In geometry, two important classes of convex polyhedra consisting of regular
polygonal faces with highly symmetrical geometry are regular polyhedron and semi-
regular polyhedron [3]. A Regular polyhedron is composed of only one regular polygon,
which contains 5 polyhedra, while a semi-regular polyhedron is composed of more than
one regular polygon, which contains 13 polyhedra (Fig. 1). The number of valences of
each vertex of a regular polyhedron and a semi-regular polyhedron is the same, and the
size of vector is the same from the centre of the polyhedron to each vertex [2], so there
is equivalence of each vertex.

Polyhedral expansion is a process in which the polyhedral faces are regarded as rigid
faces and the vertices of the polyhedral faces are hinged with each other to expand through
the rotation of the polyhedral faces. The main research objects are regular polyhedra and
semi-regular polyhedra. The easy control of polyhedral expansion degree satisfies users’
demand for different heights and widths of furniture, which makes it valuable in the field
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of movable furniture. While the interest and visual appreciation of polyhedral expansion
have explored its application potential in the field of movable art installations. At the
same time, the homogeneity of the expansion direction of the polyhedron and its internal

space with capacity make it an ideal model in the field of space architecture.

Regular T ) /\ ~ N 4‘4&
Polyhedra \ // QY / v; B/
v
Tetrahedron Hexahedron Octahedron Dodecahedron Icosahedron
\ . /\N —
& ‘2/7 4 |
=/ Vi
Truncated Truncated Truncated Small
ctahed Hexahedron Octahedron rhomicuboctahedron
Semi-regular ﬂ i
Polyhedra I
Great Truncated Truncated
rhomicuboctahedron Hexahedron Icosadodecahedron dodecahedron Icosahedron

Snub
redron | rhomicosit ! dodecahedron

Fig. 1. Regular and semi-regular polyhedra

2 Previous Study

Buckminister Fuller [4] discovered that an octahedron could be transformed into a hex-
octahedron by hinging and rotating the vertices of triangular faces in the octahedron, and
named this mode of motion as “Jitterbug” [4] (Fig. 2). Clinton [2] extended the “Jitter-
bug” mode of motion to regular and semi-regular polyhedra, and proposed three types
of transformation, namely face rotation-translation transformation, element rotation-
translation transformation and vertice rotation-translation transformation [2]. Stuart [6]
proposed seven rules of definition for regular and semi-regular polyhedra, and studied the
process of partial polyhedral expansion [6]. Rotation-translation transformation refers
to the transformation in which each surface rotates about its axis, translates along its
axis, and maintains connection with one of its paired vertices; the surfaces enclosing
the polyhedron will transform into another polyhedral form [6] (Fig. 3). According to
above definition of rotation-translation transformation, the motion trajectories of each
face and vertex can be determined. The vertices on the same surface are used to draw
circumcircle, and extrude the circumcircle in the direction from the center point to the
center point of the surface to get a cylinder. The intersection lines of adjacent cylinders
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are the motion trajectories of the vertices connecting the adjacent surfaces in the process
of motion [5] (Fig. 4).

Dreher [7] proposed the node construction of “constant dihedral hinge” to solve the
unstable problem of Jitterbug motion. Verheyen [7] used mathematical tools to describe
the motion trajectory of vertices and surfaces in the motion process of Jitterbug, and
discussed the expansion of regular and semi-regular polyhedra [7].

Fig. 2. Jitterbug mode of motion. Source of picture https://wvutoday.wvu.edu/

2| A | A - R

Rotation Translation Rotation-Translation

Fig. 3. Rotation-translation transformation Source of picture [6]

Fig. 4. The movement of the Jitterbug transformation Source of picture [5]

3 Types of Expansion

Previous classifications of expansion types are biased towards morphological analy-
sis. In this paper, from the perspective of morphological construction, the expansion of
uniform convex polyhedra is divided into the following three types: polyhedral expan-
sion adding hinged points, polyhedral expansion adding hinged links and polyhedral
expansion adding hinged faces (Fig. 5).
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Polyhedral expansion adding hinged points: Add hinged points at the vertex of the
polygonal faces of a uniform convex polyhedron, around which the surface can be rotated
to expand or close. Polyhedral expansion adding hinged links: the intersecting edge of
the polygonal faces of the uniform convex polyhedron is added with hinged links of
equal length to the length of side. The vertices of the polygonal faces are hinged with the
endpoint of hinged links, and the polygonal faces are connected with each other through
hinged links. Polyhedral expansion adding hinged faces: Add the same polygonal faces
as the expanded polyhedron to form a double-layer structure, which is hinged at the
center point of the polygon.

Polyhedral Expansion Polyhedral Expansion Polyhedral Expansion
adding hinged points adding hinged links adding hinged faces

| B e

Fig. 5. Three types of polyhedral expansion

Polyhedra

Polyhedral expansion adding hinged points is single-degree-of-freedom, and there
are polyhedra cannot be expanded. Polyhedral expansion adding hinged links is multi-
degree-of-freedom, and all polyhedra can be expanded. Polyhedral expansion adding
hinged faces is based on the polyhedral expansion adding hinged points, and whether
it can be expanded also depends on the polyhedral expansion adding hinged points.
Therefore, the following focuses on the polyhedral expansion adding hinged points, and
discusses the expansion of uniform convex polyhedron.

4 Study on Uniform Convex Polyhedral Expansion

4.1 Expandable Uniform Convex Polyhedra

Among 18 uniform convex polyhedra, 12 can be expanded according to the rotation-
translation transformation mode of motion without increasing or decreasing the faces
of the polyhedron. There are gaps in the expansion of a uniform convex polyhedron.
According to the number of vertices contained in the closed state of the gap, the 12
polyhedra can be divided into the following two types: The first type, all polygonal faces
around a vertex are hinged to expand, and the gap of expansion is rhombus; The second
type, all polygonal faces around two adjacent vertices are hinged to each other, with
expanded gap of “S” or “Z” shape (Fig. 6).
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4.2 Unexpandable Uniform Convex Polyhedra and Their Solutions

Among expandable uniform convex polyhedra, there are at most two states of polygon
(the state of a polygon refers to the relationship among a polygon and its adjacent
polygons). Two states of polygon are similar to the two sides of a parallelogram, and It’s
not stable. While 6 uniform convex polygons that are not expandable have three states
of polygon, which are similar to the relationship among the three sides of a triangle. The
three states of polygon define their relative positions, so that they form a stable structure
and cannot be expanded (Fig. 7).

In view of this feature, the unexpandable problem can be solved in the following
two ways: First, reduce a state of polygon; Second, transform a state of polygon from a
non-scalable to scalable structure. The first way can be achieved by discarding polyg-
onal faces, and the second way can be achieved by constructing rigid-foldable origami
mechanisms and scissor-like elements.

Polyhedra

State of
polygon

Fig. 7. Unexpandable polyhedra and their state of polygon

4.2.1 Discarding Polygonal Faces

When the polygonal faces of a certain state are discarded, three states of polygon in the
uniform convex polyhedron are reduced to two. And it becomes out of stability, so the
original unexpandable polyhedron is transformed into expandable structure. The dis-
carded polygonal faces can be polygonal faces in any state in the polyhedron. Therefore,
there are many choices for discarding and various forms of expansion after discarding.
Now take Great rhomicuboctahedron as an example. The polyhedron has three states
of polygon: State 1, is an octagon (4, 6, 4, 6, 4, 6, 4, 6) surrounded by 4 squares and 4
hexagons; State 2, is a hexagon (4, 8, 4, 8, 4, 8) surrounded by 3 squares and 3 octagons;
State 3, is a square (6, 8, 6, 8) surrounded by 2 hexagons and 2 octagons. Therefore, there
are three kinds of discarding options. The following figure (Fig. 8) shows three kinds of
discarding options of polygonal faces and the state of expansion after discarding.

4.2.2 Constructing Rigid-Foldable Origami Mechanisms

Rigid origami is an important branch of origami [8]. Therefore, the folding process of the
rigid origami pattern is, in fact, the motion of mechanisms. Unlike paper, which can be
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Fig. 8. Choices for discarding and the state of expansion after discarding

Fully expanded state

bent and deformed freely, most engineering materials have a certain degree of stiffness,
so rigid origami is formed. Rigid-foldable origami mechanisms are rigid foldable plate
structures in which rigid plane surfaces are hinged to each other through common edges
[1]. The mechanism can be folded into different spatial shapes from flat forms through
hinges, and the face only rotates along the hinges without bending and stretching.

The construction of rigid-foldable origami mechanisms to achieve polygonal scaling
(Fig. 9):

(a) Determine the polygonal faces that need to be scaled in the uniform convex
polyhedron;

(b) Connect the vertex of the polygon with the center point, and the lines are valley lines
in the origami mechanism;

(c) Connect the center point and center point of each side of the polygon, the lines are
peak lines in the origami mechanism;

(d) In the process of polygonal contraction, valley lines are concave inward, and peak
lines are convex outward (peak lines and valley lines can exchange with each other,
and the prominent direction of the origami mechanism changes accordingly).

Figure 10 shows the process of expanding the polyhedron from closed to maximum
expanded state with Small rhomicuboctahedron as prototype, using equilateral triangles
as scaling polygons to construct a rigid-foldable origami mechanism.

Definite polygon Draw valley lines Draw peak lines Axonometry

Fig. 9. Diagram of rigid-foldable origami mechanism construction
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Fig. 10. A rigid-foldable origami mechanism of Small rhomicuboctahedron

4.2.3 Constructing Scissor-Like Elements

A basic scissor-like element is formed by bars that are interconnected along their length
by one or more revolute joints—the Intermediate hinges—allowing one free revolution
in their (common) plane [1]. Scissor-like elements can be formed by linking scissor-
like element together through articulated joints at their end nodes. During the unfolding
process of the mechanism composed of scissor-like elements, all the bars move syn-
chronously. Based on variations in the basic scissor-like element—the shape of the bars
and placement of the intermediate hinges—three general subgroups can be identified:
translational-, polar-, and angulated elements [1]. The Hoberman mechanism is a typical
application example of scissor-like elements.

The construction of scissor-like elements to realize polygonal scaling: The edges of
the polygonal face selected for scaling are directly replaced by scissor-like elements,
which is hinged at the end of the edge to realize the expansion of polyhedron. The
following figure shows the process of expanding the polyhedron from closed to maxi-
mum expanded state with Small rhomicuboctahedron as prototype, using the equilateral
triangles as scaling polygons to construct scissor-like elements (Fig. 11).

Fig. 11. A scissor-like elements of small rhomicuboctahedron

4.3 Architectural Applications of Expandable Uniform Convex Polyhedra

Based on the polyhedral expansion principle which have been discussed, different poly-
hedra can be transformed to each other by means of face’s rotation and translation. If
several faces of the polyhedra are able to fold forward, the polyhedra can be folded into
plane state. Using rigid origami mechanism to fill the gap of the expansion can realize
the transformation from different polyhedra in closed space. Therefore, the installation
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based on the polyhedral expansion principle can realize different forms of secondary
expansion from the plane state.

Taking the transformation between Hexahedron and Hexoctahedron as an example
(Fig. 12), the Hexahedron can be expanded from a square plane to a Hexahedron in form,
and the Hexahedron can be further expanded to a Hexoctahedron. If the side length of
the Hexahedron is 3.6 m and the volume is 46.6 m3, the volume would be 110 m? after
the expansion into the Hexoctahedron, which increased by 2.3 times. Originally one-
story space in Hexahedron can be transformed into two-story space after expansion into
Hexoctahedron.

Fig. 12. Transformation and architectural application between Hexahedron and Hexoctahedron

5 Conclusions

In this paper the expandable range of uniform convex polyhedra is defined, and it is
divided into two types of expansion according to the number of vertices in the closed
state of the expansion gap. The three methods proposed in this paper achieve the same
maximum expansion degree of polyhedra, but each has its own characteristics (Figs. 13
and 14). In addition, there is also a way of expanding by constructing plane hinged
tessellations, which needs to be further explored in the future.

The three methods proposed in this paper achieve the same maximum expansion
degree of polyhedra, but each has its own characteristics. The method of discarding
polygonal faces does not occupy the inner and outer space of polyhedra during their
expansion and closure, but the closed state of polyhedra is not completely closed. The
method of constructing rigid-foldable origami mechanisms does not occupy space in the
closed state, but occupy internal (or external) space selectively in the unfolding process,
and the polyhedra are completely closed in the closed state. The method of constructing
scissor-like elements occupies both the inner and outer space of polyhedra in the closing
and expanding process, and the closing state is not completely closed. These methods
extend the expandable range of uniform convex polyhedron, and can provide new form
design ideas for frontier fields such as movable furniture (toys), movable art installations,
3D kinetic facades and space architecture.
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Abstract. The concept of “nature-algorithm-structure” refers to a digital design
method in architecture that draws inspiration from nature, extracting its mathemat-
ical and physical conceptual models to construct structural systems with parame-
ters. This study aims to address the challenge of parametric form-finding in retic-
ular tension structures. By observing the phenomenon of “sponge regeneration”,
we further illustrate the generation and optimization of reticular tension struc-
tures through the hierarchical structures of “monomer”-“path”-“mesh”. Tensile
structural systems are rebound forms, and their analytical models must account
for their nonlinear characteristics and the existence of equilibrium self-course.
Starting from the growth dynamics of “sponge regeneration behavior”, this paper
extracts the logic behind it: sponge monomers combine randomly into partial units
under the condition of shredding and discrete, forming a single organism through
aggregation. The multi-dimensional bone needle serves as a structural compo-
nent, enabling multi-axis reorganization, while the multi-directional mesh sur-
face as a morphological component realizes multi-branch reproduction, forming
anatural “network tension structure”. This study focuses on the biomimetic form-
finding of bone needle microstructure, drawing inspiration from sponge regenera-
tion behavior. By analyzing the growth dynamics of sponge regeneration, we aim
to develop a better understanding of the principles behind the formation of bone
needle microstructure. This finding provides significant reference for the develop-
ment of modern structures and promotes the bioshape and optimization of tensile
structures.

Keywords: Sponge regeneration - Microstructure bionics - Reticular tension
structure - Parametric form-finding - Finite element analysis

1 Introduction

Sponges are primitive multicellular organisms known for their strong regenerative abil-
ities. Even from scattered fragments or single cells, a sponge organism can divide and
regenerate to form a new adult sponge, which continues to grow. Researchers at the Uni-
versity of Ulster in Northern Ireland conducted experiments on the regenerative ability
of sponges. They observed that fragmented sponge cells gathered and grew under the
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action of “aggregation factors”. The growth of sponges was monitored at three time
nodes—~8 min, 704 min, and 1208 min, see Fig. 1. Sponge regeneration and growth
behavior. As bone needles supporting the monomer of the structure, the sponge cells
formed a tensile overall structure of different shapes through the path of discrete poly-
merization. This resulted in the arrangement of fine holes for predation and cloaca on
the side of the sponge structure [1]. Observing the regeneration behavior of sponges, and
studying the basic monomers, polymerization paths, and reticulated epidermis, provides
valuable guidance for biomimetic form-finding of building structures.
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Fig. 1. Sponge regeneration and growth behavior

The 1957 exhibition of the Federal Garden in Cologne was presented by Frei A con-
centrated exhibition of prestressed tents designed and built by Otto. In this exhibition, the
earliest and most important forms of tensile film were established. This series of mem-
brane structures has the characteristics of light weight, large span, flexible disassembly
and installation, etc., which initially reflect the sustainable and vigorous vitality of this
building type. Since then, Frey - Otto gained fame and began to have the opportunity
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to apply flexible membrane structures to public buildings with larger spans and longer
lifespans. The modules of the Underwood pavilion evolved from different variants of
the 3-pillar tension module, see Fig. 2. Tensile Structure classification. Changing the
distance between the upper and lower surfaces of the module and changing the scale
between the upper and lower surfaces of the module inform the curvature of the envelope.
These changes also create different rotations within each module, causing the envelope
to twist in different directions. The structural simulation engine rhinoceros film and kan-
garoo are essential tools in the process of finding the shape of the pavilion’s structure.
Compared with other structural systems, tension structures have great advantages. They
mainly use tensile members and are lighter and stronger than conventional systems. The
tensile structure is gradually extracted from the three elements of “bar”, “cable” and
“membrane”, and Munich Olympic Stadium and BUGA Fibre Pavilion are the typical
cases of “cable-membrane” structure; At the same time, the “bar-cable” tension structure
came into being, such as Snelson’s “Fly” series, Frumar et al.

cable

membrane

Tensile
Structure

Fig. 2. Tensile Structure classification

Tension, tension integrity, or floating compression is a structural principle based on
a system of isolated components pressed within a continuous tension network, arranged
so that compression members (usually rods or pillars) do not touch each other and
prestressed tensile members (usually cables or tendons) spatially depict the system.
Because the members are loaded with pure compression or pure tension, the structure
will fail only if the cable yields or the rod bends. This enables each member’s material
qualities and cross-sectional geometry to be tailored based on the precise load it carries.
Because of these patterns, no structural parts experience bending moments, and the
system has no shear stresses. This can lead to an exceptional situation.

Architectural biomimetics is a realistic way for guiding human construction oper-
ations by the natural world. Sponge growth and regeneration, monomer change, route
derivation, and epidermal shape all have significant research implications for the for-
mation of architectural structure. The modern tensile monolithic structure’s main body
is composed of rod, line, and surface, and its different morphological unfolding has
different mechanical properties, and this paper extends the possibility of parametric
form-finding of tensile structure by simulating the regeneration mode of sponge.
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2 Method

The sponge monomer is discovered to have a fractal phenomenon, the path exhibits a
discrete polymerization algorithm, and the environmental performance of the epidermis
morphology is simulated to obtain the ideal form-finding condition, see Fig. 3. This
study depicts sponge regeneration behavior from the four perspectives of observing
the regeneration phenomenon-extracting the logic behind the extraction-constructing
the microstructure system-force analysis, and the technical means are based on the
Grasshopper platform, using the Rabbit plugin for monomeric fractal construction, the
Waso plug-in for discrete aggregation path deduction, and Lunchbox + WeaverBird for
mesh epidermal subdivision, see Fig. 4.

Fig. 3. Three paths coordinate

2.1 Monolithic Composition

The sponge is supported by a needle-like “skeleton”. The needle keeps the pores open
and maintains the shape of a sponge [2], and can be divided into siliceous bone needles
and calcium bone needles according to the type of bone needle material, see Table 1.
Multiaxial bone needles; According to the number of axes, it can be divided into single-
axis, double-axis, multi-axis bone needles; On that basis, it could be discussed.

The use of a fractal algorithm to expand the basic unit into several dimensions by
specifying the initial value, iteration rules, offset angle, and bone needle monomers,
see Table 2. Bone needle fractal algorithm. In the middle of the 1970s, a new area of
modern mathematics called fractal arithmetic emerged refers to things that are self-
similar in terms of phenomena, pictures, or physical processes. Mountains and trees
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Table 1. Multiaxial bone needles

Uniaxial bone needle Biaxial bone needle Multiaxial bone needles
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exhibit fractal phenomena in nature, and the creation of a mathematical fractal is based
on an equation that iterates continuously, or a recursive feedback system. Mandelbro
invented fractal geometry in his well-known book “Fractal Geometry of Nature,” where
fractal algorithms are combined with ideas like chaos and tubers to form complexity
science and direct the structure of the mathematical universe.

2.2 Path Derivation

The aggregation pattern of bone needles was observed under the microscope, and several
bone needles were distributed in scattered points [3], and the center point of aggregation
was selected and discretely polymerized with adjacent bone needles within the radius.
The path generation is analyzed from the three angles of “boundary”—*"“plane”—*"“three-
dimensional”, see Table 3. Discrete aggregation. In the boundary magnetic field effect,
the magnetic field attraction effect is compiled with green, yellow and red, and the tensile
structure monomer is compared with the group formation form, which is divided into
four basic units of tension: monomer forward, monomer reverse, group monomer built-
in, and group monomer extracorporeal composition. On the basis of this division, two
tensile structural forms, built-in “cable-membrane” and externalized “bar-cable”, are
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Table 2. Bone needle fractal algorithm

Step:10 Length Scale:1

Type 2D 3D Algorithm
Uniaxial _ Axiom: FA
l Production Rules: B = &FAJ A = !""[B]
Number of generations: 1
‘ Angle: 90
Biaxial . _’ Axiom: FA
Production Rules: B = &FAJ A = !""[B]
Number of generations: 2
Angle: 90
Multiaxia Axiom: FA
Production Rules: B = &AJ A = [!""[B]///[B]]F]
> Number of generations: 7
' Angle: 72

derived, and under the joint control of tension and tensile force, the monomer follows
the discrete polymerization path to generate a group morphology.

2.3 Epidermal Morphology

Sponge animal skin presents a light lattice, which has high strength, light texture and
good tensile performance, selects 150 * 250 m plane as the basic grid, the vertex of the
structure is set at the center point, subdivides and softens it respectively, takes the local
climate of Xiamen, China as the site conditions, analyzes the real number of light on the
winter solstice, and conducts simulation analysis through Ladybug software, see Fig. 5.
Epidermal contrast, and finds that the maximum number of light on the winter solstice
can be reached after softening treatment.

3 Structural Performance

3.1 Forward and Reverse Comparison of Monomers

On the basis of monomer research, the monomer morphology at N = 3 can be divided
into two manifestations: built-in and externalized. Regarding the discussion on the built-
in monomer, through the discrete aggregation algorithm, the magnetic field boundary
conditions are set, the orbiting path is specified, different forms are generated, and the
structure is found by digital means, see Table 4. Monomers are contrasted in different
directions. Among them, in the composition of the built-in monomer, groups with dif-
ferent morphologies can be generated, and the groups can form the basic skeleton of the
tension structure to create a variety of possible forms.

Compared with other traditional building structure systems, the new system with
unique charm of the tensile integral structure is still “young”, up to now, there is still
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Table 3. Discrete aggregation
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Table 4. Monomers are contrasted in different directions
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no real sense of tensile integral structural engineering works in the world, one of the
significant reasons is that the tensile integral structure is a typical flexible structure [4],
with the characteristics of large deformation and small strain, and the ability to bear
the load is relatively low. The tensile membrane structure allows architects to design a
variety of tensile self-balancing, complex and vivid spatial forms, which change with
light throughout the day, and the sculptural membrane structure can take on different
forms through light and shadow. At sunrise and sunset, light at low incidence angles
will highlight the curvature and relief effect of the roof, and when the sun is at apogee,
the streamlined boundary of the membrane structure is cast into the ground with a
curved shadow, using the light transmission and reflection of the membrane, and the
designed artificial light can also make the membrane structure a sculpture of light. The
tensile membrane structure is not rigid and deforms under wind or snow loads. The
membrane structure adapts to external loads by deformation, during which the radius
of curvature of the membrane surface in the direction of the load is reduced until it
can resist the load more effectively. The flexibility of the tensile structure allows it to
produce large displacement without permanent deformation, the elastic properties and
prestress level of the membrane material determine the deformation and reaction of the
membrane structure, and the flexible characteristics of adapting to nature can inspire
people’s architectural design.

3.2 Group Discrete Aggregate Deduction

Fractal monomers are generated based on the “Rabbit” plug-in in the Grasshopper plat-
form, and then a discrete aggregation algorithm is generated according to the “WASP”
plug-in in the platform, see Table 5. Group discrete aggregation. The generation logic of
its algorithm consists of four parts: unit-spatial adaptor-component-group. For the ten-
sile membrane structure, take the 3-rod as an example to construct the structure: firstly,
the straight rod of the 3-rod is multipiped to make the port, length and thickness of the
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member have nonlinear morphological changes; Secondly, an adaptor adapted to the
space of 3 rods is established to realize the fit between surfaces and surfaces between
different spatial adaptors, so that the members can move, rotate, mirror and other oper-
ations in the space adaptation. Furthermore, for path derivation, designers can limit the
corresponding field conditions (regular, irregular) and path direction (linear, nonlinear);
Finally, according to the above conditions, different forms of bone needle morphol-
ogy are discretely aggregated, and different forms of tensile membrane structures are
supported and extended.

Table 5. Group discrete aggregation

Step2 Space Adaptor

Step3 Path Evolution

Step4 Discrete Clustering

a) Groups are built-in

(continued)

Similarly, the “bar-cable” structural form is derived on the basis of the “cable-
membrane” tension structure. The compression members of the composite tensile inte-
gral structure enhances the overall stiffness and stability of the structural system. The
stiffness of the structure as a whole is no longer limited to the tension of the prestress,
reducing the excess internal stress [5]. Continuous compression members can maintain
an effective force flow path and improve structural efficiency. From a mechanical point
of view, the continuous compression member reduces the steps of force flow transmis-
sion and the force transmission path becomes simpler. The simpler the force transfer
path, the greater the structural efficiency. The continuous transmission of the pressure
member can maintain the effective transmission of force flow, which greatly improves
the structural efficiency. The structural structure is relatively simple, which reduces the
difficulty of making stressed members and connecting nodes, and can realize on-site
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Table 5. (continued)

Step4 Path Evolution

Step4 Discrete Clustering

b) Group externalization

production and installation, which greatly reduces the size of the prestress, reduces the
difficulty of construction, and makes the structural system easier to achieve.

4 Discussion

The tensile members are used to control the load or stabilize the junction of the whole
Structural system, the cable is directly anchored to the rigid skeleton, directly controlling
the skeleton, without the need for the action of the brace. Tensile members can be divided
into two types according to the force action, one is common to the rigid skeleton system.
Support cables for the self-weight (fixed load) of the support structure, and the other type
assists the rigid skeleton against additional live loads. Stable cables to avoid deformation
of the structural system; According to whether prestress is applied or not, it can also be
divided into two types, one is pretension. Cables, the other is non-pre-tensioned cables.
The main feature of this structure is the controlled loads, which are mainly used in
contact with each other. The compressive members resist external or self-weight loads
and are connected to each other by tensile members to enhance stiffness and stability.
Compared with the strut structure, the skeleton structure greatly reduces the amount
of prestress to be applied during the construction process. The combination between
the compression member and the tensile member is exquisite, making full use of the
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bearing capacity of the rigid skeleton structure, and the combination is stable [6]. The
lightweight cable of the fixed control system enables the lightweight structure to produce
high strength. The sponge skeleton further expands the tensile structure. The continuous
development of science and technology has prompted the subdivision of specialties,
which, admittedly, is conducive to the deepening and deepening of the knowledge system.
The development of science and technology will also cause multi-professional barriers
and disconnect between them. Old architects, structures.

The building method of masters, sculptors, and craftsmen as “builders” has long
been unsuitable for modern society. In the past hundred years, architectural engineering
has become the cohesion and synthesis of multidisciplinary majors, and the relationship
between architecture and structure [7]. The most close, it requires both division of labor,
more detailed research, and coordination and cooperation between them. Structure is
the skeleton that supports the building and the material basis for architectural artistic
expression, although the structure belongs to science and technology, But there are
often artistic considerations involved. Sexual factors. There are many architects, such
as Calatrava, who are willing and good at using structural technical means to express
architectural art, and have always maintained an emphasis on structural technology in
their architectural creation.

5 Conclusion

The overall tensile structure is a stable self-balancing structure composed of compres-
sion members and tension members, the compression members are in a discrete state,
and the tension members are in a continuous state. The tensile monolithic structure
has no stiffness on its own, but is provided by self-stress. Its geometric composition and
mechanical properties have not been studied systematically, and by studying the regener-
ation behavior of spongees, its monomer composition, path derivation, epidermal tissue
and tension structure have a high degree of similarity, which provides more biomorphic
reference and guiding significance for the development of reticular tension structure.
On the one hand, from the built-in perspective, the “cable-membrane” structure in the
tension structure is discussed, the influence of the forward and reverse structure of the
rod cable on the mechanical properties of the tension membrane is discussed, and then
a variety of bone needle evolution structures are obtained by discrete polymerization
algorithm, and a variety of tension membrane structures are constructed. On the other
hand, the “rod-cable” structure in the tensile structure is disassembled from the perspec-
tive of externalization, and the morphological evolution of the overall tensile structure
under different compression modes and path conditions is discussed. The combination
of the two provides an innovative idea for finding the shape of the tensile structure.
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Abstract. Inthe massive computer architecture known as cellular automata (CA),
finite-state machines, also known as finite-state automata, are arranged in a dis-
continuous network that permits local interactions between neighbors. As self-
organizing artificial systems, such as neural networks and genetic algorithms,
developed from vast systems formed with essential elements and just local inter-
actions, CA is mainly related to artificial intelligence (Al) (a seed interacts with its
own neighbors, which are usually just the cells closer to the seed as an activator). In
order to produce architectural spaces of various sizes, this research develops dig-
ital experiments that analyze the interactions between environmental conditions
as input, CA as generator/propagator, and geometrical emergent patterns from
knitting and weaving processes as translators/mediators. This method functions
as a bottom-up strategy in which information from the environment can influence
the activation and deactivation of rules, theoretically fostering a reprogrammable
structure that can evolve.

Keywords: Cellular Automata - Threading - Knitting - Weaving - Generative
Design

1 Introduction

Finite-state machines (FSMs), also known as finite-state automata, are mathematical
models commonly used in computer science and engineering. They are used to describe
the behavior of a system with a finite number of states, where the current state and a set
of inputs can determine the system’s behavior.

In the context of cellular automata (CA) [1, 2], finite-state machines are organized in
adiscontinuous network that allows for local interactions between neighboring elements.
This organization is based on the geometric orders that result from crystal growth simu-
lations, which provide a basis for the arrangement of atoms on a nano-metric scale. The
previously mentioned discontinuous network allows CA to create complex and diverse
behavior patterns. The individual elements can interact and influence each other based
on their current state and the inputs they receive from their neighbors. This results in a
highly flexible and dynamic system that can adapt and evolve in response to changes in
the environment or inputs, contributing to the overall dynamic and adaptive behavior of
the cellular automata system.

© The Author(s) 2024
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Finite-state machines are a fundamental component in designing and organizing
nano-metric scale systems. They serve as the basis for the arrangement of building blocks
in these systems, and their properties play a crucial role in shaping their behavior and
functionality. The geometric orders that result from crystal growth simulations provide
a roadmap for the arrangement of building blocks, regulating the interactions between
each cell (as the minimal unit) and ensuring that they are organized in a way that responds
to external (environment) and internal factors (structural). From these principles, in this
research, we are exploring the possibilities of CA as a pattern generator and propagator,
driven by external and internal factors, using weaving and knitting principles as mediators
between the activation and deactivation of cells and possible ways of materialization,
using textiles as soft materials in a continuous geometric arrangement (Fig. 1).

Fig. 1. Soft Material simulation over a 2.5D as a continuous surface. Image from the Authors.

2 CA from Discrete Points

Cellular automata (CA) have a strong connection to the field of artificial intelligence (AI)
[3]. This is because CA systems can be considered as self-organizing artificial systems
that arise from the interactions between simple components without the necessity of
human interaction. Self-organizing artificial systems are systems capable of organizing
themselves without explicit direction or control from an external source. These systems
arise from the interactions between simple components, often referred to as agents, that
are capable of communicating with each other and adapting their behavior based on the
state of the system. This can result in the emergence of complex behavior and patterns
that are not present in the individual components themselves.

Self-organizing artificial systems are often used to model and simulate complex
systems, such as social networks, transportation networks, and ecosystems. They are
also used in the development of artificial intelligence (AI) and machine learning systems,
where they can be used to model neural networks and genetic algorithms [4]. In these
systems, the individual components can exchange information and adapt their behavior
based on the state of the system. Over time, this leads to the emergence of coordinated
and structured behavior, even though there is no central control or explicit direction.

One of the key features of CA is that they are based on local interactions. In these
systems, a seed interacts only with its immediate neighbors, which are typically the
cells closest to the seed. These local interactions between the seed and its neighbors
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can lead to the emergence of complex patterns and behaviors. This is why CA are often
considered a good model for Al systems, as they allow for creating sophisticated systems
from relatively simple building blocks.

In Al the concept of local interactions is often referred to as “neighborhood inter-
actions”. This refers to the idea that a single unit or component in an Al system only
interacts with a limited number of other units or components in its immediate vicin-
ity. This concept is key to the design of many Al algorithms, and it has been heavily
influenced by the principles and theories developed in the field of cellular automata [5,
6]. This concept is key to the design of many Al algorithms, as it allows for the devel-
opment of systems that can scale to handle extensive and complex data sets while still
maintaining efficiency and performance and producing meaningful results.

In the field of cellular automata, neighborhood interactions are often described within
the context of discrete geometric arrays, which represent the discrete positions of the
components within the system. These arrays can be defined as regular grids, hexagonal
lattices, or other geometric shapes.

By defining the neighborhood of each component, it is possible to specify the range of
interactions that occur within the system. For example, a “von Neumann” neighborhood
includes the four adjacent components to a central element, while a “Moore” neighbor-
hood includes the eight adjacent components as well as the diagonals [7]. The use of
discrete geometric arrays to describe neighborhood interactions in cellular automata is a
powerful tool that allows for the simulation and analysis of complex systems. It has been
used in a wide range of applications, including modeling biological systems, studying
social networks, and designing artificial intelligence algorithms [8].

The use of discrete geometrical arrangements within cellular automata has been an
interesting tool for planning in the architectural field [9]. Also, cellular automata models
have been utilized for generating and examining intricate spatial patterns in the design
field. Through these models, designers can create complicated spatial arrangements by
establishing basic rules of discrete geometric configurations [10].

However, CA as an abstract logical machine that uses a binary language in its essence
can easily translate its results into the discrete space in a simplified language (usually as
voxels), potentially limiting or constraining architectural design by reducing the com-
plexity and richness of the final design. In that sense, it should be noted that CA is
only one tool in the design process, and we may incorporate it with other techniques to
produce more nuanced and varied spatial results.

Embracing the simplicity and regularity of discrete geometries on one and consider-
ing other ways of translating discrete geometries emerges as an opportunity to explore
the field of soft materials such as fabrics. As weaving and knitting techniques are based
on the principles of discrete geometric arrays and local interactions, it’s feasible to trans-
late cellular automata principles and binary results into discrete weaving arrays (Fig. 2)
that represent the positions of components within the system.

3 To a Three-Dimensional Geometry Beyond Discrete

Cellular automata operate within three-dimensional space and utilize a generative app-
roach to accumulate the historical process within their discrete structures. This is
achieved through local operations that continuously shape and construct emergent forms
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Fig. 2. Discrete set of 2D points to be translated by a weaving process. Image from the Authors.

over time following predefined rules. This occurs in a highly abstract process (usually
binary) and is pre-deterministic if the rules are not in touch with other external or internal
elements acting as a “noise” in the generative process [11, 12]. In that framework, to go
beyond this representation of three-dimensional discrete geometry as a set of discrete
points, lines, and shapes, we will explore ways to create, visualize and materialize rela-
tionships between these points. This research develops the idea of making more complex
and nuanced representations of space that consider the continuous nature of the phys-
ical world (instead of just a discrete approach). This involves incorporating elements
from soft materials, such as other forms of continuous material (such as fluids), into the
representation of space [13], in addition to traditional discrete elements like points and
lines.

Soft materials are materials that have low stiffness and a high degree of deformability.
They are characterized by their ability to flow, deform, and adapt to their environment
in response to external forces, such as temperature changes, pressure, or electric and
magnetic fields. Examples of soft materials include polymers, gels, liquids, and soft
tissues such as skin, muscles, and organs [14]. Soft materials are often used in a variety
of applications, including biomedical devices, flexible electronics, and soft robotics
[15]. One of the key features of soft materials is that they are nonlinear and often exhibit
complex mechanical behavior, which makes them challenging to model and understand.
As a result, there is a growing field of research focused on understanding and utilizing
the unique properties of soft materials for various applications.

In that particular scenario, this research explores the creation of spatial complexities
using CA patterns [16] as a reference for threading continuous structures defined by
Synchronous and Asynchronous seeds working in discrete environments [17]. As a
final step, the results of this generative process are tested as spatial structures, creating
soft translations from the CA discrete logic to highly intricate patterns as answers to
the information that pushes the system in terms of complexity. The final step in this
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generative process refers to evaluating and analyzing the patterns that are generated
from the cellular automata (CA) system.

Specifically, in this research, we aim to create woven and knitted translations from the
discrete logic of the CA system (Fig. 3). In this context, “woven and knitted translations”
refers to converting the CA system’s discrete logic into highly intricate patterns. These
patterns are created by simulating the interactions between simple components in the
CA system. They are seen as answers to the information that drives the system in terms
of its complexity and density (Fig. 4). The final step of the generative process is crucial,
as it provides the researchers with a way to validate and assess the results of the CA
system. By testing the spatial properties of the resulting structures, we can determine
whether their approach is effective in creating architectural space at different scales and
whether it can be used as a tool for designing and building structures in the real world.
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Fig. 3. Discrete set of 2D points being translated by a weaving recursive process. (Left) and in a
linear process (right). Image from the Authors.

Fig. 4. Discrete set of 3D points being translated by a weaving recursive process. (Left), in a linear
process (center) and in a mixed variation (right) showing different densities and complexities.
Image from the Authors.

4 Weaving and Knitting as CA Translators

Weaving and knitting are related techniques for creating textiles and similar structures
using yarn or thread. Weaving involves interlacing two sets of threads, the warp and the
weft, in a repetitive pattern to create a fabric. The warp threads are arranged length-
wise on a loom and remain stationary, while the weft threads are woven in and out of
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the warp threads in a specific pattern to create the fabric. On the other hand, knitting
involves creating a piece of fabric by looping yarn or thread around a set of needles. The
loops are interlocked and held in place by previous rows, creating a three-dimensional
material produced from a single thread. Both weaving and knitting involve creating
fabric by repeating a pattern of interlocking loops or threads. However, there are some
key differences between the two techniques. For example, weaving typically requires
a loom, while knitting can be done by hand or with a machine. Additionally, weaving
produces a flat fabric, while knitting can create a material with a more complex, three-
dimensional structure. Weaving and knitting can be seen as Cellular Automata (CA)
translators because they are techniques for translating CA’s abstract and mathematical
principles into physical form. In CA, a discrete system is modelled as a grid of cells,
each of which can be in one of several states, and a set of rules determines how the state
of each cell evolves based on the states of its neighbors (Fig. 5).

Fig. 5. Discrete set of 3D points being translated by a weaving recursive process using a nylon
based compound, showing different densities and complexities. Image from the Authors.

Textiles, specifically knitting, provide a material system that can be programmed
using computation and code to create complex structures that respond to environmental
conditions. By using parametric design and material computation, designers can create
a set of rules or instructions that govern the behavior of the knitting pattern. These rules
can be adjusted based on the desired properties of the final structure, such as its strength,
flexibility, or response to external forces. This computational design process allows for
a high degree of control and precision while maintaining the material’s flexibility and
adaptability. The programmability of knitted textiles is an excellent interface for creat-
ing complex emergent forms of variable properties under the application of internal and
external forces [18]. Within the past years, there has been ample research on how textiles
can be used in an architectural context. Knitting can allow various performances within
a continuous single-form system [19]. Such systems with hierarchical relations are great
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for multi-performative hybrid structures [20]. Cellular automata (CA) patterns can help
in developing such programmable patterns for textiles. CA models are computational
systems that can generate complex patterns through the repeated application of simple
rules to cells in a grid. This approach can generate intricate patterns for knitted textiles
that respond to different environmental conditions (these conditions are actually coming
from simulated environments using Ladybug as part of the workflow). By incorporating
CA patterns into the design process (Fig. 6), designers can create fabrics with emergent
properties that respond to specific environmental conditions, such as temperature or
humidity. This process allows the creation of optimized textiles for particular environ-
ments, resulting in a more efficient and effective use of resources and more functional
and comfortable end products.

Fig. 6. Discrete set of 3D points (Processing) from solar radiation patterns (using Ladybug) being
translated by a weaving process (Grasshopper), in a linear process (left) and in a recursive process
(right) showing different densities and complexities. Image from the Authors.

5 Khnitting Method

CA patterns have been used so far to create flat 2-dimensional patterns; however, this
project explores how the CA logic can be applied and tested in a 2.5 D—3D where the
cellular automata logic can be used to examine the translation of CA to three dimensions.
This requires a two-step approach, firstly, an in-depth understanding of how computer-
ized knitting machines work and, secondly, how CA patterns can be translated to knitting
commands.

Step 1: Flat-bed knitting machines, according to Banerjee [21], can have multiple needle
beds, with the most common configuration consisting of an array of needles positioned
on two beds facing each other in an inverted “V” pattern. These needles work together
to make a loop course by pulling a thread or yarn around loops made in a previous pass.
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The fabric may be manufactured separately or interlinked on the two beds, allowing for
the creation of various loop types.

To shape the textile, there are multiple ways to create the pattern and complexity
of the shape. This can be achieved through structural variations of the loop. Transfers
are one of the key ways of creating and altering the structure. Transfers occur between
the two needle beds in double-bed computerized knitting machines to generate specified
patterns and designs. Transfers are the process of moving stitches from one needle bed
to another and can be done in various ways. One common technique is to use the transfer
carriage, which moves stitches from one needle bed to the other while holding them in
place.

To explore how Cellular Automata (CA) patterns can be translated into transfers to
result in a 2.5D continuous knitting pattern, we followed the steps below:

(a) Generated a CA grid with 30 x 30 cells, with each column representing a needle
bed.

(c) Translated the CA pattern into a transfer pattern, using black to indicate when to
transfer.

Step 2: The transfer pattern was then executed on a double bed computerized knitting
machine using the following steps:

(d) Transfer the front loops to the rear of the bed.
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(e) Transfer the loops from the rear bed to the front.

(f) Knit a full row to secure the loops. This takes place after every transferee.

These steps resulted in a complex 2.5D pattern derived from the CA pattern. The
ability to translate the CA pattern into transfer patterns for double-bed computerized
knitting machines opens up new possibilities for creating complex and intricate knitted
textiles. By exploring the vast potential of CA patterns and how they can be translated
into transfers, designers and researchers can push the boundaries of knitted textile design
and achieve previously unattainable forms and structures (Fig. 7).

4

2 LAWY : .AL‘C i
Fig. 7. 3D Knitted CA sample (Ecological Wool 2/14 Nm) based on the 30 x 30 from a 2.5D CA

system (CA 2.5D Game of Life) being made using a Digital Knitting Machine (Kniterate). Image
from the authors.
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6 Conclusions

In the context of this research, the result of the weaving and knitting process can be
seen as a physical representation of the emergent patterns that result from applying the
CA rules. By testing these physical structures for their load resistance, researchers can
gain insight into the complex relationships between the discrete logic of the CA system
and the continuous, three-dimensional geometries that result from its translation into
physical form.

This approach provides a unique way to explore the relationships between digital
algorithms and physical materials, and it has the potential to inform the development
of new architectural and engineering solutions that harness the power of both digital
and physical systems. In that context, this research project is focused on developing
digital experiments that investigate the relationships between environmental conditions,
cellular automata (CA), and geometric patterns that emerge from knitting and woven
processes. The aim of the research is to use these relationships to create architectural
spaces at different scales.

The goal of this research is to demonstrate how digital experiments can be used
to explore the relationships between environmental conditions, cellular automata, and
geometric patterns and to provide new insights into the process of creating architectural
space at different scales that were tested at this stage of development in weaving patterns
but the work on knitting is still under development.

By using CA as a translator, the researchers hope to reveal new and innovative ways
of designing and constructing architectural spaces that are responsive to environmental
conditions and can adapt to changing conditions over time.

In conclusion, the combination of cellular automata and soft materials has the poten-
tial to create a novel approach to design aimed at developing dynamic, adaptive, and self-
organizing structures that can respond to environmental changes and evolve over time
(Using Ladybug as a weather data engine and Galapagos as an evolutionary solver). By
leveraging the unique properties of soft materials, such as their flexibility and deforma-
bility, and combining them with the principles of cellular automata, a reprogrammable
structure can be created that can adapt and change in response to its environment.

This method emphasizes the importance of local interactions and responsiveness to
the environment, allowing for a bottom-up design approach (defining the location of seed
as i.e.). The activation and deactivation of rules within the system can be controlled by
information from the environment, providing a means to reprogram and evolve the struc-
ture over time. This idea holds great promise for developing self-organizing systems that
can adapt and evolve, with potential applications in various fields such as architecture,
engineering, and robotics.
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Abstract. Auxetic materials are materials with a peculiar mechanical behavior
compared to other regular materials. Its main difference exists in its reaction to
tension. Most materials exhibit a positive Poisson’s ratio [1], that is, they laterally
shrink when stretched or expand when compressed. On the contrary, auxetic mate-
rials exhibit a negative Poisson’s ratio (NPR), that is, they laterally expand when
stretched or laterally shrink when compressed [2]. In this paper, the significance
and role of geometry in auxetic materials’ behavior will be investigated. For this
purpose, we will be using shape grammar rules with a strong generative tool called
Shape Machine [3] to create auxetic geometries with their complex behavior out of
simple rules. These geometries’ applications can be fabricating sustainable kinetic
panels for buildings to interact with and adapt to the environment.

Keywords: Auxetic material - Geometry - Shape grammar - Shape machine -
Sustainable material - Design computation

1 Introduction

In the world of materials, the Poisson’s ratio is a dimensionless constant that depends on
the direction of an applied load and describes the ratio of negative transverse strain to
the longitudinal strain of a body submitted to a tensile load [4]. This name, derived from
the Greek word auxetikos, means “that which tends to increase”. In theory, for isotropic
3D materials the Poisson’s ratio is between —1 and 0.5 While for isotropic 2D materials,
it can assume values from —1 to 1 [5] (Fig. 1).

Compared to conventional materials, auxetic materials possess some enhanced prop-
erties, such as shear resistance, indentation resistance, synclastic curvature, crash worthi-
ness, and sound absorption [2]. These properties are the reasons behind auxetic material’s
strange and useful behaviors. For instance:

Shear resistance: when the Poisson’s ratio decreases, the value of the shear modulus
and consequently the shear resistance of the material increases.
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Fig. 1. Positive and negative Poisson’s ratio and its effect on the shape of material [2]

Fracture resistance: Materials that possess a negative Poisson’s ratio to have better
resistance to fracture than “regular” materials. They also have low crack propagation,
and more energy is necessary to expand them than in the case of “regular” materials.

Acoustic absorption: Auxetic foams due to their texture and geometries have a superior
capacity for acoustic absorption than conventional foams.

Synclastic behavior: Synclastic behavior is a body’s ability to deform in a shape of a
dome when it is bent.

Shape memory auxetics: Shape memory is the ability of a material subjected to a plastic
or semi-plastic deformation to remember and return to its initial shape, size, and form
when submitted to a specific thermal stimulation [2].

Energy absorption properties: Auxetic materials have better energy absorption proper-
ties, too. The cyclic compression tests on auxetic foams showed the damping capacity of
auxetic foams was 10 times higher than that of the original foams that were used for mak-
ing the auxetic foams [6]. Sound absorption and crash worthiness of auxetic materials
were also found to be enhanced and improved compared to conventional materials.

Permeability: The auxetic materials have superior permeability compared with conven-
tional materials, due to their pore-opening properties [2].

These enhanced properties make the auxetic materials very attractive for many poten-
tial applications, such as personnel protection, military use, biomedicine, aerospace, and
textiles [7]. This property makes the auxetic materials more sensitive and useful for sensor
applications. Protective clothing and equipment are indispensable for some dangerous
sports, such as riding, racing, and skating, to protect wearers from injuries by impact
forces [8]. In particular, the parts of the body, such as elbows and knees, which are easily
injured, need to be protected, so protective pads are usually used in these areas [2].
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Another very important application of these materials can be in building systems
as a more sustainable material [9]. Similar to the natural systems that adapt to exter-
nal conditions, kinetic facades can help internal and external environments adapt and
therefore improvement of the building’s performance by their dynamic adjustments [10]
These kinetic systems typically rely on complex expensive mechanisms, like motors and
gears. Compliant, kinetic materially flexible, and adjustable, structures present a more
sustainable alternative to such systems. Bistable laminates [9] are one instance of these
compliant structures which need a little energy for activation and transition between
their two phases. Auxetic meta-materials do behave in a manner that can not only suit
bistable material, but also kinetic facades in general. Being able to transform between
shapes with a negative Poisson ratio and flexible geometry, they can gradually change
shape with adjustable and flexible materials that interact with environmental activators
like light and temperature. In this paper, we aim to find a way to recognize and generate
these geometries for potential applications in material and building sciences (Fig. 2).

ER P =

Fig. 2. Auxetic materials’ flexible behavior [1]
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2 Methodology

This research aims to find a generative method for auxetic geometries and patterns
to create more variations of them in a shorter amount of time and use simple rules
rather than complex mathematical algorithms. This means that using shape grammar
over other parametric and algorithmic methods has the advantage of first talking with
the language of real shapes [11] (visionary) and not programming symbols for those
who don’t have coding and programming skills and are interested in geometry and its
applications. This will make understanding the geometries generation and their patterns
much easier and therefore understandable and creative. And second, using the powerful
shape grammar tool, Shape Machine enables us for faster generation of hundreds and
thousands of variations of each geometrical combination. In the Shape Machine tool,
the very core values underlying are the calculations with shapes, the visual treatment of
emergence and ambiguity, and the seamless interface in design workflows [3]. Moreover,
the conventions of matching under which a shape can be a part of a design is another
main feature of shape machine [3]. Its foregrounding of visual rules over symbolic rules
(instructions defined in some programming language) provides a robust and disruptive
technology which is differentiating this method and makes it a strong generative tool.
Having the history of variation also helps us track the auxetic behavior in each stage
of the pattern generation. This will have three benefits: 1 and 2 are that each series of



Auxetic Grammars: An Application of Shape Grammar 117

tessellation can give us more than one effective auxetic pattern, as it might have auxetic
behavior in more than one stage of the generation. For example, it might have auxetic
behavior with or without the fourth layer or stage of the geometry, which can be used
in different ways. Other than that, one stage of the tessellation might behave as auxetic
but not the next, and it will help us to track the geometry and not lose the pattern in its
last format. And 3. We can extract the pattern of auxetic behavior in different variations,
combine them, and generate new patterns. This tool is a powerful generative tool to not
only create new tessellations and patterns but also apply minor and major changes to
them and have infinite variations of each with very simple rules that will be explained
following.

In this paper, we started with tessellation and Gereh geometries [12] that were
comprised of two shapes and already existed in the literature of auxetic behavior.

These geometries simply can provide the quality needed for an auxetic material,
which is the negative Poisson ratio. Two shapes are the simplest geometries [13] that are
being studied in this research, but there is a wide range of variety in shapes. They can
even go beyond the repetitive and periodic patterns up to the aperiodic quasicrystals [14].
But this paper starts with the very basic shapes to establish the study of the mechanisms
and then with an extensive analogy applies the type of mechanism to other more complex
geometries.

Shape machine works with identity rules, rules that pick up parts without necessarily
doing anything to them. The identity rules have identical left-hand sides (LHS) and right-
hand sides (RHS) and apply under any given transformation grammar to pick up parts in
a shape seamlessly reorganizing the underlying structure of the shape [15] “Technically,
for shapes A and B, the shape rule A — A can apply to a shape B whenever there is a
transformation 7 that makes the shape 7'(A) part of the shape B. If the shape T'(A) is part
of the shape B, the rule subtracts the shape T'(A) from the shape B and replaces it with
the very same shape T'(A). The resulting shape B_ and the corresponding computation
are given below” [3]:

B =[B — T (A)] +T(A)

Three conditions have structured the outline of the visual queries respectively [3]:

(a) The types of lines that make up a shape, limited here to straight lines, arcs, and their
combinations;

(b) the types of transformations 7 under which a rule applies, namely isometries and
similarities; and

(c) the determinacy or indeterminacy of a rule application.

The shape machine in simple words is a machine with a left-hand side and a right-
hand side. This is basically what is called a shape rule. On the left-hand side, there
is the initial existing shape which will be transformed into the one on the right-hand
side. There are three main conditions under which the rules will be applied: Isometry,
Similarity, and Affinity [16].

1. Isometry finds the exact shape as well as its rotated and reflected versions.
2. Similarity finds the shape, rotated, reflected, AND scaled versions of it.
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3. Affinity finds all the above-mentioned versions of the initial left-hand side shape as
well as its deformed distorted angels.

As you will see, they become more inclusive in the order of first to last one, and each
of them has its own application accordingly.

Isometry transformations keep the shape and size of a shape but alter its position
and/or handedness. In this kind of transformation, the LHS shape is detected in the
same size, scale, and shape but its Euclidean position can be differentiated, like its

direction, rotation, and position (Fig. 3).

(a) (b) (c)

Fig. 3. Isometry shape detection in Shape Machine [3]

Visual queries always need not be confined to identical copies. Often designers want
to search for similar copies of a shape in smaller or larger versions and in any location
and/or possible enantiomorphic or handed versions in a model or series of models. The
new unique transformation introduced in the visual query is the scale transformation that
changes the size of the shape. Scale transformations combine with Isometric transfor-
mations to produce Similarity transformations that keep the shape of a shape but alter
its size, position, and/or handedness. The next series of visual queries in Shape Machine
are constructed around shapes that consist of straight lines and are searched under Sim-
ilarity transformations (Fig. 4) in a determinate way. In this kind of transformation, the
defined shape in the LHS of the rule can be detected not only in the same size and
form but also in different scales as well as different positions and locations.

A
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Fig. 4. Similarity shape detection in Shape Machine [3]

The next step will be to change them to the RHS shape. The third level of transfor-
mation is the Affinity transformation (Fig. 5) in which not only the similar to LHS
shapes in the design can be detected, but also the shapes that are skewed in scale
and even angle also considered. Under this transformation, it is enough to have the
same number of shape edges and vertices regardless of their connection angle or size.
This tool is a very strong tool for many purposes.
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Fig. 5. Affinity shape detection in Shape Machine [3]
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Fig. 6. Drawscript+ environment—generating the basic tessellation

The process of generating auxetic geometries using Shape Machine started with
forming a basic tessellation context. Following the tessellation grammar will be demon-
strated. Then for each pattern, the specific rules which result in that pattern will be shown
as the Shape Machine program charts. These charts are called Drawscript+. Including
the above-mentioned LHS and RHS shapes, the transformation rule, and options to
choose the setting of Isometry, Similarity, and Affinity. The machine also enables loops
of repetitive rules. For example, Fig. 6 script creates the basic tessellation context for
us to facilitate generating some of the desired Islamic patterns. There are three charts
starting from O and ending to chart number 2. As it is mentioned in the charts the very
first rules are JUMP Fig. 3. It creates the loop of start here at chart O with no shape, go
to the chart number 1, if there is no shape jump to the chart number 2. This is where
the first shape is being created as the context tessellation. Mirroring the tessellation and
continuing them in rows happens in these loop jumps. After the jumps are finished it
will process the rest of the first chart to unify the layers as well as apply the specifying
geometry rules (Fig. 7).
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Fig. 7. Tessellation generatin history step by step

In Fig. 8, you can see the initial shape by which we started the shape generation
process after having our context tessellation. The next rules will be customized for each
pattern.

=
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Fig. 8. Shape rules for customized pattern—simple cut auxetic

The first and most simple flexible stretchable pattern for an auxetic material
comprised of straight cuts [17] (Fig. 9).

The next pattern does emerge from the rotation of a square unit [18]. Knowing the
top-down overlook in Islamic tiling, here a bottom-up approach is taken starting from the
basic square in the same tessellation context. Rotating squares create a space in between
which provides the space for the geometry and material to expand and stretch. Using the
rule under different conditions of Isometry, Similarity, and Affinity generated different
patterns which are not mentioned here due to the complexity of the geometries. The
simplest and most well-known geometry is the simple rotating square [19] which will
be investigated in this research.
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Fig. 9. Rotating square auxetic pattern bottom-up formation

Lim [6] worked on an analytical approach in auxetic geometry. Doing an analogy
between the rotating units and other more complex shapes, we can define some rules to
predict whether a geometry can act auxetic or not. In this analogy, the ends of the rotating
crosses in Fig. 12¢ are essentially the hinges for the rotating squares. This is what they
called type of missing rib model as it is formed from a square grid with alternating
vertical and horizontal ribs removed. Arising from this comparison, an analogy can be
established on the auxetic mechanism of different auxetic models (Fig. 10).

W i

Fig. 10. Rotating square auxetic behavior [5]

% 24 4

Fig. 11. Auxetic behavior rules of thumb [5]

Using the rule of thumb to describe the direction of shapes rotation we will have a
series of mechanisms. This is illustrated in Fig. 11 for the expansion and contraction of the
perforated sheet, rotating square, anti-tetrachiral, missing rib, and re-entrant with models
[5]. Tilted-swastika and the tetrachiral models rotate synchronously, i.e., every rotating
unit rotates in the one direction during contraction and reverses during expansion. The
code +—+— is introduced to refer to the alternating rotational directions. Opposed to
this mechanism pattern is where all the units rotate in the same direction, and reverse
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only when the direction of applied load changes. Hence the code ++++ is proposed for
all the chiral models, the missing rib (tilted swastika) model, the perforated sheets.

This analogy can go beyond more complex geometries like the interconnected star
group and anti-chiral group. In these groups, the arrays of the geometries also play a role
in their flexibility. This array takes place on the exact same crosses we extracted from
the rotating squares. Here we tweak them to a more complex starlike shape [20]. For
an instance, the square array of interconnected stars provides the context in which the
vertices can act as hinges. This happens as an effect of the geometrical direction. If we
position the vertices on the direction endpoints it will result in a concave octagon; on the
other hand, positioning the center of the edges on the same endpoints for the anti-chiral
group will result in a convex octagon in which the vertices again act as hinges, in a
different mechanism, but all in auxetic behavior (Fig. 12).

Fig. 12. Comparison of different patterns’ similar behavior [5]

The interconnected star groups were chosen for research on their behavior. The rules
were defined in the Shape Machine to generate interconnected star shapes. Providing
a generative tool for 2D geometries, we could manipulate the codes (shapes and rules)
and get completely different and sometimes unexpected geometrical results. Each of
which could potentially be an auxetic form which we need to evaluate their mechanisms
(Fig. 13).

Type a

Fig. 13. Interconnected star shape auxetic pattern

3 Conclusion

Knowing the different kinds of behavior that auxetic meta-materials demonstrate due to
their designed feature, as designers and architects we want to take the most advantage of
them for the purpose of more sustainable and adjustable environments. Auxetic materials
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Fig. 14. Shape Machine generation of the interconnected star

can be applied and used for kinetic panels in different formats and textures. The focus of
this paper was on finding the significance of their geometries in a comparative analysis to
find out the grammars or rules to be used simply by applying them to the shapes without
many mathematical algorithms to solve and generate them. Using Shape Machine for
the first time to generate auxetic geometries, we found it a powerful generative tool for
designers to be able to create auxetic patterns for their purposes by basic initial shapes
and some rules of thumb to compare and analyze their behavior, as well as fast and simple
transformations which generate numerous variations. The variety of transformations that
Shape Machine provides including Isometry, Similarity, and Affinity provides us with
a powerful tool to first detect the shapes and then transform them to the shapes that an
auxetic geometry needs to perform. Having the history of each step of transformation
also gives us more options both for generating new patterns and analyzing the patterns.
These geometries ad their useful behaviors then can be used in multiple applications for
a sustainable environment (Fig. 14).
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Abstract. The campus layout is a major stage in the early stages of campus
planning and design. When assessing the feasibility of a campus site in stage,
we usually compare multiple campus layout schemes, which consumes a lot of
time. The design process can be accelerated if multiple campus planning schemes
can be generated quickly to meet the desired requirements. This study aims to
explore the possibility of using graph neural networks (GNN) to generate mul-
tiple campus layouts. We use a step-by-step generation method. The first step is
generating campus functional zonings based on user constraints. The second step
is generating campus building layouts based on the functional zonings. Ultimately
the machine is able to quickly generate multiple campus layout schemes by user
input of graph constraints such as the number of functional zonings, the type of
functions and their adjacency. In the experiment, we trained 200 campus layout
samples and verified the validity and accuracy of the experiment after qualitative
and quantitative analysis.

Keywords: Campus layout - Graph neural networks (GNN) - Campus function
bubble graph - Generative design - User constraints

1 Introduction

As an important technology in the field of artificial intelligence, Deep learning has
received a lot of attention since it was introduced by Hinton [2] in 2006. It acquires the
complex patterns of large-scale data by mimicking the nervous system in the animal
brain to perceive and understand information. Deep neural networks such as generative
adversarial networks (GAN) [1, 5] and graph neural networks (GNN) [13] have improved
the ability of machines to learn from images, and a number of research have shown that
they have certain potential in quickly generating architectural design layouts. However,
most of the current studies have focused on the layout of simple apartments, and the
results generated lack controllability and diversity.

In the pre-planning stage of campus planning and design, the university administra-
tors need to compare multiple campus layout plans to determine if the site meets the
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construction requirements. However, they lack mature design and construction experi-
ence to complete this step independently. If there is a tool that can automatically gener-
ate multiple schemes to assist the them in quickly identifying the direction of campus
development, it will shorten the research time for site and facilitate the evaluation work.
From this perspective, it is important to explore a method for quickly obtaining multiple
campus layout options based on user constraints.

This paper hopes to combine campus layout design research with deep learning
technology, and generate a variety of reasonable campus layout schemes that meet user
needs through deep learning. The campus construction of universities in China is mainly
in three situations: renovation of old campuses, expansion of old campuses, and the
build of new campuses, because the renovation and expansion projects of old campuses
are relatively complex, this study mainly considers the construction of the new campus.
The construction of new campuses is often chosen as a stand-alone site, which usually
includes two situations, one is that the campus is built on an urban site with known
surrounding site conditions, and the other is the campus is built on a site to be developed
with undetermined surrounding conditions. We have explored the former case in previous
studies [6, 8, 9], and this study applies to the latter. Using a step-by-step generation
method combining graph neural networks (GNN) and generative adversarial networks
(GAN), the machine is able to quickly generate multiple layout schemes based on the
site contour and the constraint parameters input by the users. Then it can reduce the time
spent on pre-design inputs and improve design efficiency.

2 Related Work in the Field of Deep Learning Techniques
and Buildings Layout Generation

At present, deep learning technology has penetrated into the field of architectural design.
Many scholars have explored the direction of building layout generation, constantly try-
ing out more complex research objects and more advanced technical methods. In terms
of the selection of the research object, it has changed from the small-scale layout of
floorplan [4] to the medium-scale layout of blocks and residential areas [12], and now
to the campus layout and even the urban layout [6-9]. The scale of the object of study
is constantly increasing and the elements it contains are becoming more and more com-
plex. The following section will focus on research related to deep learning combined
with campus layout generation. Liu et al. [8] used deep learning techniques for primary
school and campus layout generation and summarized a labelling method for small
sample generation. Lai [6] explored campus layout generation methods using pix2pix
model. The study took the central loop campus as the research object and proposed a
step-by-step training method. The experimental results demonstrated that the step-by-
step generation method can make the machine better learn complex layouts. In addition,
the authors’ comprehensive summary of strategies to achieve building layout generation
based on small samples provides a good inspiration for the research in this paper. How-
ever, the current study can only output a single result based on a single site condition.
Since then, Liu et al. [9] have explored and experimented with the diversity of output
results, proposing an innovative training method. This method allows for the simultane-
ous input of two images, a functional bubble image of the campus site boundary image,
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by changing the image input channel of the pix2pix model. The user can change the
input campus function bubble diagram to control the generated results. The experiment
achieved the goal of generating a diverse campus layout in the same site conditions, but
lacked controllability and clarity of the generated results. Our research hopes to continue
the exploration of diversity and controlled generation of campus layouts in combination
with the experience of previous studies.

In terms of the diversity and controllability of the generated results, current research
has been explored using different deep learning algorithms. Many scholars have taken
different perspectives to explore the constraints contained in design or to disassemble the
design process, and they have focused on how to better learn the design logic involved
[17]. Pan et al. [12] used the GauGAN model to generate the neighborhood layout
of northern China. This method can generate diverse results by changing the style of
the input image. However, the final result changes are very weak and it is difficult
to see the direct effect of the input elements on the results. Hu et al. [3] proposed
Graph2Plan based on graph neural networks (GNN) and convolutional neural networks
(CNN). The idea of the method is that the machine searches for similar layouts from a
database based on user input constraints. It then generates a new suitable layout on the
given input boundary based on this layout. Nauata et al. [10, 11] propose the House-
GAN model to explore the generation of user-constrained floorplan. Different from
Graph2Plan, this study combines a graph network relational model with GAN, using a
generator-discriminator adversarial learning method. It encodes user constraints such as
the number and type of rooms and their spatial adjacencies as graph input the machine.
Diverse layouts can be generated by changing this constraint. However, this study cannot
achieve generation based on certain contour constraints. Most studies have focused on
small-scale spaces such as floorplans, and there are few studies on larger-scale objects.

The results of several studies demonstrate the outstanding ability of graph neural
networks (GNN) in image controllability generation. The graph structure data is similar
to the functional bubble diagram in the pre-design stage of the building, where each
node represents a different functional space and the connecting lines between the nodes
represent the relationships between the different functional spaces. Similarly, the campus
functional layout can be represented by a graph constraint structure. We hope to explore
graph neural network techniques combined with campus layout generation in terms of
the design logic of the campus scheme in order to achieve diverse and controllable
generation results.

3 Methodology

The methods of graph constrained multiple schemes generation of campus layout is as
follows:

1. Selecting an appropriate deep learning model. According to the experimental objec-
tives of multi-scheme generation and user controllability, House-GAN ++ and pix2pix
are selected as experimental models, and the loss functions of the models are modified
to adapt to the generative goals.

2. Propose a new training method. According to the campus design method and process,
the appropriate training method is proposed.
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3. Develop experimental process. The main process of experiment includes database
establishment, model training, model test and result analysis.

3.1 Model Architecture

In this experiment, two deep learning models: House-GAN ++ and pix2pix, were used
to generate campus functional layout and campus building layout respectively (Fig. 1).

Constraints

GNN Pix2pix — ',‘—\'
— + @,
[
Functional Bubble Functional zoning Campus Building
Connection Graph 1 layout 1 Layout 1
Site Courtor — + % GNN Pix2pix
I
Functional Bubble Functional zoning Campus Building
Connection Graph 2 layout 2 Layout 2
— 4+ e I -
Funictional Bubble Functional zoning Campus Building
Connection Graph n layout n Layout n

Fig. 1. The idea of the experiment

The overall structure of the House-GAN ++ model is a generative adversarial net-
work (GAN), which consists of a generator and a discriminator (Fig. 2). Generators
and discriminators are constantly competing with each other to generate more realistic
images. Different from pix2pix, House-GAN ++ model’s generator and discriminator
use a convolutional message passing neural network (Conv-MPN) [14], and input con-
straints are encoded into this graph structure. Conv-MPN is a variant structure in graph
neural networks (GNN). It is characterized by the use of the data structure of the graph
to exchange and transfer information between nodes in the graph, constantly updating
the node information for the purpose of learning about the image. Since the original
House-GAN ++ model did not define the boundaries of the generated objects, the gener-
ation result boundaries were uncertain. Based on the goals of this experiment, we add a
boundary loss function to the original loss function so that the generated layout scheme
can be constrained to a certain campus site boundary.

The pix2pix model also belongs to one of the generative adversarial networks (GAN),
containing a generator and a discriminator. The generator uses a U-Net structure to
encode the input image and then decode it, ultimately generating a false image that
resembles the real one. The discriminator uses a PatchGAN structure, which aims to
distinguish between real samples and fake samples. The two are constantly playing
against each other, and if the image generated by the generator can fool the discriminator,
the model can be considered to have learned the rules of the image. Using this model
architecture, the machine can learn the regular logic between the input conditions and
the output conditions for the purpose of this experiment.
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Output Results

3.2 Training Method

Based on the experience of the original experiment, the step-by-step generation method
was determined (Fig. 3). After being familiar with the process and method of campus
layout design, the campus layout generation process is disassembled. Two machine
learning models are trained. The first model is to input the site contour and functional
bubble connection graph and output the campus functional zoning layout; the second
model is to input the campus functional zoning layout and output the campus building
layout.

4 Database Establishment

Database establishment includes data collection, data selecting, sample labelling, data
augmentation.

4.1 Data Collection

‘We used manual methods to collect the campus data through a variety of means, including
the portfolios of architectural design institutes, university official websites, and related
books and papers.
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4.2 Data Selecting

In order to ensure the effectiveness of the experiment, the data selected needs to follow
certain rules.

1. Relatively consistent size of scale. The size of the sites in the case is between 50 and
150 hectares.

2. Relatively square site contours. Squared site contour forms are common, which are
convenient for the compact layout of various functions on campus, and can provide
more efficient transportation.

3. Campus layout design with the central loop as the main feature. For small sample
data sets, a relatively consistent layout of the rules helps the machine to extract the
valid information from the data.

4. A complete and clear campus functional zonings. The campus case with functional
complexity did not meet the requirement of this experiment.

Finally, 230 campus samples were selected, 30 of which were used as test samples.

4.3 Sample Labelling

There are some problems in the proportion and style of the collected data, which need to
be further processed before the images can be learned by the machine. Firstly, the data
was scaled using the 400m track and field as a standard to ensure that the data were of
the same proportion. Then we labelled the raw data through the uniform labelling rules
(Fig. 4).

The process of extracting the functional bubble connection graph is shown in Fig. 5.
The connection relationship referred to means that when two functional zonings are
adjacent, the two corresponding functional bubbles are connected to each other. We use
python to recognize the center point of each zoning, and then draws the smallest outer
rectangle of each functional zoning. If the smallest outer rectangles of two partitions
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Fig. 4. Color block labelling rules

intersect, then the center points of the two zonings are connected to each other. The graph
of functional connectivity generated is the graph structure data. The nodes represent the
types of functional zonings of the campus and their attributes correspond to their layout
forms. The edges represent the connections between the campus functional zonings.
When two nodes are connected to each other, the corresponding functional zoning of
the campus is adjacent to each other.

Min. External Rectangle| i —){ —
(Centre Poi .
python Intersecting Rectangles Connected Nodes
° Y [ ] ° [ ] [
—
Pixel Image of the Campus Diagram of the extraction Node Attributes Functional Bubble
Functional Layout process Connection Gragh

Fig. 5. Extraction process of functional bubble connection graph

The data labelling points are formulated from five aspects: main entrance layout,
road traffic organization, functional zoning, building layout and public space. Then we
labelled the data according to the points and the actual situation of the original case. The
experimental dataset was labelled to obtain 210 campus site condition data, 210 campus
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functional bubble connection graph data, 210 campus functional zoning layout data and
40 campus building layout data (Fig. 6).
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Fig. 6. Partial labelling data

4.4 Data Augmentation

We use data augmentation methods such as mirroring and rotation of images to increase
the amount of training data. The amount of data for the training data in the first step is
1600 sets. The amount of data for the training data in the second step is 120 sets because
of the deletion of the data for the incorrect building orientation.

5 Training and Test

5.1 Training

After conditioning the model, the dataset is input into the corresponding machine learning
model for training according to the method mentioned in 3.2. This experiment combines
the experience of the pre-experiment. In the first experiment, the learning rate of the
model is 0.0001 and the number of iterations (n_epochs) is 10,000. In the second step
experiment, the learning rate of the model is 0.0002, the number of iterations (n_epochs)
is 800, and the input and output image channels are 3.

5.2 Test Results

We tried to test the data on a variety of campus site scales. Different results were generated
by changing the function bubble connection graph, some of the results are shown in the
following (Fig. 7).

5.3 Result Analysis

The results show that by changing the function bubble connection graph, different layout
schemes can be obtained. The model can also generate multiple layout schemes based
on the same constraints.
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5.3.1 Qualitative Evaluation

Combining the theories and design methods related to campuses, the qualitative evalua-
tion indicators for the experiment were set as follows: main entrance layout, campus func-
tional zoning, road network structure, campus building layout and public space layout.
We evaluate the reasonableness of the test results based on the evaluation indicators.

1. Main entrance layout. Most of the data generates a suitably sized and clearly Admin-
istrative Office area. The area is well positioned on the campus, with some distance
left from the external cross roads.

2. Campus functional zoning. Most data can generate corresponding results based on
the input constraints and can generate multiple layout solutions based on the same
constraint. The functional bubble graph is adjusted by means of control variables
(Fig. 8). The functional zoning is well located, and can be arranged around the central
area. But there are some test results that do not satisfy the constraints.
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Fig. 8. Results of partial test data in the first step

3. Road network structure. The roadways between the functional zoning are continuous
and complete, and most of the generated results are able to form a clear central loop.
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Pedestrian traffic is well connected and it is able to form a more complete pedestrian
loop around the central landscape.

Campus building layout. The building functions of each functional zoning in most
of the data are complete and the building spacing is appropriate. The buildings are
well spaced. They are able to enclose each other to form flexible and variable court-
yard spaces. The buildings in the central zoning can be arranged around the central
landscape.

. Public space layout. A certain number of public spaces can be formed in each func-

tional zoning and are interconnected with the transport system in the layout. However,
the scale of the public space areas in individual layouts is large, producing very empty
square areas.

The grading rules are formulated from an architectural point of view and each test

data is scored separately. The results were graded as A, B and C. After statistics, 83% of
the results from the first step of the experiment achieved an A grade, 40% of the results
from the second part of the experiment achieved an A grade, and all results from both
experiments were graded B and above.

5.3.2 Quantitative Evaluation

The quantitative indicators are the diversity of the generated results, the area proportion
of functional zonings, the building density and the floor area ratio.

1.

The diversity of the generated results. The diversity of the results of the first step was
analyzed using the LPIPS distance metric [15], which is one of the common metrics
for measuring the diversity of image generation. We fed 30 data into the trained model
and adjusted the number of iterations to obtain 450 test results. These images were
combined with real images for LIPIPS distance analysis. The mean and standard
deviation of the results was 0.478 % 0.090.

The area proportion of functional zonings. The area proportion in the test data and
training data is obtained by calculating the image pixels with python (Table 1). The
mean values are closer to the recommended values. The mean values for teaching
areas are higher than the recommended values, while the living and sports areas are
slightly lower than the recommended values.

The building density. The average building density of the training set is 12.20%, the
maximum value is 14.18%, and the minimum value is 9.93%. The average building
density of the test results was 11.12%, the maximum value was 14.10%, and the
minimum value was 8.33%. The results for the dataset are slightly lower compared
to the recommended value of 15% for building density on campuses.

The floor area ratio. The average floor area ratio of the training set is 0.51. The
average floor area ratio of the test results is 0.47. This result is in accordance with
recommended values of 0.5.
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6 Discussion

This paper explored user-constrained campus layout generation strategy from the per-
spective of “one-to-many generation” in combination with common design scenarios.
Our experiment realized the generation of campus layouts based on user constraints,
and improved the richness of the generated results. This is an in-depth study of the
original experiment. Better experimental results are achieved by proposing a method
for transforming graph-constrained data for campus layout images, improving the train-
ing method and modifying the loss function in the model. In exploring deep learning
for design solution generation, we should give more consideration to the relationship
between real design conditions and design solutions, and think in terms of the essence
of design, so that the research results can solve real design problems.

In conclusion, this is a meaningful exploration to give more ideas for deep learning for
layout design generation studies. The experimental results demonstrated the feasibility
of improving the controllability of user input to achieve the generation of diverse results.
However, the experiment is still limited by the amount of data, and there are still some
data in the results that did not fully satisfy the constraints, as well as some constraints
in the richness of the generated results. In the future, we will further improve this issue
and hope to explore the complete campus scenario generation process. We will establish
a professional technical process from site study, demand analysis, to multiple solution
design, solution comparison, solution optimization and finally visual 3D solution model
representation.
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Abstract. Additive manufacturing has opened up new opportunities for material-
based design and optimization, with lattice materials being a key area of interest.
Lattice materials can exhibit superb physical properties, such as high thermal con-
ductivity and excellent energy absorption, and be designed to meet specific design
objectives. However, optimizing the use of these materials requires considering
geometric constraints and loading conditions. This research explores stress-driven
multi-agent system (MAS) to achieve high-performance lattice infilling. The von
Mises stress and principal stress are investigated as the infilling environments as
they are typical failure evaluation criteria. The feasibility of these approaches is
demonstrated through a case study of sport helmet design, where MAS is used to
generate conformal lattice structures that meet functional and fabrication require-
ments. The density distribution and arrangement direction of lattice units are effec-
tively controlled in physical fields. The results demonstrate that both von Mises
stress field and principal stress field-driven methods can improve the stiffness
of helmets compared to the method that only considers geometrical conformity
under the same mass. The paper concludes that stress-driven lattice infilling has
the potential to revolutionize material-based design and optimization in additive
manufacturing.

Keywords: Conformal design - Lattice material-based design - Stress-field
driven agent system - Design for additive manufacturing

1 Introduction

Material development is crucial to optimize product performance, especially for
lightweight and customization [1-3]. Additive manufacturing has opened up new oppor-
tunities for material-based design and optimization [4]. With designing the morphology
of lattice units, lattice material can exhibit superb physical properties that serve differ-
ent design objectives, such as negative Poisson’s ratio, high thermal conductivity, good
stiffness, and excellent energy absorption [5]. However, maximizing the utilization of
lattice materials under geometric constraints and work conditions can be a challenge.
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Loading impact and geometric restrictions are two essential factors that affect
the mechanical performance of lattice structures [6]. To address loading impact, two
approaches can be taken for lattice infilling: changing the relative density or population
orientation. For instance, Wang et al. varied the relative density of cells to resist load-
ing impacts [7]. Stephen et al. constructed principal stress trajectories to infill lattice
material graded spatially based on lattice cell orientation [8]. When dealing with geo-
metric restrictions, spatial tessellation is often used to discretize design domains, such
as sphere packing and meshing methods [9]. Although many schemes for conformal
lightweight design have been proposed, they have yet to be implemented in product
design effectively. Moreover, previous studies often overlook the limitations of additive
manufacturing. The mechanical performance of lattice structures is greatly influenced
by the minimizing feature size, and accurate porosity control is necessary for lattice
infilling.

To overcome these challenges, a multi-agent system (MAS) could be a promising
solution for high-performance lattice infilling. The high adaptability of generative com-
plexity makes it possible for MAS to generate conformal, functional lattice structures
[10-12]. As an integration of numerous intelligent entities, MAS can sense different
parameters and perform designated actions in physical fields [13]. For lattice infilling,
the von Mises stress field and principal stress field can be regarded as perceived envi-
ronments for regulating relative density and population orientation, respectively. The
pore size of lattice material may be effectively controlled by regulating the movement
of agents.

This paper illustrates a case study of sport helmet design in order to explore vari-
ous lattice infilling methods based on stress-driven MAS. The MAS tessellates design
domains into numerous cells to infill the lattice, achieving a conformal lattice struc-
ture that satisfies the functional requirements. Agents tessellate design domains under
a scalar field by von Mises stress and a vector field by principal stress, respectively.
The sport helmets are reformed using customized lattice material, and the feasibility of
design methods is demonstrated by compressive testing to improve stiffness. The density
distribution and arrangement direction of the lattice units are effectively controlled in
physical fields.

2 Design Methodology

This work illustrates stress-field-driven lattice infilling methods using sport helmets as
examples, since porous lattice structures not only meet customized functions in prac-
tical scenarios but also guarantee breathability. This method may improve the wearing
experience of users. Additionally, AM accelerates the progress of customized design
and fabrication [14]. An integrated approach is proposed here to address material-driven
reforming design, as shown in Fig. 1.

2.1 Tailoring Free Shape Modelling and Defining the Functional Requirement

For custom-fit sport helmets, the first requirement is to ensure a conformable interaction
when users wear helmets. The second requirement is to thicken an inner shell structure
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Fig. 1. Design framework

in a parametric manner. The method relies on 3D scanning to customize helmet lines to
best fit each user’s head, avoiding the limitations of standard helmets’ sizes and fitting.

R @ A

Fig. 2. Custom-fit helmet shell

A digital head model is taken as a design reference [16], as shown in Fig. 2. The
morphology of the inner layer is consistent with the contour of the head model. The inner
shell is scaled outward for a thickened shell. Three parameters are defined to control
the size of the outer layers. The mass center of the sport helmet is regarded as the scale
center, and the outer layer is scaled based on X-Y, Y-Z, X-Z plane, as shown in Fig. 3.
This method enables the design of customized helmets without uncomfortable pressure
points and adapts to individual differences.

The functional requirements of the sport helmet are defined according to its applica-
tion scenario. Structure stiffness is regarded as the optimization target. It is assumed that
the load condition of the sports helmet is based on a standard compressive test. The inner
layer is numerically analyzed as it directly interacts with the head model. The analysis
result is used to refine both von Mises stress data and principal stress data.

As illustrated in Fig. 4, a Imm displacement is imposed on the inner shell at the
yellow label, and blue labels are set as fixed supports. Owing to the size limitation of
available 3D printers and testing devices in our lab, the helmet samples are fabricated
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X-ZPlane Y-Z Plane

Fig. 3. Scaling shell structure

Fig. 4. Load and boundary condition for sport helmets

with scaled dimensions. The small displacement ensures the shell structure is in the
elastic deformation. FormLab3 white resin is selected as the fabricated material. Its
mechanical properties are shown in Table 1.

Table 1. Material properties

Density Young’s modulus Poisson’s ratio Yield strength

1100kg/m”"3 251.4MPa 0.23 38.303 MPa

Static structural analysis is executed in ANSYS workbench. Von Mises stress data
and principal stress data at each node are exported, as seen in Fig. 5. Both types of data
are regarded as the simulated environment for the agent system in next stage.

a) b)

Fig. 5. The results of finite element analysis a von Mises stress data b Principal stress data
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2.2 Field-Driven Agent System

Multi-agent systems driven by stress field divide design domains into cells for infilling
lattice, achieving a desired conformal lattice structure satisfying function requirements.
In material mechanics, there are two typical stress types, von Mises stress and Principal
Stress, adapting to different failure mechanisms. The former considers shear stress failure
based on the Distortion Energy theory, while the latter adapts to normal stress failure
according to the Maximum Normal stress theory. In this paper, the field-driven method
based on both types of stresses is discussed.

2.2.1 Von Mises Field Driven Conformal Design

Von Mises stress is an equivalent stress based on shear strain energy, which can reflect
stress intensity suffered by given components, as follows:

o5 = \/ (01-02 +(or—oa/ H(er=1)” (1)

where, 01, 02, 03 donate the first, second and third principal stress, respectively. o means
von Mises stress.

In this strategy, the notion of circle packing is introduced for conformally tessellating
the shell structure. Each agent is regarded as a sphere and then disturbs the shell structure
without overlapping while the size of spheres decreases as the intensity of von Mises
stress increases. The sphere’s center is used to construct lattice frames. The image pack-
ing algorithm developed by Daniel Pike is employed for regulating the nodes density
of lattice, which is realized by Kangaroo, a plugin in Grasshopper™ in the Rhinoceros
software package® (Robert McNeel & Associates, Seattle, USA). Here, it establishes
a mapping relationship between brightness and von Mises stress intensity, as seen in
Fig. 6.
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Fig. 6. Mapping von Mises stress to Color

Brightness decreases as the intensity of von Mises stress increases. And bilinear
interpolation is used to evaluate the colorg by four known color values colorllg, color%,
colorg, and color4B.
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In addition, the minimum size of the sphere can be regulated for guaranteeing
successful manufacturing.
The agents by von Mises stress are following the below behavior principles:

Behavior 1: Regulating sphere size based on the intensity of a brightness field
Behavior 2: Separating the agent when the sphere collides with others

Behavior 3: Only moving on the shell structure

Behavior 4: Controlling the minimum sphere size for manufacturing restrictions

The specific design procedure can refer to [15]. Finally, all the nodes are used to
generate Voronoi or Delaunay wireframes, as shown in Fig. 7.

Von Mises stress field Packing sphere for Making sphere centers as Thicken the shell
tessellating shell lattice nodes

N RN
Generating Voronoi lattice

Fig. 7. Sphere packing driven by von Mises stress field

2.2.2 Principal Stress Driven Conformal Design

Principal stress is a vector, which can reflect the load transfer mechanism. Brandmaier
et al. introduced the effect of the principal stress direction: when the orientation of bars
is along principal stress directions in the frame, each bar can suffer the minimum shear
stress so as for high stiffness structure [16]. The distribution density of principal stress
trajectories reflects the stress intensity and the direction of principal stress represents the
effect direction of principal stress. The trajectories guide the generation of truss-based
structure.

By finite analysis method, three principal vectors at each node are solved as follows:

Ox — Al Tyx Tzy o .
Txy Uy _ )\’2 .[Zy X v;)rmczpa — 0 % V;rmczpa # O ] — 1’ 2, 3 (4)
Tyz Tyz 07— A3

The o and t are the normal stress and shear stress at each node, the eigenvector in
three directions is donated as v,

The principal stress trajectory starts from a seed point Py, on the domain, the seed
point move within the stress field until the point is out of the domain. In each moving, the
point will find the nearest FEA node then move along with the principal stress direction
that approximates to the pervious moving direction, as below:

Pivi =P+ A .V;)rincipal (5)
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P; is current position of the agent, A is a constant, denoted to a moving step. vf rincipal
is the principal vector of the node nearest to the P;.
The agent by principal stress field is following:

e Behavior 1: Moving along the principal stress vector from the closest node
e Behavior 2: Recording the moving trajectories of each agent
e Behavior 3: Tessellating the shell guiding by each agent trajectories

Here, it uses Quad Remesh, a Grasshopper component, to divide the shell of sports
helmets into quadrilateral panels under the guidance of principal stress trajectories.
Finally, each panel is transformed into an infilling cell by Pufferfish, an open-source
plugin of Grasshopper™, as illustrated in Fig. 8.

Principal stress field Recording agents Tessellating shell by Thicken the shell
moving trajectories agent trajectories

Infilling Edge Lattice

Fig. 8. Principal stress driven lattice infilling

3 Physical Experiment and Discussion

The abovementioned wireframes are transferred into solid model by Dendro, an open-
source plugin for Grasshopper™. All optimized helmet samples are fabricated by
Stereo lithography Appearance (SLA) on FormLab3 and conducted compressive tests on
SanSiZongHeng universal testing machines to verify the advantages of the two methods.

Fig. 9. Compressive testing

The experiment aims to demonstrate whether conformal gradient lattice infilling can
improve the stiffness of sports helmets, as shown in Fig. 9. The lattice sport helmet only
considering geometric conformal infilling is regarded as a comparative group. A just
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geometric conformal helmet is generated directly by Quad Remesh component without
the guidance of any curves. The displacement of 1 mm/min is imposed on all the samples
and the Force-Distance curves are shown in Fig. 10.

180

— GC-Edge

-— GC-BCC -
= 12091 — yM-voronoi s o
T ~—— vM-Delaunay = =
I~ - PS-Edge il
e 604 — PS.BCO —— -

=
—
0 T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Distance(mm)

Fig. 10. The force-displacement curves of all samples

Compressive tests were performed by the proposed method and the results were
illustrated as shown in Table 2. The weight of all the samples was controlled at 8.00 g. A
Force-Displacement curve is obtained by three points bending experiments. According
to the results of experiments, the linear stiffnesses of all simples are calculated with
following Eq. (6):

AF

where, k is denoted by linear stiffness. F' is a force suffered by samples, and § is a
displacement produced by the force. AF/AS$ is the slope of the force-displacement
curve when the linear elastic deformation happens. The displacements at 0.5-0.6 mm
and their responding forces are used for calculating the linear stiffness of samples, as
illustrated in Table 2. Each structure produced five samples for comparison.

By comparison, it was found that samples vM-Voronoi, vM-Delaunay, and PS-Edge
increase linear stiffness by over 0.6 times over geometric conformal lattice structures.
This demonstrates that gradient lattice structure benefits stiffness optimization. Theo-
retically, the principal stress-driven method can present higher mechanical performance
than the von Mises stress-driven method. Because the von Mises-driven method prefers
to solve local stress concentration and achieves a gradient distribution of lattice mate-
rial, whereas principal stress trajectories take the load transfer mechanism into account
and regulate both lattice density and orientation. However, the results show that the von
Mises stress-driven method has the highest linear stiffness among all samples. The main
reason for this is that it adds an exponential factor to reinforce the effect range of the von
Mises stress field, and then make the density distribution of lattice material reasonable,
as referred to (15).

Another important consideration when infilling the lattice material is its anisotropy,
especially when using the principal stress-driven method. In Group 1 and Group 2,
two types of lattice structures were used: PS-Edge and GC-Edge, which are edge-cubic
lattices, and PS-BCC and GC-BCC, which are body center cubic lattices. The edge-
cubic lattice is 90° orthotropic, which allows stress transfer direction to align with the
material’s maximum Young’s modulus, resulting in high stiffness. However, the body
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Table 2. Samples by additive manufacturing

Method Group 1: Geometric Group 2: Principal Group 3: von mises
conformal design stress driven conformal | stress driven conformal
design design

Top view

Side view

1D GC-Edge |GC-BCC |PS-Edge |PS-BCC |vM- vM-

Voronoi Delaunay

Mass 8.06 8.71 8.28 8.27 7. 70 8.24
Linear stiffness | 75.33 69.60 167.06 72.68 111.33 228.43

center cubic lattice has a 45° orthotropic, meaning that the lattice mainly suffers from
bending forces, resulting in low linear stiffness.

4 Conclusion

This research presents two stress-driven MAS that release the full potential of lattice
material and optimize the mechanical performance of sports helmets. By dividing the
helmets into cells and infilling them with lattice material in a conformal manner under
von Mises stress and principal stress, the density and orientation of the lattice material
can be regulated to achieve functional, lightweight, and customized designs.

Compressive testing verified that the stress-driven methods produced products with
superior performance compared to designs that only considered geometric conformal
design. Additionally, the methods enable products with both high performance and
aesthetically pleasing natural-like structures.

The MAS driven by the von Mises stress field allows for gradient material population,
while also considering the minimum size features of the lattice material for successful
fabrication. The MAS driven by the principal stress field can effectively regulate the pop-
ulating orientation of the lattice material for improving stiffness. These design concepts
can be further integrated with a lattice library to meet diverse functional requirements
and personalized user preferences.

The proposed methods have the potential for broad industrial applications, such as
in Unmanned Aerial Vehicles (UAVs) and automobiles. The methods can be integrated
into automatic and iterative design progress, such as genetic algorithms, to yield diverse
design outputs with robust mechanical performance.
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Abstract. In response to the increasing demand for collaboration and knowledge
exchange within Postfordist network society, both virtual and physical spaces are
becoming more and more complex. Therefore the orientation within these increas-
ingly complex and information-rich scenes becomes a problem that architectural
design must address. The goal of this research is to upgrade architectural design
competency in this respect by setting up a workflow for evaluating and optimizing
the legibility of complex scenes. This paper introduces a novel research approach
focused on the recognizability of salient interaction offerings within complex spa-
tial settings, by using machine learning. A systematic workflow is being developed
for simulations that appraise and rank design proposals with respect to the trade-
off between scene complexity and legibility. The authors explore the research
through a series of simulation experiments concerned with semantic segmenta-
tion, i.e. with distinguishing and classifying relevant features in a large complex
visual field. The paper first describes the method of setting up the measurement
of complexity and ease of recognition, and then illustrates how a trained neu-
ral network can be used to evaluate and rank a series of design proposals (with
systematically varied degree of complexity) on the basis of their recognizability.
While the paper found that the hypothesis of a statistical inverse correlation or
trade-off between complexity and recognizability holds, for each degree of com-
plexity there are several design options with different degrees of recognizability.
Therefore this approach allows to optimize the design of complex scenes in terms
of the crucial criterion of legibility.

Keywords: Orientation - Legibility - Complexity - Spatial cognition - Machine
learning - Design optimization

1 Introduction

In response to the increasing demand for collaboration and knowledge exchange within
Post Fordist network society, spaces are becoming more and more complex. Therefore
the orientation within these increasingly complex and information-rich scenes becomes
a problem that architectural design must address. This poses a serious challenge to
human spatial perception. Research in spatial cognition, based on observation, involves
a variety of behavioural measures. Beyond mere observation and performance mea-
surement spatial cognition theory puts forward hypotheses about how people construct
internal representations of space. [5, 12, 13]. The construction of internal representations
becomes increasingly challenging as scene complexity increases.
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As Friedman et al. [6] have argued, it is important to consider the legibility of
an environment as a potentially important criterion when evaluating a post-occupancy
environment. Many studies have shown that the complexity of a building plan is one of
the most important factors affecting orientation in space [18, 15, 19]. However, people’s
spatial perceptions sometimes do not match the results from the analysis of the 2D
plan. Prior research, e.g. Weisman [18] and Passini [16], had limited the study of the
relationship between ‘plan configuration’ and navigation to corridor-type spaces. Their
approach is difficult to implement in a more three-dimensional space, such as a complex
atrium space. This paper extends the study of the relationship between legibility and
architectural plan for atrium spaces. Our investigation of legibility is based on the first
person perspective of situated human perception.

Spatial understanding can be partitioned into discrete components instead of being
integrated into a single map [11, 2] One of the components is to locate and orient yourself
in a space, which requires recognition of specific spatial features. In recent years, Deep
Learning-based Convolutional Neural Networks have shown that trained models are able
to recognize objects with human-level accuracy and speed [9, 10]. Recent research in
deep-learning based semantic segmentation systems has focused on autonomous driving,
industrial inspection, and medical imaging analysis [14, 7]. Architectural design has also
drawn considerable attention to deep-learning-based semantic segmentation methods.
For example, classifying furniture pictures based on design features [8], and comparing
the visual similarity of interior design elements [4]. However, research in this area
has focused on demonstrating the capability of successfully recognizing designs in the
interior design field. And this study shows the potential of utilizing this technique to
recognize salient interaction offerings within complex spatial settings.

The authors explore the research through a series of simulation experiments. We
start with a method for measuring complexity. Then we present a method to appraise
ease of orientation, and illustrate how a trained neural network can be used to do this,
and thereby allowing us to evaluate and rank a series of design proposals.

2 Methodology

The goal of this research is to upgrade architectural design competency by setting up
a workflow for evaluating and optimizing the legibility of complex scenes. First the
authors set up the formula for calculating the variety value which represents the diversity
(complexity) of the destination in space. Then, using a deep-learning-based approach,
the authors set up the evaluation model for ease of orientation, which appraises the level
of legibility of a given space. The orientation evaluation includes three sub-measurement
values: visibility, learnability, and recognizability.

2.1 The Quantitative Definition of Variety

Various research studies have demonstrated that the complexity of the floor plan influ-
ences the ease with which users can navigate within a building [15, 18, 16].This paper
interprets complexity as diversity of spatial situations. In retail space, variety means
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many different kinds of units instead of mere repetition. Based on the K-means cluster-
ing algorithm, the measurement algorithm extracts four geometric attributes from the
unit floor plan as input data: area, perimeter, shape proxy “width”, shape proxy “length”.
Afterwards, these 4 numbers are combined to create clusters. The algorithm outputs how
many types of the units can be clustered. Lastly, it will normalize the number of types
as a value between 0 and 1. For instance, a floor plan with 10 units where all units are
the same will result in 1 unit type, and variety value 0, i.e. this space is very simple. And
when clustered into ten types, its variety value will increase to 1, which indicates a very
complex space. Based on this we measure the degree of complexity of a space.

2.2 The Evaluation of Ease of Orientation

Our comparative appraisal of legibility or ease of orientation includes three aspects,
namely visibility (a mere geometric precondition), learnability, and recognizability.

2.2.1 Visibility

For defining the visibility value, the authors utilize the Unity Perception package and
the Unity Dataset Insights package. The workflow is as follows: First, we systematically
build up an array of complex scenes. We then test/compare the scenes as follows: Step
1, place random targets. Targets represent attractions in the space, such as shops, kiosks,
etc. Step 2: Place the camera viewpoints randomly within the space at eye level, so that
all possible human perceptions can be sampled. Step 3: Assign a color code to all the
target objects. As the simulation runs, each frame generates one view image and one
labeled image. The data includes labeling information, color coding, and pixel numbers.
Second, load the data and run the script. It calculates the total pixels of all the targets
automatically using a Python script. So the higher the total pixel count of the targets,
the more targets will appear in people’s cone of vision, which means here the higher the
space’s visibility value. Third, normalize the data to yield a value between O and 1 that
represents the comparative level of visibility. This is a simple, objective measure.

2.2.2 Learnability

As mentioned above, deep learning as part of machine learning algorithms has made
significant progress in recent years in improving the accuracy of image semantic segmen-
tation. In this research, the authors developed a new estimation method by constructing
and training a deep learning network for semantic segmentation of architectural interior
images. The authors use this first to derive a learnability value that simulates how fast a
human can recognize the features of a new environment.

The measurement process includes two main parts. First, training data set gener-
ation. A collection of images and a collection of pixel-labeled images are required to
train a semantic segmentation network. Instead of manually segmenting each image,
we developed a custom script that uses the Unity Perception Package to automate the
process. After labeling and attaching specific color coding to the main architectural ele-
ments in the 3D scene: the escalator in magenta color, the balustrade in cyan, the glazing
in dark blue, etc., we can start running the simulation. In the simulation, viewpoints
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are generated randomly in the scene to generate different view images and semantic
segmentation images associated with the view. Second, training the network. This step
involves loading the view images and semantic segmentations from the previous step to
the learning machine, and the goal is to find out how much time the machine needs to
learn to achieve a certain accuracy in its recognition/classification of features (Figs. 1
and 2).
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Fig. 2. Semantic segmentation image output for different views

2.2.3 Recognizability

Here, in contrast to comparing how fast a machine can learn and improve to discriminate
the architectural elements in different designed spaces, recognizability appraises how
well a computer can recognize the architectural elements after it has completed its
learning cycle. As previously stated, deep convolutional neural networks are the most
powerful method for training a neural network model to extract relevant parts of an
image’s features. However, how to combine techniques with specific domain knowledge
and how to collect data has become a critical issue. To compare how well a trained
machine system can recognize specified features in different designed interior spaces,
the commonly used deep learning algorithm YOLO (You Only Look Once) was used
because of its fast speed and accuracy [17].

In this research, we focus on the escalators as the most significant elements of interior
atrium spaces. In our approach, we trained the YOLO model to detect a new custom
object (the escalator) based on the trained COCO dataset (Common Objects in Context is
a dataset provided by the Microsoft team that can be used for image recognition) instead
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of starting from scratch. Prior to deep learning training, data annotation is required. By
using the unity perception package, the authors can automatically crop the region and
label each image to generate a large amount of training data quickly, rather than manually
labeling each image in a common way. There are 600 images prepared, 80% of the total
collected data is used for training, and 20% is used for validation.

Instead of using training time data as in the learnability simulation, the detection
model solves for identifying (recognizing) the escalators in the view image and in addi-
tion outputs a confidence value for each identified element as to how confident the
network is in classifying the element as an escalator. The average of all the confidence
values generated in a scene feeds into the overall performance measure for this scene,
indicating the scene’s recognisability (Fig. 3).
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" Image 1 Accuracy = 0.85 Image 2 Accuracy = 0.84
Image 1 Accuracy = (0.86+0.89)/2=0.875 Image 3 Accuracy = 0.835 Image 4 Accuracy = 0.87

Fig. 3. Example results from detection model, in image 1 the machine detected two escalators
with confidence value of 0.86 and 0.89, the accuracy value for this view image 1 is 0.875.

3 Prototype Development and Trade-Off Graph

3.1 Atrium Generator Prototype Setup

The retail atrium was chosen as spatial type capable of exemplifying the problem to be
investigated, namely to maintain legibility in the face of complexity. We developed a
parametric atrium generator to create a set of systematically differentiated sample spaces.
The atrium designs vary the void shape and the depth of the slabs up to the glazing line.
The atria are radially divided into 12 segments. In the simplest case these 12 segments
are equal. In the most complex case they are all unique.

The value of variety increases with the total number of different segment types. At
first the atria operated across two floors above ground, later three floors. A sequence of
different design iterations was generated. This sequence measured variety values ranging
from O to 0.91. In principle, there are unlimited numbers of ways to generate designs
with the same variety value. The authors selected three design iterations for each variety
value. In total there are 34 design iterations with 12 different variety values (for variety
= 0, there is only one design iteration as all the units are the same). For example, in
Fig. 4, the variety value increases from left to right, which means the space is becoming
more complex in terms of the diversity criteria.
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Fig. 4. Plan diagram spectrum for one floor showing the how the variety value increases while
the spatial scene becomes more complex.

3.2 Trade-Off Graph

The authors hypothesized that increasing the complexity will reduce the legibility of the
space. Indeed, we observed this inverse relationship between complexity and legibility.
We see this as a trade-off, since both complexity (delivering diversity of destinations)
and legibility (affording ease of orientation) are desirable.

After generating the design iterations with a wide spectrum of variety values, we
conducted our learnability and recognizability tests for each of the designs. By mapping
all the values for variety first against the obtained learnability and recognizability scores,
we get the maps in Fig. 6. Based on statistical theory, when the R? value is bigger than
0.6, this means the two parameters have a strong correlation. We also can see from the
mappings that for each of the variety values, despite the overall correlation holding, there
are several designs with different legibility (learnability/recognizability) scores, i.e. for
each visibility value there are relatively better performing designs we might select, i.e.
a design with both high complexity and relatively high legibility.

3.2.1 Learnability Trade-off Graph

With the same 34 design iterations spread over 12 design variation values, we executed
the learnability experiment to measure how long it takes for the machine to achieve 95%
accuracy. For instance, when the variety value = 0. It only took 45s for the machine to
learn to recognize the architectural elements and reach an accuracy of 0.95. In compar-
ison, a design with high variety (variety = 0.91), requires 134s of learning to reach the
accuracy of 0.95. After training for all the design iterations, we obtained the graph in
Fig. 5a which also shows that there is a strong correlation between variety(X axis) and
learnability (Y axix). The R2 value is 0.7461, i.e. significantly above 0.6.

3.2.2 Recognizability Trade-off Graph

Instead of comparing the time taken to reach a certain accuracy between different design
iterations, the recognition experiment uses the same trained neural network to test the
recognition accuracy with different design iterations. For the same series of designs, 50
images were chosen from each of the 12 design variety brackets. In total, there were 600
images constituting the training dataset. After training, the neural network can achieve
an accuracy above 0.8 for the validation set.
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After building the neural network, the next step was to test the recognition perfor-
mance of the neural network for the different design options with different degrees of
variety. To test the different designs, 10 new perspectival view images for each design
have been fed to the neural network. We then obtained the average accuracy figure for
each design, which for us represents the recognizability value of this design. For instance,
when the design variety equals 0.00, the average accuracy is 0.84 for the 10 images, and
when the design variety equals 0.91, the average accuracy dropped to 0.66. After we
run the recognition test for all the options, we get the graph shown in Fig. 5b. We can
see from the output figures that the distribution of accuracy correlates with the variety
value. This indicates that the recognizability value has a strong correlation with design
complexity.
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Fig. 5. Variety-Learnability (a), Variety-Recognizability (b) trade-off graphs

Both learnability and recognizability were explored via neural networks trained to
semantically segment images of a complex scene and classify features like escalators.
According to these experiments, there is a strong inverse correlation between variety
and legibility, appraised in its aspects of learnability and recognizability. Since for each
variety measure we can generate and test multiple designs, we can use this process to
optimize the trade-off between variety and legibility.

4 Further Design Iterations

4.1 Learnability Experiment

It has already been mentioned that there are an infinite number of ways to generate a
design for a particular variety value. Our goal is to evaluate and optimize in order to
find the most legible solution. The authors compared three design options with similar
plan configurations and the same variety value of 0.62, but with changing the slab edge
curvature. Option A has a large curvature on the slab edge, Option B has a faceted slab
edge, and Option C has a gentle curve on the slab edge. According to the learnability tests,
option C exhibits a high learnability value. This is in line with our intuitive expectation
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that the smooth version will perform better than the faceted version (because its generates
less visual noise).

S AR 2

OPTA OPTB OPTC

Variety: 0.62 Variety: 0.62 Variety: 0.62
Visibility :0.713 Visibility: 0.736 Visibility: 0.745
Learning Time: 3:51 Learning Accuracy: 5:23 Learning Accuracy: 3:45
Accuracy: 0.987 Accuracy: 0.981 Accuracy: 0.990
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Fig. 6. Three design iterations’ legibility comparison. In option C, the visibility value is 0.745,
while the other two are 0.713 and 0.736, and in option C, the training time is 3:45 while Option
B’s training time is much longer as it is 5:23, and Option A is fairly close as it is 3:54.

4.2 Recognizability Experiments

In addition to the prototype experiments, the authors also examined the methods on a
real design project. It is a 5-floor atrium space in a mixed-use (retail and cultural) com-
plex. Using two design iterations as examples, we applied our recognisability appraisal
method. When all the necessary functional program plan layouts have been met, it is
typically depending on the architect’s intuitive qualitative appraisal to choose a number
of design option that meet the programme criteria. In contrast to this subjective choice,
our method allows for reproducible selection based on a quantitative process that can be
critiqued and improved upon.

The evaluation and optimization process was applied as follows: first, we randomly
selected 10 viewpoints to get 10 view images from each of the designs. Then we input
these images to the neural network (trained on the proto-types) to get the escalator
recognition performance with accuracy values for each image. Then we averaged all the
accuracy values to get an overall recognizability value for the design option in question.
Any mistaken detection is taken into account with its confidence value as negative value.
Due to mistaken identifications both options’ recognizability values were rather low, but
this measured difference is significant. For option 1 it was 0.277 and for option 2 it was
0.023 (see Fig. 7). It was interesting that the network was performing at all in a space
that was quite different from the training set. In any event, absolute values matter little.
The purpose of our method is to get a ranking that guides selection. The result suggests
option 1 is better in terms of recognizability. From our intuitive point of view, option 1
also looks more legible. This illustrates how a neural network can be used to evaluate
and rank a series of design proposals based on their recognizability.

The evaluation process is quite efficient and easy to operate. You can upload either
a screenshot or a rendering of the design space. As a result, a value of recognisability
will be output for this space. Many questions and problems remain to be addressed. For
instance, when feeding new images that substantially deviate from the original training
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Option 1_Image 03 07 Option 2_Image 03 Accuracy = - 0.246
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Fig. 7. in image 03 of option 1, the confidence value outputs are 0.76, 0.77, 0.91, but it missed
some escalators, so the accuracy value is 0.407 (= (0.76 + 0.77 + 0.91 + 0 4+ 0 + 0)/6). And for
option 2, it missed out on all the escalators, and also incorrectly “recognized” some balconies as
escalators, so the accuracy value for this view image of option2 is —0.246 (= (-0.61-0.62 + 0 +
0+ 0)/5).

set, overall accuracy is not high. Hence, it will be necessary to expand the database with
more interior images of atriums in the future in order to enhance the accuracy of the
data. Second, the current neural network is only trained to recognize the escalator as a
key element of the atrium. However, it is possible to extend it to incorporate other key
architectural elements as well (Fig. 8).

Escalator ©.62

Fig. 8. Example outputs from detection model tested on the photorealistic renderings.

5 Conclusion and Future Work

The objective of this research is to provide a methodical way of posing the issue of
legibility. Our work so far only maps out an initial sketch schematic for the operational-
isation of the legibility criterion in its relation to complex scenes. The atrium typology
is just one scenario among many. This method setup can be abstracted and generalized,
and then tailored to support all urban, architectural and interior design processes. Both
complexity (spatial diversity) and legibility (ease of orientation) are considered posi-
tive characteristics. While the hypothesis of an inverse correlation or trade-off between
complexity and legibility holds, there are several design options with different degrees
of legibility for each level of complexity. The methodology can thus help find the sweet
spot in the trade-off between these two requirements, or else we can take a certain level
of complexity as given, and then identify design options that maximise legibility without
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compromising complexity. In this way, the design of complex scenes can be optimized
according to the crucial criterion of legibility.
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Abstract. The window view is an important part of the daylighting design. The
current window view analysis based on daylighting metrics does not respond well
to user preferences. This study uses an office with a courtyard in Berkeley, CA,
USA, as a case study to create a virtual reality-based window view evaluation
tool and workflow to analyze the impact of different types of shading devices
and different levels of exterior landscapes on user perception. This tool combines
quantitative data based on daylighting metrics and users’ subjective and physical
responses with qualitative analysis based on user feedback and preferences. A two-
way ANOVA was conducted in the study to demonstrate that the independent and
interactive impacts of shading devices and exterior landscapes on user perception
and satisfaction. The results show that users prefer shading types that block less of
window views even though they may cause a higher probability of glare. Besides,
advanced landscapes tend to enhance user satisfaction with shading devices. This
new window evaluation method will help architects make more comprehensive
decisions in shading device type selection and exterior landscape design.

Keywords: Window view - Shading device - Exterior landscape - Virtual
reality - User perception and preference

1 Introduction

The study of daylighting is an important part of architectural design. Architects and
designers often overlook the quality of the occupant’s view, an essential analysis factor
of daylighting design. The research indicated that reasonable window views can reduce
human physical and mental discomfort [1]. Moreover, creating a connection between
landscapes and humans by enhancing window views has been proven to positively impact
the health of the occupants [2]. Thus, daylighting and window views are increasingly
being integrated to consider the impact on occupant health and well-being. As a medium
between the interior daylight environment and the exterior landscape, shading devices
must balance daylight performance and window views. Appropriate shading devices
have been shown to optimize multiple aspects of daylighting, such as daylight distri-
bution, glare, and views [3]. The selections of shading devices and landscaping in the
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previous studies rarely considered end-user preferences and were mostly based on day-
light simulation results and subjective design by architects. Thus, to design window
views conducive to human health and sustainability, the selection of shading devices
and the design of the landscape should accommodate the visual comfort and preferences
of users while satisfying daylight standards.

Virtual reality (VR) as an excellent medium can combine simulation-based daylight-
ing analysis with user-based immersive analytics to integrate daylighting metrics and
visual preferences of users in the early stages of the shading device and landscape design.
VR is becoming an effective alternative for the evaluation of interior visual environments
because it has been proven to be superior to video and pictures for subjective percep-
tion, and it allows for controlling selected variables, analyzing causal relationships, and
saving time and costs spent on real building measurements [4, 5]. Abd-Alhamid et al.
[6] confirmed the importance of the information content seen in the window views by
analyzing the observation data and feedback from users at different locations in the VR
scene and showed that the design of the window view has significant implications for
the health and well-being of building occupants. Chamilothori et al. [7] combined VR
and wearable biometric devices to study the effect of different shading facades and sce-
narios for user vision. The results showed that the different patterns and geometries of
the shading fagcade influenced the users’ subjective visual evaluation and physiological
responses. Lee et al. [8] introduced a method for evaluating view clarity through VR.
The study revealed that the geometry and material of the shading system can affect the
clarity of the exterior landscape to the degradation of the quality of the view. To sum up,
VR has a strong potential to be used as a tool to connect user perception and architec-
tural research. Therefore, more and more architects and designers have the opportunity
to gather information about end-user requirements and preferences for window views
through VR to make more informed decisions during the preliminary design stage.

The research focused on shading devices and exterior landscapes as the two main
points of attention in the window views study. Previous analysis of window views is
typically based on a relatively elaborated assessment of the LEED v4 Quality Views
(QV) credit [9]. However, this evaluation metric does not require all view criteria to be
met the credit, and therefore results in window views that are often low quality and do not
respond well to real user feedback [10]. Moreover, other visual perception effects such
as glare and thermal discomfort are not taken into account when studying the window
views. At this time, there are no established methods to guide designers and researchers
in investigating users’ perceptions of window views. Based on this, this study proposes
the following questions in different stages of workflow:

e How to integrate possible variables affecting window views, including shading
devices and exterior landscapes, into the daylight model?

e How to construct an effective and efficient window view evaluation tool that includes
other visual factors in VR?

e How to create a workflow through the VR window view evaluation tool to improve
the analysis of view quality and user preference? It can assist architects to make
comprehensive design decisions.
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This study aims to develop a window view evaluation tool and workflow that com-
bines subjective and objective analysis methods. Firstly, the method from daylight mod-
els toimmersive virtual environments was studied, and the method of constructing a more
comprehensive VR window view analysis tool was summarized. This new evaluation
tool was then used in the design of shading devices and exterior landscapes for an office
in Berkeley, California, and its application to window views perception and feedback for
users were explored. This VR window view evaluation tool allows architects to combine
daylighting metrics and user preferences at an early stage of design to comprehensively
compare and select options for shading devices and landscapes. In addition, the VR
window view evaluation tool proposed in this study has been assessed by usability and
universal applicability and can be applied to other types of spatial analysis.

2 Method

The primary goal of this study is to propose an innovative VR window view evaluation
tool and workflow. Thus, the impact of shading devices and exterior landscapes in win-
dow views was studied through immersive virtual environments to help architects find
a balance between daylight performance and window views. The study uses an office
with a courtyard in Berkeley, CA, USA, as an example. Rhinoceros 3D and Grasshopper
were used to create a model an office model with shading devices and exterior land-
scapes, which allowed defining types of shading devices and different levels of exterior
landscapes as parametric variables. Daylight simulation and analysis are completed by
embedding the required weather files and material data through ClimateStudio to select
shading devices that meet daylight requirements. Moreover, the Radiance Render func-
tion of ClimateStudio creates scenes of 360 high dynamic range renderings (HDRR)
with different shading devices and landscapes. The VR scenes were created by import-
ing high dynamic range renderings into Unity and adding an interactive interface to
complete the user evaluation system. Finally, daylighting metrics, user feedback, and
physical responses to different VR scenes were compared and analyzed through case
studies to help the architects select the appropriate shading devices and exterior land-
scapes for the office space. Figure 1 shows the research process and methods of this
study.

2.1 Experimental Model

The research uses a south-facing office with a courtyard on the first floor of an office
building in Berkeley, CA, USA as the case study. The office’s length, width, and height
are 5 m, 3 m, and 4 m respectively. Moreover, the office has an exterior courtyard
without landscaping with a length and width of 15 m and 10 m. In addition, the office
has only one window on the south wall, which is 2.9 m in length, 1.6 m in height, 1m
in distance from the floor, and with a wall-to-window ratio of approximately 40%. The
weather type in Berkeley is a Warm-summer Mediterranean climate (Csb in the Koppen
climate classification) with long, mostly sunny summers. Thus, the architect needed to
choose appropriate shading devices and exterior landscapes by analyzing window views
to create a comfortable daylighting environment. Based on information from the site,
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Fig. 1. The workflow specified for the research.

the office was 3D modeled by Rhinoceros 3D and Grasshopper for daylight simulation,
system development, and window view analysis (Fig. 2).

Fig. 2. 3D modeling based on real environment: real office space (left), 3D model for case study
(right).

Different types of shading devices and external landscapes were set as independent
variables in this study to investigate the comprehensive effect of user responses in window
views. The space size, wall-to-window ratio, and materials of the case model are fixed
in the analysis. Figure 3 shows the three levels of exterior landscapes created in the
study: a no landscape with brick-paved ground, a normal landscape with partial grass
and shrubs, and an advanced landscape with more trees and artwork. Moreover, the
study selected five types of shading devices in pre-experiments using Grasshopper and
ClimateStudio to meet the requirements for spatial Daylight Autonomy (sDA), i.e., the
interior space receives at least 30fc of daylight for at least 50% of the workday [11].
Six types of shading scenes including no shading, low-density horizontal louvers (LH
Louvers), high-density horizontal louvers (HH Louvers), low-density vertical louvers
(LV Louvers), high-density vertical louvers (HV Louvers), and special egg crate louvers
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(EC Louvers) were set up in the study to investigate the effect of shading type and density
on the visual comfort of the users (Fig. 3).

Landscape Levels:  No Landscape: Normal Landscape: Advanced Landscape:
Brick-paved ground Partial grass and shrubs More trees and artwork

Shading Devices: No Shading: LH Louvers: LV Louvers:
Not installed shading device Horizontal louver length 0.2m, distance 0.2m  Vertical louver length 0.2m, distance 0.2m

EC Louvers: HH Louvers: HV Louvers:
Egg crate louver length 0.2m, distance 0.2m Horizontal louver length 0.2m, distance 0.1m  Vertical louver length 0.2m, distance 0.1m

Fig. 3. Three different landscape levels and six different shading devices for window view
analysis.

2.2 Daylight Model

The daylight model integrates 3D models, weather data, and materials for window view
simulation and rendering of office scenes with different shading devices and exterior
landscapes. The EPW weather data files for Berkeley were imported into the daylight
model through ClimateStudio using occupancy times from 8 a.m. to 6 p.m. The materials
used for simulations and renderings of the office, shading devices, and landscapes are
all from the ClimateStudio materials library (Table 1). Daylight metrics were used as
supplementary information for window analysis to help architects and users understand
the impact of different shading devices and exterior landscapes on interior daylight
performance and glare protection. In the study, SDA was used to analyze the annual
daylight performance of the space to evaluate different types of shading devices. The
analysis grid used to calculate the sDA was located at a table height of 0.73 m, with
the sensor points spacing was 0.6 m and their distance from the walls of 0.5 m (Fig. 4).
Moreover, the study used Spatial Disturbing Glare (sDG) based on the Daylight Glare
Probability (DGP) metric to analyze the annual average glare of the space, i.e., the
percentage of space that experiences Disturbing or Intolerable Glare (DGP > 38%) for
at least 5% of occupied hours. The analysis grid for the sDG metric used the same
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sensor spacing as the daylight analysis grids. The default view was located at 1.2 m
off the floor (eye height for a seated observer) and the calculation was based on hourly
DGP values for eight different view directions at each position in the space (Fig. 4). As
a common assessment method of window views, QV credits in this study were always
at 100 due to the area of the office (length less than 7.5 m). Thus, the window views
analysis method using QV could not be used in this project to investigate the impact of
different shading devices and exterior landscapes in more detail. Radiance Render of
ClimateStudio was used in this study to simulate the 360 HDRR by daylight model used
to create the virtual scene for the window views analysis. The time of the simulation for
the scenes was chosen at the highest sDG value of the year (12.30 pm on December 21),
and the rendering position P was 2 m from the window at a height of 1.2 m off the floor
(Fig. 4).

Table 1. Optical properties for objects in the simulation.

Object Material The light reflectance value
Concrete walls and ceiling Concrete 21.4% Ditfuse reflectance
Concrete floor Concrete 28.2% Ditfuse reflectance
Plaster walls Light laminates 54.8% Diffuse reflectance
Metal decorations Metal 47.2% Diffuse reflectance
Black metal objects Paint 1.1% Ditfuse reflectance
Wood decorations Wood 25.8% Ditfuse reflectance
Exterior surfaces Paint 35.1% Diffuse reflectance
Exterior ground Brick 18.4% Diffuse reflectance
Shading elements Metal 47.2% Diffuse reflectance
Single glazing Clear glass 87.7% Direct visual transmittance
Leaves and grass Foliage 26.2% Diffuse reflectance
Trunk Wood 27.2% Diffuse reflectance
Stones Stone 35.7% Diffuse reflectance

Fig. 4. Example of sensor points with views used for sDA simulations (left), sDG simulations
(center), and window view rendering (right).
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2.3 Generation of VR Window View Evaluation Tool

The VR window view evaluation tool created immersive virtual scenes for window view
assessment by embedding 18 different 360 HDRRs in Unity3D (including a combination
of 3 levels of exterior landscapes and 6 types of shading devices in the experimental
model). The tool had three main functions to assist users in better completing the window
view evaluation. Firstly, a scene-switching function was created to help the user randomly
change to the next scene after completing the evaluation of one scene (Fig. 5). Secondly,
as glare is an important factor in window view evaluation, the system added a glare
observation function (Fig. 5). The system showed the area where the glare existed in
the VR scenes by the partial false color (pink area > 2000cd/m?). Compared to the full
false color indication of glare, the partial false color only indicates the glare area to
allow the user to intuitively understand the luminance situation in the scene and help
the user to complete a more comprehensive window assessment. In addition, users can
record their emotions and satisfaction with the different shading devices and exterior
landscapes through the evaluation function after completing the observation of each
scene (Fig. 5). As listed in Table 2, the evaluation function consisted of 6 questions, all
of which are measured on a seven-point Likert scale (mostly 1 = fully disagree and 6
= fully agree). The data collected by the system helped the architects better understand
end-user preferences and feedback.

Fig. 5. The three main functions of the VR window view evaluation tool: scene-switching function
(left), glare observation function (center), and evaluation function (right).

Table 2. Evaluation questionnaire for window view study.

Ql I find the scene pleasant

Q2 I find the scene interesting

Q3 I find the scene exciting

Q4 I find this shading type satisfactory

Q5 I find the glare area disturbing me

Q6 I find the landscape view overall satisfactory
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2.4 Experimental Design

Instead of traditional physical window view analysis, the study was observed and evalu-
ated through the immersive virtual environment of the VR window view evaluation tool
to analyze users’ perceptions and preferences for different shading devices and exterior
landscapes. The headset used for VR window view observation in the study was an
Oculus Quest 2 with a field of view of 100°, a resolution of 1832 x 1920 pixels per eye,
and a refresh rate of 90 Hz. The study created a VR environment through Unity3D that
can be used for observation of Oculus devices and interaction with the system through
controllers. Moreover, a total of 30 participants (15 males and 15 females) participated
in this study. Participants were limited to a range of 20-32 years (mean age: 23.8, SD
= 3 years). The study used a within-subject experiment design i.e. each participant was
tested on the same 18 scenes to eliminate individual differences between participants.
In addition, participants were asked to test individually in a real office space. After
confirming familiarity with the equipment and experimental procedures, participants
were exposed to neutral scenes and tested for basal heart rate in VR, and then a series of
scenes were observed in random sequences. While observing the scene, participants were
required to use the glare observation function to identify areas of glare in the window
and to receive 30 s of heart rate monitoring (Fig. 6). At the end of each scene observation
participants were asked to complete the evaluation questionnaire to collect participants’
emotions and satisfaction with the shading devices and exterior landscapes in the win-
dow views. The average observation and assessment time for each scene is about 2 min.
After completing a window view evaluation of a scene participants could switch to the
next scene until they completed 18 scenes. Upon completion of the experiment, partici-
pants were requested to complete the feedback on window views and system usability.
Furthermore, all participants provided written informed consent before the study and
were compensated for their participation.

Fig. 6. Participants performed window view evaluation and monitored heart rate in VR scenes.
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3 Results Analysis

3.1 Daylight Analysis

Although the main focus of this study is on window view assessment, daylight analysis
as a basis for window view analysis helps architects and users understand the daylighting
performance and glare probability of interiors with different shading devices and exterior
landscape conditions. As shown in the daylight simulation results in Fig. 7, the five
different shading devices in the study kept the annual sDA at 55.0-72.5%. Among them,
LH Louvers and LV Louvers had the best daylight performance, with an average annual
sDA of 71.3%. Moreover, the five different shading devices reduced annual sDG by
19.4-38.8% compared to the No Shading scene (Fig. 7). HH Louvers demonstrated
the best glare protection with an annual sDG of 0.6%. Furthermore, compared to No
Landscape and Normal Landscape, Advanced Landscape decreased the DGP of different
shading devices by an average of 11.4% in the scene on December 21 at 12.30 (Fig. 7).
Daylight analysis proved that Advanced Landscape, which has tall trees and artwork,
has an impact on glare protection for users. In addition, the daylighting metrics provided
basic information for participants in the window view evaluation and additional support
for the architects in the window view analysis.

No Shading LH Louvers HH Louvers LV Louvers HV Louvers EC Louvers

No Landscape

SDA | 875% I  sDA | 70.0%000 sDA [62:5%]
sDG NIING9Z%N  sDG 7% sDG I-_

DGP 100% DGP DGP 87.0%

Normal Landscape

sDA [

SDA [ 87.5% 11

70.0%70]

DGP[ 100% |

Advanced Landscape

sDA [ 87.3% 1
sDG HIETsomgET
DGP [00% 1] DGP 80.0%

Fig. 7. Daylighting metrics in different window view scenes.
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3.2 Window View Analysis

The study analyzed 30 sets of scoring data and physical response data obtained from
the VR window view evaluation tool by experiments. The Kolmogorov-Smirnov test
showed that the data for all dependent variables were normally distributed, therefore a
two-way ANOVA was used to determine the independent and interactive impacts of two
factors, the level of exterior landscapes and shading types [12]. Statistical analyses of data
were performed in Python, using the toolbox from Pandas, Matlibplot, and Statsmodels.
For the multiple independent hypotheses, a Bonferroni-corrected significance level o of
0.0014 is used for the within-subject factor analyses. Thus, the level of the strong effect
of significance is 0.001.

3.2.1 Subjective Responses

In this section, user perceptions and feedback regarding shading types and exterior
landscape levels in window views were investigated. A two-way ANOVA was performed
for each dependent variable to detect the effects and interactions of shading types and
exterior landscape levels on users’ emotions. The statistical analysis showed a significant
effect of shading devices and exterior landscapes on perceived pleasure, interest, and
excitement (Sslandscapefp]easant = 611411, Plandscape_pleasant < 0.001, Ssshadingfpleasam
= 149.817, Pshadingﬁpleasant < 0.001; Sslandscapefinteresting = 549.081, Plandscapefinteresting
< 0.001, Ssshading_interesting = 182.326, Pshading_interesting < 0.001; Sslandscape_exciting =
601.893, Plandscape_exciting <0.001, SSshading_exciting =180.542, Pshading_exciting <0.001).
The results of the analysis supported the research variables that different shade types
and levels of landscape affect participants’ responses to the degree of pleasure, interest,
and excitement of spatial perception (Table 3). The study demonstrated that participants
probably were more pleasant, interested, and excited in advanced landscapes or types of
shading devices that blocked less of window views (Fig. 8).

A two-way ANOVA was conducted on participant satisfaction data to investi-
gate the independent and interactive impacts of independent variables on shading
device satisfaction (SDS), glare satisfaction (GS), and exterior landscape satisfaction
(ELS), (Sslandscape_SDS = 140.011, Plandscape_SDS < 0.001, Ssshading_SDS = 921422,
Pshading_SDS < 0.001; Sslandscape_GS = 47.004, Plandscape_GS < 0.001, SSshading_GS =
799.637, Pshading_Gs = 0.008 > 0.001; SSandscape_ELS = 629.559, Plandscape_Ls < 0.001;
SSshading_ELs = 173.837, Pghading_ELs < 0.001). The results of the study showed that the
interaction of different levels of landscape and different types of shading devices was
significant in terms of shading device satisfaction, but not in terms of glare impact and
exterior landscape satisfaction (Table 4). Participants tended to score higher on shad-
ing device satisfaction and diminished scores on glare discomfort in more advanced
landscapes (Fig. 9). Moreover, when the landscape was more obscured by some type of
shading device, participants tended to give lower scores on this type of shading device
(Fig. 9).

3.2.2 Physiological Responses

The study used a two-way ANOVA to analyze the independent and interactive effects of
shading devices and external landscapes in the window views on physiological responses
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Pleasant Level of Scenes Interesting Level of Scenes Exciting Level of Scenes

c/~/2\ ~" /&\s//a

NoShadng LHLowers HHlowers LVLowers HY Lowers ECLowvers NoShadng LHLowers HHlowers LVLowers HVLowers ECLlowers NoShadng  LHL
uuuuuuuuu 6 Nomallandscape ©-  Advanced Landscace -G NoLandscape - Normal Landscape -©-  Advanced Landscapo -©- No Landscage -©-

Average Score of Subjective Respanses

Average Score of Subjective Respanses

Wiowers  HVLowers  EC Lowers

Fig. 8. Interaction plot for average rating of pleasant level (left), Interesting level (center), and
exciting level (right) was perceived in different scenes.

(Table 5). The results showed no significant interaction between shading types and land-
scape levels (Pshading landscape = 0.008 > 0.001). However, the effects of both shading
devices and exterior landscapes on heart rate were significant. Figure 10 shows that the
advanced landscape scenes had the lowest heart rate differences, meaning that partic-
ipants were probably in the calmest emotions at that time. Moreover, for scenes with
HV Louvers, excessive view blockage and glare may have contributed to the high heart
rate differences of participants, meaning that participants may have had uncomfortable
emotions at that time (Fig. 10).

3.2.3 User Feedback

Besides the scoring data of window views, the experiment also requested feedback from
the participants through questionnaires. Questionnaires are an effective way to collect
information on user preferences and behaviors. The study obtained qualitative data on
user preferences and usability assessment for the VR windowing evaluation tool through
user feedback (Fig. 11). Regarding the window views provided in the study, most users
stated that “shading devices that block less of view give me a better visual experience”, “1
definitely prefer advanced landscapes, it makes me physically and mentally happy”, and
“I think the combination of low-density louvers and advanced landscapes is my preferred
window views”. However, a small number of participants indicated “I personally dislike
excessive direct daylight, so I prefer shading devices with good shading, even if most
of the view is blocked”, and “I prefer normal landscapes with only grass and shrubs,
such exterior landscapes make me peaceful”. The analysis of user feedback showed
that users are more concerned about getting relatively unobstructed window views than
about glare. Therefore, LH Louvers and LV Louvers with more open window views are
the preferred types of shading devices for users. Furthermore, the advanced landscape
became the preferred level for most participants. User feedback helped architects to
understand user preferences more intuitively and select appropriate shading devices and
exterior landscapes.

User feedback also provided a system usability assessment for the study (Fig. 11).
On the positive side, users commented that “it provides me with a good visual immer-
sive experience”, “the scenes are rendered realistically” and “the system is impressive,
comfortable to observe and the interaction menus are responsive”. However, users also
reported that “I would like to have more interaction with things in the environment”, “I
wish I could move around in the scenes”, and “some parts of the scenes are not clear due
to overexposure”. Participants’ feedback on the system mostly focused on improving
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Satisfaction Degree of Shading Types Satisfaction Degree of Glare Satisfaction Degree of Landscape Levels
g g 8.
[ g s
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Fig. 9. Interaction plot for average rating of satisfaction with shading devices (left), glare (center),
and exterior landscapes (right) in different scenes.

Table 5. Results of two-way ANOVA testing the effects and interaction of landscape levels and
shading types on heart rate.

Variation SS DF F P

Landscape 250.300 2.000 10.921 < 0.001
Shading 483.950 5.000 8.446 < 0.001
Landscape/shading 276.90 10.000 2416 0.008

Heart Rate Differences

Average Score of Physiological Responses

No Shading  LH Louvers HH Louvers LV Louvers HV Louvers EC Louvers

No Landscape =&~ Normal Landscape =&~ Advanced Landscape -9~

Fig. 10. Interaction plot for average heart rate differences in different landscape levels and shading
types.

hardware technology and enhancing interactive functions. The user feedback will inform
and assist in the future development of the VR window view evaluation tool.
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Fig. 11. Excerpts from questionnaires of user feedback.

4 Conclusion

The evaluation of window views requires consideration of several aspects, including
shading devices, exterior landscapes, wall-to-window ratios, window materials, obser-
vation locations, etc. This research focuses on shading devices and exterior landscapes
in the window view evaluation. The VR window view evaluation tool and workflow
developed in this study can help architects to comprehensively assess window views and
apply them to the design of shading devices and exterior landscapes. The originality and
value of this window view research are as follows:

e The study used VR to create an immersive window evaluation environment and false
color HDRR to mark glare areas to optimize the user’s evaluation process.

e The study conducted a two-way ANOVA with user evaluation data on landscape levels
and shading types in window views to investigate their independent and interactive
impact on users’ emotions and perceptions.

e In this study, the window view analysis combines quantitative data based on day-
lighting metrics and user subjective and physical responses with qualitative analysis
based on user feedback and preferences.

The results of the window view analysis showed the effects of different shading
devices and landscape levels on user emotion, satisfaction, and physical responses. Most
users preferred shading devices that block less of the view, such as LH Louvers and LV
Louvers, even if they have a higher DGP. Moreover, most users preferred the advanced
landscape, which tends to increase user satisfaction with shading devices. Furthermore,
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the user feedback presented in the study can help users to select shading devices and
landscape levels that have specific preferences. These analyses of user preferences helped
architects to make more comprehensive window view evaluations and design decisions.

The scenes used in the VR window view evaluation tool for this study are simulated
based on the case model, which can be replaced with different window view scenes
through the design workflow proposed in the paper. Moreover, the system has only one
fixed observation position that does not allow for a multiple-perspective window view
observation. Therefore, the collection of user perceptions and feedback may be defec-
tive. A movable immersive observation environment and more comprehensive physical
detection equipment may be added in further studies to complete a more comprehensive
window view evaluation tool.
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Abstract. Children’s architectural education is mainly built by assembling exist-
ing prefabricated blocks. However, most of the existing architectural education
projects focus on PC applications, which are important for transforming architec-
ture into practical results. Taking the achievements of the VR architectural knowl-
edge popularization education project as an example, this paper demonstrates the
application of the combination of virtual reality technology and architectural edu-
cation in the future architectural design education for children. The app adds a
follow-up connection to reality that is missing from traditional VR experiences.
First of all, this application built a virtual reality building on the unity3d platform,
controlled vr equipment through the OpenXR library, designed a program to build
a house with prefabricated modules in the application, and finally exported the
virtual results as DXF files to the laser cutting equipment, and assembled them
in reality. It retains the interest and diversity of the virtual meta-universe and can
increase the authenticity of the combination of virtual and real life in the educa-
tion links to improve hands-on ability. This application through the students in a
three-dimensional virtual environment to experience the process of building, but
it also can use laser printing technology to transform students’ learning results
into real results in order to realize the application of virtual reality technology in
architectural education.

Keywords: Virtual reality - Architectural education - Block cutting and
assembling - Construction logic

1 Introduce

Building education for children is a common type of education. Most of the educational
applications of VR are directly applied to architecture exhibitions or purely virtual world
construction, lacking the process of hands-on practice, and the results have not been
turned into reality. Based on relevant literature research results and user research, this
paper introduces the logical framework of a VR building construction system and, on this
basis, develops a set of VR building teaching application design frameworks and design
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strategies, which explores a path for the combination of virtual reality and children’s
architectural education in the future. Teaching for children aims to enhance the sense
of experience, exercise practical ability, and enhance the understanding and interest
in architectural knowledge. Explore a VR teaching system platform based on virtual
reality technology to improve the diversity and sense of the experience of architectural
education (Fig. 1).

Fig. 1. Application scenario screenshots

2 Background

2.1 Current Status of VR Education Development

At present, elementary school architecture popular science education mainly stays at the
display level of traditional multimedia. Two-dimensional image and audio-video display
cannot effectively enhance the interaction between teachers and students, students’ sense
of participation is not high, and the degree of knowledge absorption and other aspects
of learning performance is not good. The pattern between teachers and students is that
one teacher corresponds to many students, and problems can not be solved in time, as
well as how to save the architectural design, construction, and assembly games. The
application of virtual reality technology in a wide range of fields in China, but the
penetration rate of application in education is still very low. First, because of the high
cost of virtual reality technology equipment and manpower; Second, public awareness
is not enough. [1] For teenagers, the lure of new technology is very strong. Touchstone
Research, an online marketing research company, surveyed 500 teenagers between the
ages of 10 and 17 and released statistics on the awareness of virtual reality technology:
79% of people have heard of virtual reality technology, 68% of people have gradually
learned about it, and 47% of people have some or a deep understanding of virtual reality
technology. Therefore, the prospect of virtual reality technology among teenagers is still
extremely optimistic. Many teenagers aged 10-17 are very interested in virtual reality.
“VR virtual reality devices have a far greater impact on minors than TV, computer
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and other products.” The way people perceive the world is being gradually changed by
virtual reality technology, especially for students between the ages of 10 and 17; This
technology has a disruptive impact [2].

2.2 Introduction of VR Teaching Mode

Virtual reality teaching is considered an emerging teaching method in the education
curriculum, and multiple studies have shown that virtual reality technology has a positive
impact on student’s academic performance and motivation. Most of the applications
of virtual reality technology (VR technology) in primary education have focused on
describing and evaluating findings in terms of effectiveness, user experience, usability
issues, and student learning performance in the process of primary instructional design
[3].

Architecture is a subject that requires people to feel scale. In the process of learning,
it is mainly necessary to observe and understand scale, colour, material, and proportion
through the eyes. The world of virtual reality can also provide a real experience of
scale, get rid of the limitations of the physical world, and present a rich world through
a machine.

2.3 Feasibility Analysis of VR Education

1. Upgrade of virtual reality technology

Now virtual reality devices can operate independently, free from the constraints of cables,
which also liberates the constraints of environmental sites and makes it possible to teach
small classes.

2. Hardware price reduction and popularization

After the acquisition of Oculus, Meta launched the Oculus Qust2 device, which is priced
at $299, enabling ordinary consumers to purchase experience. There is also Pico brand
benchmarking in China, and VR devices are becoming increasingly lightweight, enabling
more and more ordinary people to have access to this technology.

3. Application of multimedia technology in primary and secondary education

At present, many primary and secondary schools are promoting comprehensive quality
education, so with the help of virtual reality technology, students can experience the
process of various professions, lay a good foundation for relevant majors, and culti-
vate interest. And some science experiments with safety risks can bring immersive real
experiences through virtual technology.

3 Methodology and the Main Procedure

Our approach focuses on the underlying building of applications and effective integration
with VR devices. Consideration is convenient for people to learn and understand quickly.
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Build the building application platform and realize the building function. This study
combines the intersection of computer science, architecture, and education.

On the application development side, unity3d was selected as the main platform
of the whole process operation, and C# language was selected as the programming
development language. First of all, I built the module unit in rhino modelling software,
exported the module into the unity platform in obj format, and then integrated the model
building system module management, DXF file export and other functions on the unity
platform.

After the model is built, obtain the generated cutting file and import it to the cutting
device. Assemble the cut plates (Fig. 2).

unity . © oculus 0311 makeblock

)
A un‘ N\ —
l‘, uiﬂm! ......... 5 > RERSER \_~
- - Y N 3 . : -
W ~J B

Design and build games Export to vr device Export cutting file Splicing model

Fig. 2. The main steps

3.1 Reality to the Virtual —VR Application Platform Design
3.1.1 Build the Bottom of the Building System

Firstly, a 2 m*2 m cell grid system is established. Grid cells are used to control where
blocks are generated. In unity’s GridManager, you can enter the desired build width and
height. The BlockManager script can adjust the size of the module according to different
input parameters, such as a Block 3 m high *2 m wide *0.2 m thick.

On the data structure of the GridSystem (Fig. 3), each grid is named GridX and
GridZ, respectively, according to the x-axis and z-axis of unity’s coordinate system. The
grid data structure is divided into three layers, and the GridX of the same row is added to
each row according to the row. As shown in the figure below, each GridX record has the
column information and the corresponding position of the name, and then multiple rows
are added to each layer. The GridX of each layer is then added to a collection called the
three-tier list hierarchy. This allows the aspect to read the corresponding position in the
program through the sequence.

In the step of placing the block model, the raycast (Fig. 5) method provided by
unity3d was used to obtain the grid target hit by the laser ray issued by the VR controller,
and the block was created under the object.

Next, the grid is generated based on blocks that can be built in the next layer. After
a layer is built, a new layer of GridX and GridZ is generated based on the GridX and
GridZ rows and columns of the first layer of blocks. This allows the building to gradually
decline from the lower level, which is also in line with the logic of building in a gravity
environment. At the same time, the GridCell class is created to record every row and
column of GridX and GridZ. This is easy to find the corresponding position in the
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Fig. 3. Data structure of the grid and the corresponding hierarchy diagram representation

back. During construction, it will detect which grid raycast hits, and after confirming
construction, the block will be generated under the grid object. Therefore, it only needs
to find the grid with child objects to get the corresponding grid.

Then, rotation and determination of positive and negative rotation (Fig. 2), when
each block is placed, there will be a difference between positive and negative, as well as
a difference between length and width. Therefore, a record will be made for the direction
of the grid and block when it is generated. When a block is generated in the grid, it will
judge whether the direction is aligned with the long side so as to ensure that the long
side is aligned with the long side. As shown in the figure below, the grid itself will have
four directions when it is generated, and the block will also have directions when it is
placed. (Fig. 4) matches it in the same direction.

4

Fig. 4. Schematic diagram of the orientation adjustment algorithm of the block enclosure

Finally, in automatic cover determination, after building a floor, the last module
returns to the starting position to form a closed ring to generate the floor cover of this
floor, based on the range of blocks of this floor, through the GenerateNewFloor method
in the GridSystem script. The principle is to detect the maximum and minimum values
of blocks in the same column or row to generate the floor within this range. Also, In

GridSystem ‘CreateStandFloor’ method also generates floor non-builds that can stand
(Fig. 6).
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3.1.2 Modular Unit Design

How to reduce cognitive difficulty, improve the richness and increase the fun of
architecture from the perspective of children?

In the present architectural design, the modular building has developed to a certain
mature stage. In children’s toys, building blocks can also be considered modules, so
in the early design, there was a choice between voxel unit blocks like Minecraft and
modular boards like the SIMS [11].

In the process of module design, the module is also considered.3 m is the common
base height. In terms of width, the final consideration is given to both efficiency and
free openness. 2 m is selected so that there can be more designs for door and window
modules, and rich buildings can be built through different combinations.

When designing the cutting file, based on the ordinary module unit, the jagged card
slot is designed on the edge of the module to take into account the assembling problem
of children. In this way, the building model can be assembled without glue and other
additional tools so as to reduce the assembling difficulty of children (Fig. 7).

Fig. 7. Multiple block styles
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3.2 Virtual to Reality—Export Cutting Processing Files

After completing the construction of the virtual model, the digital results are exported
from the virtual world to the real world.

First, obtain the location information of the constructed module through unity3d,
read a GridCell class mounted on each module, and record the row, col and level of
the module. After each layer is built, the information of modules given a direction is
recorded, and blocks corresponding to the direction are added to the array. In this way,
when generating the DXF file, you only need to read the array of the corresponding
direction, find the DXF file corresponding to the module name, use the netdxf library to
insert each module separately as an insert block into the generated file, the starting point
of the block has been the lower left corner as the origin coordinates. The corresponding
three-dimensional model and DXF coordinate system data need to have a transformation
formula, and transformation formula algorithm, as below.

X = a* col, z = height x Layer, y = b * row @)

where:

X, Y, z: is the X-axis, Y-axis, and Z-axis coordinate position in the DXF file. a: is
the constant of the unit length of the grid system. b: Is a constant of the unit width of
the grid system. Col: indicates the number of columns of the block. Layer: number of
layers of a block row: number of rows of a block.

Algorithm1

Identifying the Outer Contour of Assembled Blocks

1.Load the DXF file for each block.

2.Extract the polyline data from the DXF file for each block.

3.Store the polyline data for each block in a data structure.

4.Loop through each row, column and layer of the blocks.

S.Translate and rotate the polyline data based on the block's position and
orientation.

6.Combine the polyline data for each block in the same row, column and layer to
form the outer contour.

7.Repeat steps 4 to 6 for all rows, columns and layers to form the complete outer
contour for the assembled blocks.

A file is generated for each elevation orientation. The corresponding files are saved
in the project directory. After the generation of the cutting file and then opening with
the CAD file, according to the location of the block, can separate the different planes of
the block. Using the Outside Border Stroke Tool, draw the cut line with another centre
line (Fig. 8).

4 Conclusion and Discussion

The popularity of virtual reality technology has brought many possibilities to architec-
tural education. Combined with the immersive feeling in virtual reality, it can increase
the fun and authenticity in architecture and provide a more immersive experience envi-
ronment. It breaks through the traditional teaching mode of staying in books and PPT and
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Fig. 8. Generated module unit line draft and assembly model

inputs related knowledge of architectural construction into a VR virtual environment,
which will greatly improve teaching efficiency.

If TV and mobile phones are a medium to know the world, VR virtual technology
is a platform for children to experience, which can provide a more free and imaginative
world. This operating system will be separated from the original virtual reality and
reality, through the design of the two links, in line with the children’s science education
process. This building system can customize the design template, give more freedom
to children in the design, and ensure that the built results can have enough richness
and completion. To promote children’s interest in building construction and a general
understanding of the construction process.

Future improvement direction: Multiple children will be sought for the experiment.
By analyzing the data on children’s construction, we can make statistics on children’s
cognition of architecture and analyze the effect of virtual reality architectural education,
as well as their preference and satisfaction with construction from the perspective of
children (Fig. 9).
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Abstract. This paper is based on our exploration of building an integrated-sensory
XR interactive system breaking through the sensory boundary between physical
environment and metaverse via pneumatic wearables. In short, our exploration
mainly focuses on the following two aspects. Firstly, this research has adapted
pneumatic-actuated wearable devices to satisfy the needs of clothing comfort and
embodied interaction concurrently by exploring the downsized body-scale pneu-
matic system and programmable soft materials. Secondly, this research explores
the possibility of using digital wearables as the linkage of physical body and XR
metaverse to enrich the interaction between XR metaverse and physical environ-
ment, aiming at the real-time synchronization of physical wearer’s and his virtual
avatar in XR system.

Keywords: Embodied Interaction - Pneumatic Actuated Structures - XR
Metaverse Space

1 Introduction

Digitality has become ubiquitous, permeating every realm of our lives [1]. The bound-
aries of the human self may extend beyond the physical body, and the consciousness
of those extended boundaries has been driven by the development of the outside world
[2]. It’s important for humans to adapt to the more profound sense of being human-
technological symbionts rather than the merely superficial sense of combining fresh and
wires [3]. Since how humans interact with the world is greatly influenced and shaped
by the tools used by them [3], wearables are considered as the second skin of people to
inter-act directly and broadly with the built environment [4].

Pneumatic-actuated soft robotics has been a widely studied field recently with diverse
applications [5]. Via pneumatic actuation, soft robotics has become increasingly acces-
sible [6], and widely researched for application in biomimicry [7]. Furthermore, with the
metaverse concept announced by Facebook, virtuality has been meant to have constant
and seamless integration with existing physical reality [8]. Therefore, this research uses
pneumatic actuated structures as smart garments to improve the comfort of digital wear-
ables as the second skin of people. By using pneumatic actuated structures and physical
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sensors, this study will try to explore the digital wearables as the linker of physical body
and XR metaverse, to enhance the XR sensory and physical comfort concurrently.

Contrasting with other digital bionic structures merely working with formal simi-
larities. This study used pneumatic wearables as the representation of the latent living
process embodied in creatures, like heart beating, blood flowing and breathing, to recon-
struct the interaction between humans and their surrounding environments. For example,
the pneumatic system combined the physical dynamics of plants and the flexible struc-
tures of human muscles. At the same time, the wearer’s data and the signals from the
surrounding environment can be transferred via wearables, triggering the interaction in
both the physical and virtual system. In this way. A new dynamic of extended reality
has been built with the wearables as an integrated interface of sensing and externalizing.
Due to the bulkiness of the air pump of a traditional industrial pneumatic system, in
this study, the pump and power system has been further downsized, so that it can meet
the size restriction of the body-scale pneumatic system. Last but not least, with the syn-
chronization of the pneumatic actuated wearables communicating via XR metaverse,
the comfort of the physical body and the richness and vividness of the senses in the
virtual world are simultaneously satisfied, providing prototypes verifying the feasibility
for future application (Fig. 1).

Fig. 1. The embodied interaction with XR metaverse space on pneumatic actuated structures:
metaverse space and pneumatic wearable

2 Methodology and Prototype

2.1 XR Interaction Design—Physical Interaction of Digital Wearable

Cognitive philosopher Andy Clark raised the idea in 1998 that human beings are
best regarded as an extended system, a coupling of biological organisms and exter-
nal resources [2]. His ideas coincide with the status of the metaverse today: more than
4.6 billion people can access the virtual worlds of the metaverse via smart phones,
laptops, desktops, headsets or consoles [8]. However, communication with the virtual
environment is based more on visual content, such as virtual reality platforms providing
an engaging and immersive environment [9], or 3D virtual worlds for communication
via PC and smart phones [10].



192 B. Zang et al.

As researchers have concluded, the main feature of metaverse is a twofold link
between the virtual and physical worlds: (a) behavior in the physical world influences
the experience in the virtual one and, (b) behavior in the virtual world influences the
experience in the real one [11]. Touching as a channel for a great variety of information
has always been regarded as a crucial site for mediating social perceptions [12] and
comprehensive environmental perception [13].

This project explores how the wearables interact with extended reality as an inte-
grated interface of sensing physicality and externalizing XR experience. As a means
of telecommunications, the combination of electronic components and sensors for data
transferring between the human body and digital system has already been explored in the
above-mentioned research. Therefore, instead of adding new applications of telecom-
munications into the field of human-computer interaction, this project is more about
how to introduce the richness and vividness of the XR senses and physical wearable
experiences.

In this research, digital wearable devices break through the sensory boundary
between physical wearers and its digital avatars. The body movement and heartbeat
change of the physical wearer are collected via three-axis acceleration sensor, heartbeat
sensor and infrared distance sensor. The movement of the physical wearer is synchro-
nized with its digital avatar, as the touch between digital avatars will cause haptic pres-
sure changes of the physical wearer via its digital pneumatic wearable device in further
application.

At the same time, pneumatic wearables visualize and externalize the latent life pro-
cess of the physical wearer. The digital wearables’ inflation and deflation according to
the wearer’s heartbeat rhythm, trigger changes in the bionic shape of the wearables and
thereby change the tactile sensation of the wearer. Wearable devices draw on the tech-
niques of three-dimensional tailoring and the study of muscle composition. Through the
tailoring of pneumatics and clothing, the wearer’s muscle dynamics during walking can
also be creatively represented via wearables in both physical and XR worlds (Fig. 2).

» Appearance of digital avater

Kinect Motion

Capture T Processing

» Movement of digital avater

Physical Data
v
heartbeat and | |
body movement of > Arduino — Houdini » Spatial effect in metaverse
the wearer

o Apprearance of physical
> Physical Sensor wearerables
Pneumatic

" AIrPUmp =% Structure

Tactile sensation of
physical wearer

Fig. 2. Interaction flow

In the current research of this project, only movement and heartbeat have been
introduced into XR interaction and biotic visualization. In future applications, more
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scenarios of extended reality can be provided by richer collection of physical data such
as environmental data of the wearer.

2.2 Pneumatic Actuated Structures and Soft Material

Under the spread of the digital environment and the popularity of digital devices, the
fusion of traditional design and interactive technology has been accelerated in various
fields [14], such as the application of 3D print in fashion design pioneered by Iris Van
Herpan [15].

However, the above mentioned applications of digital technology devices have down-
played the typical characteristics of traditional fields, such as the basic requirements for
comfort in the field of clothing [16]. Therefore, in this research, we have adapted the
application of pneumatic systems and programmable materials to meet the basic needs
of wearables for comfort and convenience.

2.2.1 Programmable Soft Materials

The heavy and expensive fabrication of the rigid body [5] hampers its efficiency and
flexibility in body-device fit [17]. Therefore, silicone as a thoroughly explored material
for soft robotics [18] has been used in this project as a programmable soft material.
By computational design supported by Rhino and Grasshopper, we made a variety of
3D molds for silicone casting and fabricated the silicone airbags precisely according to
their computed structures. Furthermore, through the combination of programable fabri-
cation and pneumatic system, the deformation of functional garments can be assembled
precisely to fit different modes of human activities. Last but not least, TPU has been
fabricated as an alternative soft material for creating heat sealable sheets and laminated
airtight layer [19]. Via patten prototyping designed in CAD and fabricated with laser
cutting, the TPU airbag has also become programmable in the generating process from
material to structure (Figs. 3 and 4).

2.2.2 Pneumatic System

The actuation system consists of three parts: Arduino toolkits for telecommunications
between physical and digital space, sensors embedded in wearables, and pneumatic
system for controlling the deformation of wearables. This section will introduce the
downsized body-scale pneumatic system.

Air pump is controlled by two sets of solenoid valves which have three states (Inflate,
Deflate and Hold), to meet the deformation requirement of the wearables via the inflation
and deflation of airbags. For safety consideration, the solenoid valve selects the model
SMC’s S070C-SDG-32 powered by low voltage DC connecting with battery box.

Due to the bulkiness of the air pump of a traditional industrial pneumatic system, this
project refits the air port of the portable air pump and connects it to the corresponding
set of solenoid valves. Therefore, the entire pneumatic system only needs one portable
air pump, two sets miniature electromagnetic valves and an Arduino toolkit connected
with sensors. Through the design of digital wearable, the pneumatic system is orga-
nized into a pocket-sized box, which satisfies the portability and aesthetics of wearables
simultaneously (Figs. 5 and 6).
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Fig. 3. Programable Soft Materials: TPU and silicone and the process of their computed structures
supported by Rhino and CAD. The Fig. 3 shows the process of TPU computed structures which
was supported by Tongji University College of Architecture and Urban Planning and developed
in DigitalFUTURES Shanghai 2018 Workshop

Fig. 4. Programable Soft Materials: TPU and silicone and the process of their computed structures
supported by Rhino and CAD. The Fig. 3 shows the process of TPU computed structures which
was supported by Tongji University College of Architecture and Urban Planning and developed
in DigitalFUTURES Shanghai 2018 Workshop

2.2.3 Morphology and Pneumatic Structures

The combination of biological structure and morphology design has been widely used
in various industrial fields, such as the mechanical properties of natural fiber cells [20]
and soft elastic tissues of the human body [21].

To satisfy the comfort of the physical body and the vividness of tactile senses simul-
taneously, the morphology design draws on the dynamics of flexible structures and soft
tissues, specifically, muscles as active elastic elements, skin as passive elastic elements
and flytrap as pneumatic actuated structures.

The main structure of wearables follows the dynamic of muscle movement, while the
holistic structure design takes both the static parts and kinematic joints into consideration.
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Pnuematics System Design

Fig. 5. Pneumatic system design. The pictures on the left show how the pneumatic system is
designed. The two pictures on the right show the testing of pneumatic system
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Fig. 6. An example of pocket-sized pneumatic system with one portable air pump, one pair of
two-sets miniature electromagnetic valves that can control two sets of airbags, and an Arduino
toolkit which can connect sensors easily

Therefore, the pneumatic structure can be compatible with the daily activities of wearer,
even assist the muscles’ movement.

The airbag position mapping is generated by Grasshopper from the heat map of
body movement. In the original prototype, the pneumatic structures consisted of airbag
units fabricated with TPU and teflon after laser cutting. In further iterations, the pneu-
matic structures are added inflatable muscular structures made of silicone casting. In the
composed pneumatic structures, the active parts fitted body movement are composed of
muscular silicone structures, while the static parts are added on more biological features,
to improve the comfort and richness of wearable devices (Figs. 7 and 8).

2.3 Interaction with XR Metaverse Space

The real-time synchronization between the physical wearer’s behavior and one’s virtual
avatar is realized by Kinect motion capture via processing, physical sensors and their
connections with metaverse space. As introduced in the physical interaction chapter,
the wearer’s activity data triggers deformation of the wearable device in physical space,
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Fig. 7. Various prototypes of pneumatic air-bags’ structures inspired by muscles and flytrap

and the mirrorly changes of the digital avatar’s position and appearance happen con-
currently via the linkage of physical data and metaverse space. Furthermore, beyond
mere synchronization of the physical wearer’s activities, a richer interactive experience
has been introduced into metaverse space via HoudiniFX space rendering. Walking and
turning of the physical wearer will trigger smoke and light effects in metaverse space.
Therefore, the wearer of Digital Wearable can experience extended-sensory interaction
between XR metaverse and physical environment with integrated perception of tactile
changes and visual effects (Figs. 9, 10, 11 and 12).

3 Conclusion and Discussion

The vision of this research is to build an integrated-sensory XR interactive system break-
ing through the sensory boundary between physical environment and metaverse. The
current prototype has achieved the three goals mentioned above:

1. The programmable fabrication of pneumatic structures satisfies the comfort of the
physical body and the richness of the wearing experiences simultaneously.

2. Morphological generation based on muscle structure research and human body heat
map as representation of the latent life process and assistance with daily activities.

3. Digital wearables as the sensory bridge of digital avatars in metaverse space and its
physical wearer in physical space.
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Digital Print

Pneumatic

prematic

Fig. 8. Various prototypes of pneumatic air-bags’ structures inspired by muscles and flytrap

Fig. 9. XR design: the connections between the wearer, the digital wearable and the digital avatar
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Fig. 10. Real-time synchronization between the physical and digital ones by Kinetic motion
capture via Processing

Video Media Lighting Test Houdini

Fig. 12. Anexample of The Embodied Interaction with XR Metaverse Space based on Pneumatic
Actuated Structures
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Future development will focus on improving the delicacy of sensory transmission and the
richness of interactive activities between physicality and extended reality. Specifically:

1. Now an interactive system consisting of wearables and metaverse has already been
established, with only heartbeat and body movement as physical input from the wearer.
In further research, the wearable can embed richer collections of physical data such
as environmental data of the wearer to raise the vividness of experience.

2. The current research has already provided a prototype of deformable Digital Wear-
ables for Body-Scale, and the wearable design mainly refers to movement pattern of
shoulder and arm. With growing accuracy and delicacy of morphological design, the
wearability of devices will break through the boundaries of experiential device and
become daily wear in the metaverse era.

3. In this research, wearables have been verified as an effective medium connecting peo-
ple and metaverse. Through the introduction of real-time space editing and web com-
munication, metaverse social experiences (such as shaking hands and touching) can
be comprehensive physicalized and extended to the wearer’s embodied perception.
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Abstract. This study constructs a multi-agent behavior simulation model to
explore the quantitative simulation method of waterfront public space. Taking 6
waterfront public space samples along the Huangpu River in Shanghai as research
objects, this study first collects environmental data and pedestrian behavior data
through field survey, and then analyzes and processes the data to obtain the Spa-
tial Attraction Weight (SWA) that expresses the relationship between pedestrian
behavior and spatial elements. Then, based on the Anylogic platform, the pedes-
trian agent particles expressing people’s characteristics are placed into the sim-
ulation environment based on the social force model. They interact in real time
to dynamically simulate the pedestrian’s behavior. Finally, fitting verification of
the preliminary model is carried out. The qualitative comparison and quantitative
correlation analysis are combined to enhance the accuracy. The behavior simu-
lation model of waterfront public space built in the study can more realistically
represent the pedestrian’s behavior. It can realize the scientific prediction of the
future use of waterfront space and provide more detailed reference for problem
diagnosis and optimization.

Keywords: waterfront public space - Recreation behavior - Micro-behavior
simulation - Multi-agent

1 Research Background

As a unique space resource, urban waterfront has become an important recreational
place in the city because of its continuous, open and water-friendly space character-
istics. However, some extensive development and construction have made the urban
waterfront public space low in vitality. The current problems are mainly manifested in
improper connection of the base plane, single shoreline forms, limited public buildings,
and dislocation of supporting facilities. The traditional small-sample survey, empirical
design and pre-judgment make the allocation of spatial elements in waterfront areas not
fully fit the user behavior preferences caused by waterfront characteristics. It is neces-
sary to find more scientific, quantitative and intelligent analysis and simulation methods
to guide the construction of urban waterfront space.
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Multi-agent behavior simulation technology is a cutting-edge means of micro-
behavior simulation. It considers the interaction between individuals and the environ-
ment, and is suitable for simulating individual behavior. It can realize full-time dynamic
simulation, multi-plan comparison and virtual situation preview. Its full-time interac-
tive dynamic simulation can better present the self-organized behavior of the pedestrian
under the influence of complex environmental space elements in the urban waterfront,
and the output simulation results can be used as the basis for evaluating the future use
of public space.

2 Research Object and Research Path

Based on the Anylogic platform, this study constructs a behavior simulation model
to simulate pedestrians’ behavior in urban waterfron public spacet. It intuitively and
dynamically presents the actual use of waterfront public space, and provides reference
for the design, decision-making and management of waterfront public space. According
to the principles of convenient accessibility, rich space, and open all day, this study
selects six waterfront public space samples which are adjacent to each other in 3 pairs
of the Huangpu River in Shanghai as objects for simulation. Six typical time periods (7:
00-9: 00, 9: 00-11: 00, 11: 00-13: 00, 13: 00-15: 00,15: 00-17: 00 and 17: 00-19: 00)
are selected for the survey (Fig. 1).
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Fig. 1. Six sample sites along the Huangpu River

The construction process of the behavior simulation model based on Anylogic plat-
form includes four parts: basic data collection, data analysis and processing, simulation
model construction and operation fitting adjustment (Fig. 2).
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Fig. 2. Research framework

3 Research Key Links

Behavior simulation technology was initially widely used in the simulation of evacuation
behavior in indoor spaces such as stations, airports, gymnasiums, etc. In recent years, it
has been extended to the simulation of outdoor pedestrian spaces and commercial streets.
Currently, most of the relevant studies are rarely applied to the simulation of outdoor
public space and daily recreational behavior. In order to carry out targeted simulation
research, the following three key links should be defined for the model construction of
urban waterfront public space.

How to obtain and quantify the impact mechanism of the interaction between
waterfront public space and pedestrian behaviors?

Firstly, types and characteristics of spacial elements should be analyzed through investi-
gation. Then the classification of waterfront recreational behaviors and their basic char-
acteristics, including pedestrian movement, vision, environmental response and other
characteristics, are studied. On this basis, we should explore the impact of waterfront
spacial elements on pedestrian behavior and consider how to convert them into impact
weight that can be recognized by the model.

This study focuses on the pedestrian behaviors and distribution in a specific water-
front space environment, and uses the spatial element attractiveness weight (SWA),
which is an important model construction parameter to quantify the relationship between
spacial elements and pedestrian behaviors.

How to combine the advantages of agent model and social force model to build a
behavior simulation model?

Commonly used micro-behavior simulation models include cellular automata model,
social force model, agent model magnetic force model, etc. Most of the current research
is based on existing models to simulate behaviors with obvious regularities in various
spaces. In order to improve the precision of the simulation, some scholars have improved
the existing models. For example, Chiung-Hui (2011) improved the agent model based
on the theory of visual attention, and used the agent program to represent the shop-
ping behavior rules. Based on the nonlinear exit allocation strategy, Song et al. (2018)
improved the social force model to avoid problems such as hitting a wall and distortion
of exit capacity in simulation. However, current research rarely combines the advantages
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of each micro-behavior simulation model to construct a combined model and conduct
targeted research. Meanwhile, research on the behavior simulation of complex urban
public space lacks a mature combination model construction method.

In this study, the Anylogic platform that supports multi-method combination model-
ing is selected to build a combination model based on the advantages of the agent model
and the social force model. The pedestrian path decision is dominated by the agent parti-
cles, which are placed in the simulation environment constructed based on the social force
model, and the pedestrian path selection is expressed through the pedestrian behavior
chain.

How to conduct fitting analysis and verify the validity of the model?

Fitting analysis is the key to verify whether the behavior simulation model can truly
reflect the actual condition. The fitting method often uses an intuitive comparison
between the measured and simulated results, and whether the fitting is effective depends
on the empirical observation of the researcher. In recent years, quantitative fitting has
gradually received attention, but more attention has been paid to the overall space, and
there is a lack of fitting methods for local space. For example, Guo et al. (2014) applied
Depthmap and SPSS correlation analysis software to fit the pedestrian behaviors in
shopping centers under different spatial organization models. The model predicted the
distribution of people flows in the overall space well, but the prediction accuracy of the
distribution of local people flow in each layer did not meet expectations.

This study combines qualitative graphical comparison with quantitative correlation
analysis, and takes the measured and simulated the number of people attracted by each
attraction as the fitting basis to carry out sub-item simulation and fitting by time period
and behavior type to improve the accuracy of the model.

4 Behavior Simulation Model Construction Process

4.1 Basic Data Collection

Basic data collection can be divided into environmental element data collection and
pedestrian behavior data collection. This study classifies the diverse spatial elements of
the waterfront public space into four categories of base plane, shoreline form, build-
ings, facilities and their subcategories. Using the method of field survey to collect the
information of spatial elements. The record of the location and quantity of micro-spatial
elements is especially paid attention. Pedestrian behaviors are divided into five cate-
gories of viewing, leisure, sports, entertainment, consumption and their subcategories.
Pedestrians’ waterfront recreation behaviors are diverse and random, with individual
differences and obvious time differences. By means of mapping, counting and question-
naire, the information of pedestrian characteristics, behavior types, behavior locations,
and behavior duration are obtained.

4.2 Data Analysis and Processing

Compared with commercial streets or other urban public spaces, the urban waterfront
public space has more complex and diverse spatial elements. Pedestrian behavior is more
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diverse and random due to the comprehensive influence of various environmental spa-
cial elements. The distribution of pedestrian in waterfront shows that different spacial
elements have distinct attraction to various pedestrian behaviors, that is, the probability
of pedestrian choosing different spacial elements to carry out behaviors is different. The
attraction weight of each space element expresses the relationship between spatial ele-
ments and pedestrian behaviors, which is an interactive parameter that can be identified
by the model platform. This study adopts the Spatial Attraction Weight (SWA) in the
waterfront public space to quantitatively express the regular relationship between the
spatial elements and pedestrian behaviors in the waterfront public space, to establish the
relationship between waterfront environment, pedestrian behaviors and the simulation
model parameters. The calculation formula is as follows:

Nesay

Ner)

N(sa) in x—y period, the total number of people of certain recreation behaviors in certain
spatial elements.

Ny in x—y period, the total number of people of all recreation behaviors in the
waterfront public space.

SWAxy) =

4.3 Simulation Model Construction

Based on the Anylogic platform, the multi-agent behavior simulation model is con-
structed for six samples. Its modeling process can be divided into four parts: model
operation process design, simulation environment modeling, pedestrian agent particles
modeling and pedestrian behavior process modeling. Next, taking Dongchang Waterfront
as an example, the model construction process is introduced in detail.

4.3.1 Model Running Process Design

The process of pedestrian recreation behavior in waterfront public space can be under-
stood as a kind of space-time change, with the dual attributes of time and space. The
waterfront recreation process of pedestrians has no relatively unified model, and their
behaviors in the waterfront public space are full of randomness and diversity. Recre-
ational behavior is not only a movement in space. In the process of being attracted to
stay in some areas, pedestrians are actually engaged in recreational behavior although
they do not move in space, which needs to be expressed through time changes.

The model operation process is divided into five parts: particle emission, direction
determination, particle susceptibility determination, particle attraction determination
and recreation end determination.

4.3.2 Simulation Environment Modeling

Firstly, the CAD base map is imported into the Anylogic platform, and various spatial
elements of base level, shoreline form, buildings, facilities and their subcategories in the
site are translated based on the spatial markup module (Space Markupin) of the Anylogic
to build a simulation environment. As static agents, the spatial module has three basic
attributes: service radius, pedestrian capacity and attraction weight, which are defined
through the Parameter module of the Anylogic agent library (Fig. 3).
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Fig. 3. Simulation environment of Dongchang waterfront

4.3.3 Pedestrian Agent Particle Modeling

In order to fully consider the characteristic differences of people, each pedestrian is sim-
ulated as a unique agent particle with its own attributes. Besides the three initial attributes
of gender, age and behavior type, the pedestrian agent has four basic attributes: vision
range, planned recreation time, basic speed and element perception radius. Pedestrian
particles with different gender and age are given different basic attributes. In the Any-
logic, the Parameter of agent library is used to express the four fixed basic attributes.
Variable of agent library is used to express the dynamic attributes of pedestrian agent,
such as moving speed, moving direction and moving time, which may change in the
running of the model.

4.3.4 Pedestrian Behavior Process Modeling

Pedestrians’ behavior process corresponds to the model operation process. Based on the
behavior module of Anylogic, a pedestrian behavior chain that presents the behavior
characteristics of random selection of pedestrians along the waterfront is constructed to
express the path selection and decision-making process of pedestrians in the waterfront
(Fig. 4).
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Fig. 4. Behavior chain

The pedestrian particles are put into the simulation environment built by the spatial
markup module that based on the social force model. At each step of the continuous
process, pedestrian agent particles can comprehensively simulate various attractions
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and repulsion forces in the space and make autonomous behavior decisions. It dynam-
ically presents the behavior process of pedestrian waterfront recreation and the spatial
distribution of pedestrians.

4.4 Fitting Analysis and Validity Verification

On the basis of completing the preliminary construction of the combination model, the
sub-item scenario simulation is carried out, and the results of the field survey are fitted
by time period and behavior type.

4.4.1 Time-Period Fitting Analysis

In this study, the preliminary model simulation results are compared with the survey and
measurement results, and Spatial Attraction Weight (SWA) of each element is adjusted
through multiple simulations to make the simulation results highly consistent with the
actual situation. The fitting method is the same for each time period, and the final result
basically conforms to the actual situation is obtained through fitting (Fig. 5).

15:00-17:00 17:00-19:00

Fig. 5. Summary of simulation results of Dongchang waterfront in different periods

On the basis of qualitative fitting, quantitative fitting analysis is added to improve
the simulation accuracy of local space. SPSS Statistics is used to analyze the bivariate
correlation between the simulated data and the measured data of the attraction points in
each period.

There are a total of 62 spatial attraction points in four categories in Dongchang
Waterfront. The actual number of people attracted in the site survey and the simulated
number of people attracted by the 62 attraction points in each time period are counted.
The bivariate correlation analysis of the measured data and the simulated data of each
attraction point in each time period is carried out through SPSS Statistics. The Pearson
coefficient is the minimum of 0.840 (7:00-9:00) in the correlation analysis results. The
maximum is 0.989 (17:00-19:00), which is greater than 0.6. And the significance level
is 0.000, far less than 0.01, which proves that the model is effective (Table 1).

4.4.2 Behavior Type Fitting Analysis

On the basis of fitting analysis in different periods, the fitting of different types of
behaviors is added. The model built in this study can simulate particles of a certain
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Table 1. Correlation analysis of the number of people attracted by attraction points

7:00-9:00 (minimum) 17:00-19:00 (maximum)
Measured | Simulated Measured | Simulated
data data data data
Measured | Pearson 1 0.840** | Measured | Pearson 1 0.989%**
data coefficient data coefficient
Sig 0.000 Sig 0.000
Number 62 62 Number 62 62
Simulated | Pearson 0.840** |1 Simulated | Pearson 0.989** |1
data coefficient data coefficient
Sig 0.000 Sig 0.000
Number 62 62 Number 62 62
** Significant correlation at 0.01 level ** Significant correlation at 0.01 level

type of behavior separately. We choose the 15:00—17:00 period with the largest number
of people to compare the simulation results from the field survey results of each type
of behavior. Taking the viewing behaviors as an example, the simulation results show
that the viewing b