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Abstract

Human beings have historically recorded events of their surrounding world by means of draw-

ing. Likewise, architects and designers communicate their ideas within a range of representational

methods. No single instance of these methods, either in the form of orthographic projections�also

known as descriptive geometry�or perspectival representation, can address all questions regard-

ing the design, but as a whole, they demonstrate a comprehensive range of information about the

building or object they intend to represent. This explicates an inevitable degree of de�ciency in

representation, regardless of its type. In addition, perspective-based optical illusions manipulate

our spatial perception by deliberately misrepresenting the reality. In this regard, they are not fresh

concepts to architectural representation.

In this thesis I propose Optically Illusive Architecture (OIA); a viewpoint-sensitive design

paradigm whose concept derives from the gap between representational limitations and physical

reality. Also, results of this design paradigm deliver speci�c messages to certain privileged point(s)

in the space. OIA casts light to an undeniable role of viewpoints in designing architectural spaces.

The idea is to establish a methodology in a way that the de�ciency of current representational

techniques�manifested as speci�c thread of optical illusions��ourishes into thoughtful results

embodied as actual architectural spaces.

Within this design paradigm, I de�ne a framework to be able to effectively analyze its prece-

dents, generate new space and evaluate their ef�ciencies. Moreover, the framework raises a hier-

archical set of questions to differentiate OIA from a visual gimmick. Additional contributions of

this thesis are generating two optically illusive architectures, as well as a new method of illusory

representation. Furthermore, I analyze the generated OIA environments, by conducting empirical

studies using Virtual Reality (VR) technology. These studies demonstrate design performance, and

the public’s ability to engage and interact with OIA spaces, prior to the actual fabrication of the

structures.
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Chapter 1

A viewpoint-centric viewpoint towards architecture

1.1 There is a gap

Architects and artists, as a part of their practices, have historically studied and improved represen-

tational techniques. However, unlike art forms�that do not necessarily entail precision to com-

municate with their audiences�architectural representation has always focused on the problems

of accuracy and human perception [96]. In fact, precision in architectural representation mini-

mizes the risk of miscommunication during construction. Alan Dempsey portrays effectiveness of

representational technique as a must to narrow the gap between the architect’s intention and the

builder’s interpretation [31].

Broadly speaking, representation always fails to fully capture everything about reality. What-

ever the medium or method, every form of perspectival representation has some inherent limita-

tions [105]. There is always a gap between representing a space and its actual spatial dimensions.

In a historically-oriented narration of perspective evolution, Alberto Perez Gomez interprets this

gap as an everlasting distance between architectural drawing and building. He speci�cally high-

lighted drawing as �a tool of reduction�, suggesting drawing can never represent actual qualities

of the physical space [81]. A few decades earlier, Paul Rudolph explained how the actual appear-

ance of buildings are different from their representations, and emphasized the necessity of visual

aesthetics to harmonize drawing and building [85]. His frequent representational technique has

particularly been inspiring to this research, where he would use section-perspective to enhance two-

dimensional information along with three-dimensional qualities of the built environment [76, 67]

(Figure 1.1).

Rudolph’s unique approach draws attention towards another method of architectural representa-

tion; �Descriptive Geometry��a systematic representation of three-dimensional shapes through

1



(a) (b)

Figure 1.1: (a) A Paul Rudolph’s section-perspective. (b) The corrugated concrete surfaces in Rudolph
Hall at Yale University re�ects his style of architectural representation, translated directly into

the construction of surfaces with similar appearance [85, 77].

projections on three planes [81, 73]. The de�nition of descriptive geometry explicitly echoes

its relevance to this thesis, since its orthographic projection censors objects depth as opposed to

viewpoint-driven perspectival representation that mocks spatial depth within a �at medium.

1.2 Mind the gap

There is signi�cance in studying this gap in architecture as the complex reality of the built environ-

ment is far richer than its represented image. Architects can only design what they are capable of

representing. More accurately, they draw what they can build and build what they can draw [60].

Despite the accelerating application of Building Information Modeling (BIM) [12], the call for

descriptive geometry, as a certain and accurate technique of representing three-dimensional shapes

on a two-dimensional medium, never ceased to exist.

Moreover, perspectival representations can generate space and form our understanding of its

attributes [72]. In a research focusing on architectural representation, it is stated that the notion of

a building is formed by a combination of typical architectural drawings [3]. Along the same con-

cept, Fuente Su·arez argues that orthographic projections�in the forms of descriptive geometry�

present the spatial dimensions, as opposed to their actual appearance [37]. In other words, the rep-
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resented documents are linked to our interpretation, and we never experience the built environment

in reality like the way they are represented. This magni�ed discrepancy founds an investigation to

verify whether or not we can establish a design paradigm whose concept explicitly derives from

the gap between representational limitations and physical reality.

1.3 Exploit the gap

Having established the anchor statement�the existence of gap between limitations of representa-

tional techniques and physical reality�and the �Why� question, that explains the signi�cance of

studying this issue in architecture, this thesis begs a pertinent question: �Can we leverage the gap

between representation and physicality to create a new architectural paradigm?�

To address this core question, we shall remember architecture’s historical subscription to rep-

resentational techniques. These representational techniques are the contribution of artforms to the

architecture domain. Nonetheless, as explained earlier, representation always fails to fully cap-

ture everything about the reality. Such failure leaves a gap between representational data and the

physical reality.

Meanwhile, optical illusions are designed to convert this failed representation into a deliberate

misrepresentation in order to overshadow our perception of spatial dimensions. In fact, the concept

of optical illusions is to mislead our visual perception. Thus, they can potentially play an important

role in addressing this perceptional/reality differentiation. Speci�cally, perspective-based optical

illusions override our perception of spatial depth compared to the actual spatial geometry, culmi-

nating in the dominance of the former over the latter.

In this regard, we can argue that any object possesses two characteristics. First is its physical

characteristic, manifested by the actual geometry. Second is its visual characteristic, which varies

based on the viewpoint from which it is perceived. The potential discrepancy between these char-

acteristics incorporates an optical illusion. This is the principle of the proposed Optically Illusive

Architecture (OIA). Once an OIA environment is seen through a speci�c viewpoint(s), speci�c
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visual effects appear before the subject’s eyes that may contradict the physicality of the space.

The practical implications of creating such space would reveal how OIA exerts spatial agencies

to orient the space and its audience. Details of the reciprocal impacts of OIA on its audience are

explained in Chapter 7.

1.4 Detailed Contribution

The major contribution of this thesis, to the �eld of architecture, is introducing OIA and its multi-

layer framework. A clear de�nition of OIA is: �A viewpoint-sensitive design paradigm whose con-

cept derives from the gap between representational limitations and physical reality. Also, results

of this design paradigm deliver speci�c messages to certain privileged point(s) in the space�. This

design paradigm does not introduce one architecture, but rather de�nes a set of rules and criteria

that, once satis�ed, account for a variety of optically illusive architectures. In other words, it does

not provide a single solution to a broad question, instead offers strategies to describe, generate, and

evaluate a wide range of outcomes.

OIA has a multi-layer framework that distinguishes its results from similar work. According

to the de�nition of OIA, this framework has a layer whose job is to verify if a design bears a

viewpoint-driven, or perspective-based, perception. Besides establishing the layer of viewpoint-

sensitiveness, an OIA space should undergo an optimization process to ensure its results are com-

patible with human’s stereoscopic vision. We call it �Anti-Cycloptic Perception Mechanism�. An-

other layer is categorizing the results. Broadly speaking, they fork in two branches. These branches

are diverged according to their impact, either to suppress or augment three-dimensionality. One

branch is referred to as �Depthlessness�, where three-dimensional objects appear two-dimensional,

when viewed through a privileged point(s). �Super-dimensionality� is the second branch of OIA.

These objects manifest as a three-dimensional object other than the actual object when viewed

from a certain viewpoint(s).

Results of this investigation have been re�ected in the following multidisciplinary collabora-
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tions of arts, architecture, and computer science.

Hosseini, S. V., Taron, J. M., and Alim, U. R. (2017). Optically Illusive Archi-

tecture: Producing depthless objects using principles of linear perspective. In 37th

Conference of the Association for Computer Aided Design in Architecture (ACA-

DIA) �Disciplines & Disruption�, pages 274�283. ACADIA.

Hosseini, S. V., Djavaherpour, H., Alim, U. R., Taron, J. M., and Samavati, F. F.

(2019). Data-spatialized Pavilion: Introducing a data-driven design method based

on principles of catoptric anamorphosis. In International Society of the Arts, Math-

ematics, and Architecture, Summer 2019, The Proceedings of the SMI 2019 Fabri-

cation and Sculpting Event, pages 39�51.

Hosseini, S. V., Alim, U. R., Mahdavi-Amiri, A., Oehlberg, L., and Taron, J. M.

(2020). Portal: Design and fabrication of incidence-driven screens. In International

Society of the Arts, Mathematics, and Architecture, Summer 2020, The Proceedings

of the SMI 2020 Fabrication and Sculpting Event, pages 31�46.

Hosseini, S. V., Alim, U. R., Taron, J. M., and Oehlberg, L. (2020). Optically Illu-

sive Architecture (OIA); Introduction and Evaluation using Virtual Reality. Under

Review, The International Journal of Architectural Computing (IJAC). Manuscript

ID: JAC-20-0072.

1.5 Thesis Outline

In this chapter, we posed the �What�, and the �Why� questions in Sections 1.1 and 1.2 respec-

tively. We also raised the big question that needs to be explored by this thesis in Section 1.3. This

left Section 1.4 to brie�y introduce Optically Illusive Architecture (OIA) to address the �How�

question. In Chapter 2 we dissect layers of OIA framework. Historical backgrounds and relevant

work are also provided in this chapter. In Chapters 3 and 4 we dive deep into the realm of two
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OIA environments. In Chapter 5 we expand details of a cross-disciplinary work, and introduce a

new system of perspectival representation, based on layers of OIA framework. Further relevant

research and precedents, depending on the subject, are also provided in Chapters 3, 4, and 5. Next,

to assess design ef�ciency, and see how people would interact with an OIA, we analyze the re-

sults of user-studies, conducted based on OIA works, proposed in Chapters 3 and 4, in Chapter

6. Finally, Chapter 7 is devoted to discussions, conclusion, and future scope of Optically Illusive

Architecture.

1.5.1 Thesis Structure Analogy

Figure 1.2 illustrates an analogy of the main themes of this thesis. Accordingly, the OIA has its

roots deep in the de�ciencies of representational techniques. OIA design paradigm is the main con-

tribution of this thesis, which in this analogy acts the trunk of the tree. Along the same idea, two

branches of the tree are apt metaphors for the concepts of �depthlessness�, and �superdimensional-

ity�. The role of optical illusions is to synthesize different effects, applicable in OIA environments.

Therefore their attribute is analogous to foliage in Figure 1.2. Finally, apart from the axiomatic

correspondence of OIA results and fruits, �Portal� in this thesis acts as a graft on the tree, whereas

we invented this tool, using existing illusory methods, to generate novel effects. We also took

further steps to ensure compatibility of its results with the proposed framework of OIA.
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Figure 1.2: The OIA Tree.
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Chapter 2

The OIA framework

This thesis introduces OIA on three phases: descriptive, generative, and evaluative. The descriptive

phase veri�es the relevance of all historical examples. The generative phase paves the way to sys-

tematically design and generate new architectural object/space, and the evaluative phase measures

the ef�ciency of the design.

To formulate OIA framework, we compile a hierarchical list of questions that steers the process

of categorizing every illusory effect related to the concept of OIA (Figure 2.1). Ideally, anyone

should be able to differentiate an OIA result from similar works, using this framework. The order

of questions should be such that the same question not be asked in multiple levels.

Start

End

Is this an
architecturally
contexualized

work?

Not an OIA
Object/Space,

This is an OIA 
Object/Space.

Is there any
viewpoint-driven

illusion in this
work?

Does
the result

suppress or augment
three-dimensionality?

Is there any
application of anti-cycloptic

mechanism in
this work?

Yes

Yes

No No
No

No

Yes Yes

Figure 2.1: The OIA framework.

In case of being an OIA design, we can further re�ne the result with questions regarding the type

of optical illusion, the number of viewpoints, type of anti-cycloptic mechanism, scale, and the role

of signi�ers (if any) to ease locating the privileged point(s) and/or perceiving a speci�c effect.

To dissect this framework, we shall �rst take a thematic approach to techniques, applicable

in generating viewpoint-driven works. More speci�cally, we outline perspectival representation

and perspective-based optical illusions as well as their examples and related works, carried out in

various disciplines, particularly in arts, architecture, and computer graphics. It is ideal to encounter
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one subject that triggers a series of diverged questions from experts in different �elds. Next, we

unpack the concept of anti-cycloptic perception mechanism; a lineage of optimization process to

adjust OIA results to human’s stereoscopic vision. We also highlight those works in the literature

that employ any of the techniques associated with our proposed mechanism. Finally, we conclude

this chapter by dissecting the notions of �Depthlessness� and �Super-dimensionality�, as well as

their examples in related work. Every single OIA result should be labelled with either of these two

categories.

By reviewing relevant research, within each layer of OIA’s territory, we learn about the ques-

tions that motivated their research, and their strategy to address these questions, yet most impor-

tantly, we speculate over raising new questions out of their initial questions.

2.1 The illusory domain of perspectival representation

�To clearly see� is the meaning of perspective’s Latin root�perspicere [104]. This is closer in

meaning to natural perspective, or the way we see things [15], as opposed to linear perspective

that refers to the way we reconstruct this view in pictures [104]. Nonetheless, there is an extensive

range of de�nitions for perspective. Traced back to the 15th century [17], it has been referred to

as: a hinge for architectural representation, addressing the visual appearance of an object [82],

a qualitative representation to perceive the experiential qualities of an environment/object [37], a

parametric result of spatial relationship between the object and the viewer [25] or an algorithm that

solves the problem of �attening space as perceived from a speci�c point of view [96].

In a historical research and narration of perspective evolution, perspective is broadly labelled as

�a tool of illusionism�, and linear perspective as �a perception of the building’s totality in depth�

[81]. Since depth does not exist in two-dimensional media, then linear perspective is an illusion

of representing a three-dimensional world within a two-dimensional medium in which apparent

convergence of parallel lines is referred to be an illusion [106].

Moreover, investigating the components of perspectival representation is the subject of a num-
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ber of research projects. Their goal is to improve ef�ciencies of current representational systems.

For instance, Correia et al. introduce a new system of graphical representation with two distinct

projection surface and representation surface [26], and Salgado’s work offers a comprehensive

technique for measuring distances in a perspectival drawing [86].

2.2 Perspective-based Optical Illusions

Identical to perspectival representation, perspective-based optical illusions are viewpoint-driven

perceptions (Figure 2.1), and broadly speaking, they fall into three main categories: 1) trompe

l’oeil, 2) anamorphic projection, and 3) forced perspective. Depending on their application, the

effects could suppress (as in Greek columns [103]) or augment (as in The Ames room [104, 49, 39])

the discrepancy between the representing and the represented. This paves our way to generate

further illusory effects with respect to the goal of the investigation.

2.2.1 Trompe l’oeil

Literally translated as �deceiving the eye�, the goal of trompe l’oeil in practice is to hyper-realistically

imitate the three dimensionality of objects in the absence of three dimensionality beyond a 2D sur-

face. The effect is designed to deceive viewers, calling into question whether or not they are

looking at an actual object. Bertol describes this visual perception as equivalent to perception of

the real scene from a certain viewpoint [17].

To achieve this, a high level of delicacy in details, light control, and an extreme precision

in color shades are incorporated to make the two-dimensional work achieve the appearance of

three-dimensional characteristics. The dif�culty in sustaining the effect of trompe l’oeil is its

dependence on being viewed from a single point in space. Once the viewer moves away from

this point, the three-dimensional characteristics recede and the two-dimensionality of the painting

becomes evident. Perhaps, this supports the idea that trompe l’oeil is not merely a representational

style, but in a broader scope, a particular form of subjective experience [69].
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One of the best examples is Pere Borrell del Caso’s Escaping Criticism. The �awless depth

of three-dimensional space is perceived only when the viewer is directly in front of the work,

thus exerting a kind of ordering agency into the space it inhabits. Trompe-l’oeil is not limited to

small canvases. Artists often practice trompe l’oeil murals on building facades to create fascinating

three-dimensional illusory spaces. John Pugh’s �Quetzalcoatl� (2016) in Mexico City and William

Cochran’s �A Handful of Keys� (2005) on Long Island, NY, serve as clear applications of trompe

l’oeil at scale, and point to the technique’s expressive potential in architecture and urban space.

(Figure 2.2).

The critical question associated with trompe l’oeil is whether we can reversibly employ it in an

architectural design process. In this regard, we also need to inspect the implications and technical

constraints in bringing the concept of �atness into the three-dimensionality.

(a) (b) (c) (d)

Figure 2.2: (a) Escaping Criticism, Pere Borrell del Caso, 1874. (b) An Acute-angle viewpoint spells the
depthless reality of the artform. (c) A Handful of Keys, William Cochran, 2005. (d) Extreme

details in drawing and shades enhance the illusion.

2.2.2 Anamorphic Projection

Another technique�anamorphic projection�refers to a two or three-dimensional distortion that

becomes readable when viewed from a particular viewpoint, or through a special mirror [40, 90,

103]. It can also be interpreted in another way: when the normal vector of the picture plane is

not parallel to the vector extending from the viewer’s eye to the picture plane. Alberto P. Gomez

provides the closest analogy of anamorphic projection to the concept of representation where he

states it reveals the potential gap between an object and its appearance [83].
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The objective of anamorphic design is not just limited to create a deformed object that is sup-

posed to be read clearly from one oblique viewpoint. For instance, within the design of St. Peter

square in Rome, principles of anamorphosis has been applied to help audience perceive the oval

composition of the colonnade, as a perfect circle, when viewed from the center of the composition

[83].

Holbein’s 1533 work, The Ambassadors (Figure 2.3a and 2.3b), is a clear example of this

anamorphic technique. The diagonally distorted image of a human skull in the red frame only

appears properly when seen from an acute angle to the upper right side of the painting. As seen

in this painting, the main orientation of the object/ space supersedes the anamorphic viewpoint

location, meaning that, the observer initially notices an anomaly within a broader legible context.

In order to perceive the hidden/anamorphic message they have to occupy an oblique position. Thus,

it comes into a critical question whether reversing this hierarchy pro�ts spatial orientation. This

implies designing the space orientation in a way that we perceive the hidden message �rst. Further

details are provided in Chapter 7.

Similar to trompe l’oeil, anamorphic artforms are not bound to scale and medium. Besides his-

torical anamorphic instances, such as Saint Ignatius’s Church in Rome by Andrea Pozzo, (1691-

1694) and Saint Francesco fresco by Emmanuel Maignan (1642), we can refer to �Who to Be-

lieve?�, a contemporary anamorphic urban-scale installation in front of the city hall in Paris. De-

spite the uneven actual shape, it looks like a giant three-dimensional globe covered with grass

when viewed from the certain point (Figures 2.3c and 2.3d).

Anamorphosis-related literature is relatively rich. In a lineage of work, anamorphic projec-

tion has been studied to generate effects on architectural tectonics. Accordingly, Jovanovic et al.

explain a methodology to apply a robotic arm for the purpose of generating an anamorphic projec-

tion on a curved wall by means of modular brick-like elements [53]. Other research represents a

pavilion, based on anamorphic and trompe l’oeil effects, that is deemed depthless from a speci�c

viewpoint in the space [44]. Another contribution is a study that discusses a methodology to design
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(a) (b) (c) (d)

Figure 2.3: (a) The Ambassadors, by Hans Holbein, 1533, and (b) its anamorphic effect at the bottom of
the painting. (c) and (d) �Who to Believe?� by Franc‚ois Ab·elanet, 2011.

and fabricate anamorphic effects on architectural surfaces [32].

There is also a wide range of mathematically oriented approaches to this concept. For example,

an extensive walk-through to achieve single-viewpoint anamorphic effects of 2D shapes [40], and

3D meshes [39], a framework based on ray-casting technique to generate anamorphic effects [29],

also intersecting two visual cones, each with a different silhouette, in order to generate a novel

three-dimensional shape [62], as well as [88], in which an object inherits multiple meaningful

visual attributes through multiple viewpoints.

Along the same idea, there are viewpoint-driven anamorphic artforms, such as mirror-assisted

optically illusive works of Kokichi Sugihara [59], Markus Raetz [71], as well as an art installation

by Daniel Rozin, where a series of mirror fragments are thoughtfully oriented. Once a person

occupies a speci�c viewpoint in the space, the mirrors reconstruct an image, that is scattered across

a wall [28].

2.2.3 Forced Perspective

The third perspective-based optical illusion is forced perspective. It is a technique that manipulates

our perception of objects’ scales by thoughtfully arranging them in different distances to a single

viewpoint [104, 61]. In fact, both forced perspective and trompe l’oeil play with our perception

of spatial depth. However, while trompe l’oeil augments three-dimensionality in the absence of

actual spatial depth, forced perspective forces a shallower looking space than the actual spatial

13



depth [87, 39].

Similar to prior techniques, de�ning a viewpoint in space is an underlying step when practicing

forced perspective. The logic behind forced-perspective leads us to mull over a process through

which an object can be dissected into fragments. Next, these fragments get distributed within

a three-dimensional space in a way that the whole object remains readable from one particular

viewpoint. Figure 2.4 illustrates examples of forced perspective.

(a) (b) (c) (d)

Figure 2.4: (a) Charlie Chaplin’s �Modern Times�, 1936. (b) Prior to the advent of computational visual
effects, application of forced perspective in cinematography would help avoid imposing

life-threatening actions on the actors. (c) Schwerpunkt by Helmick Sculpture, Cambridge, MA,
2016. (d) Away from the viewpoint, the installation is seen as individual neuron sculptures in

various sizes suspended from the ceiling [56].

2.3 Anti-cycloptic perception mechanism

Within the study of perspective-based optical illusions, we learned about a range of researches

in different domains. When the proposed visual effects hinge on individual viewpoint(s) in the

space, we usually acquire our unoriginal perception via images captured by cameras as single-

eyed devices. This is due to the fact that we are not cyclops! Thus, there has to be a mechanism

that would leverage our stereoscopic vision. We call it Anti-cycloptic perception mechanism (see

Figure 2.1 for reference). Having reviewed all precedents, we categorize this mechanism under

�Viewpoint Optimization� or �Application of speci�c illusory techniques� (Figure 2.5).

Viewpoint optimization is plausible through three methods. First, mathematically optimizing the

viewpoint enables perception to occur within a sphere around the viewpoint (fork 1a in Figure
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Figure 2.5: Methods of anti-cycloptic perception mechanism

2.5). For example, the optimized viewpoint in Chapter 5, where a grid of mirrors are speci�cally

oriented to compose an image by means of re�ection [42]. The second method under viewpoint

optimization is parametrically changing some components of the space, such as distance of the

viewpoint to the illusory effect, as well as the scale/materiality of the object (fork 1b in Figure

2.5). In this regard, we can approximate our stereoscopic vision to single-eyed perception. More

details are provided in Chapters 3 and 7.

The third viewpoint-optimizing method assigns a light source at the privileged point rather than

a viewpoint (fork 1c in Figure 2.5). While the viewpoint card obliges people to perceive the effect

one at a time, placing a light source at the privileged point, casts shadows that grant simultaneous

interaction by its audience.

There are many examples of leveraging privileged points to create meaningful images by using

shadow. In shadow puppetry, for example, a performer’s hand arrangements against a source of

light creates a recognizable shadow on a background. In addition, several artists have produced

sculptures that cast meaningful shadows that are uniquely different from the sculpture or installa-

tion itself. For example, �Wire Sculpture� by Matthieu Robert-Ortis, �Dirty White Trash� by Tim

Noble and Sue Webster offer instances of these effects.

In CG, �Shadow Art� is a relevant project that deals with multiple visual cones and their inter-

section [74]. More speci�cally, they �nd the intersection of a number of given images, projected

from various privileged points. After an optimization process, the result is an object with multiple
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shadows, respecting the given images, when light is cast from the privileged points. In this line of

work, we also acknowledge SHADOWPIX [16], where one single fabricated object produces sev-

eral images under different light directions, also [107], in which the amount of light to pass through

perforated lampshades are precisely calculated so that their shadow produces a given image.

As stated before, application of speci�c illusory techniques can also be a solution to avoid

unconditional single-eyed perception. Relevant works of this type fall into two classes. First, those

techniques that are designed based on a single viewpoint but perceived within an area, around

the viewpoint (fork 2a in Figure 2.5). In this regard the illusory message can be received by

crowds simultaneously. Nonetheless, the effect always remains within a spectrum of readability

and distortion. The closer to the privileged point, the less distortion. An example would be an

application of mirror-assisted anamorphic projection to reconstruct a set of 2D data distributed

within an architectural space (Chapter 4). We conducted a user study that con�rms, the application

of this technique in architectural scale, is ef�ciently capable of communicating with each and every

individual of its audience at the same time. More details in Chapter 6 .

The second class of illusory techniques, to overcome cycloptic perception, refers to objects,

designed in a viewpoint-independent process (fork 2b in Figure 2.5). Nonetheless, the viewpoint-

sensitivity of the results of such a design process do not fall apart as long as subject’s position in the

space would not reveal the actual concavity or convexity of the object. Based on different experi-

ments, they are refereed to as �Inside-out objects� [89] or �Reverspective� [46], and their goal is to

manipulate our perception of objects’ orientation by swapping the background and foreground, or

concavity and convexity, of the object (Figure 2.6). The core idea originates from the Necker Cube

[78], however, it has been elaborated further in designs of Jerry Andrus [6] and Patrick Hughes

[46]. An OIA proposal, including this technique, is provided in Appendix A.
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Figure 2.6: Wall �C� in the actual space is the farthest wall to the viewpoint, while in the Reverspective
model it becomes the nearest surface to the viewer. This causes a dynamic illusion, regardless

of the subject’s position in the space.

2.4 Depthlessness and Super-dimensionality

Earlier, we established a framework, equipped with a list of hierarchical questions. A key compo-

nent of this list questions the visual characteristic of illusive objects, whether their three-dimensionality

is perceived suppressed, or augmented. Toward this end, they are categorized as �Depthless� ob-

jects and �Super-dimensional� objects, respectively (Figure 2.1).

Figure 2.7 illustrates an example of super-dimensionality where all balconies are level and

consist of a surface parallel to the ground plane. However, from a speci�c point of view, the red

and blue balconies appear to be sloped toward or away from the ground. Here the balconies are

still perceived to be three-dimensional objects but in a way that appears to be doing more than their

actual physical form.

Unlike super-dimensional objects, the visual characteristic in depthless objects conveys a two-

dimensional (�at) quality, when viewed from a certain viewpoint(s)/area. In other words, depthless

objects appear to be doing geometrically (or dimensionally) less than their actual physical form

(Figure 2.8).

In literature, examples of both categories are abundant. An extensive walk-through to suppress
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Figure 2.7: Super-dimensionality

Figure 2.8: Depthlessness

three-dimensionality has been predigested in [44]. The immediate results of [43] are also examples

of depthlessness; A three-dimensional anomaly, in the form of architectural tectonics, looks like

a set of readable, meaningful, two-dimensional datasets, when viewed within a privileged area.

Shadowart [74], in a sense, generates depthless objects, whereas a three-dimensional object casts

meaningful shadows on �at surfaces. Along the same metrics, shadow installations of Tim Noble

and Sue Webster are also deemed depthless.

The Ames room is a clear example of super-dimensionality, in which from a viewpoint, visual

perception of a seemingly regular room differs the actual physicality of the room [104, 49, 39]

(More details in Chapter 3, section 3.2). �Ambiguous Cylinder� is another example of super-

dimensionality, however in much smaller scale, implemented by Kokichi Sugihara [59]. The illu-

sory design of this super-dimensional object overrides our perception of the usual re�ection, and

amazingly contradicts interpretations between its �rst-hand image and the re�ected image in the

mirror. A cylindrical shape has a re�ection of a cube, and once spun along its main axis, resembles
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a cube with a cylindrical re�ection.

Broadly speaking, super-dimensional objects challenge our perception by superseding a com-

mon knowledge. In the �Ambiguous Cylinder � case, the common knowledge is the role of mirrors,

that is the precise representation of the space in front of them. Another common knowledge de�ed

by Sugihara is gravity. He introduced a super-dimensional �Antigravity� ramp, in which a ball,

when seemingly placed at the bottom of the slope, automatically ascends to the top without de-

manding any further force [92]. In fact, the contradiction between the visual characteristic of this

ramp, and its physical characteristic, fools our assumption about the top and bottom of the slope.

Details of replicating these illusory objects are provided in Appendix B.

2.5 Conclusion

In summary, the OIA framework is de�ned by a set of questions/rules. Once an architecture is per-

ceived through a viewpoint(s), and it bene�ts from an anti-cycloptic perception mechanism, and

depicts degrees of depthlessness, and/or super-dimensionality, it is considered a result of the pro-

posed Optically Illusive Architecture (OIA). Toward this end, and alongside the OIA framework,

we introduce instances of OIA in Chapters 3, 4 and 5. The idea behind the OIA environment in

Chapter 3 originates from understanding the existing representational methods, and optical illu-

sions in Section 2.2; bringing the concept of �atness into three-dimensionality. The OIA design in

Chapter 4, uses existing representational methods to propose a solution to a current de�ciency in

an architectural design method; readability of data in data-spatialized architectures. Referencing

the existing methods, we take them to a higher level of resolution by introducing a new system of

representation, as well as an OIA application in Chapter 5.
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Chapter 3

The Depthless Pavilion

Figure 3.1: Pavilion, a space where depthless architecture is depicted.

3.1 Depthlessness; Introduction

As stated before, architecture is a discipline with a long history of engagement with representa-

tional techniques borrowed from artforms such as painting and drawing. Historically, these tech-

niques enable artists to translate three-dimensional space into a two-dimensional medium, while

architecture tends to work in reverse, using the latter to express yet-to-be-realized projects in the

former. This investigation leads to speci�c methods of perspectival representation that manipulate

our perception of spatial depth, such as trompe l’oeil, forced perspective, and anamorphic projec-

tion. Referencing these methods, we introduced the concept of Optically Illusive Architecture.

In this chapter, we outline an optically illusive architecture and look at the initial stages of a

design experiment that attempts to bring the perception of depthlessness into a three-dimensional
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space1. Through the lens of OIA’s framework (Figure 2.1 in Chapter 2), the result represents an

anamorphic architecture�a pavilion�depicting a depthless structure through a certain viewpoint in

the space. Also, the viewpoint is set at a distance to keep the entire structure within our central

�eld of view, where stereo vision is con�ned. This refers to fork 1b in Figure 2.5, as a method to

defy cycloptic perception.

The result is achieved by building a simple algorithm that reverses linear perspectival projection

to produce two-dimensional effects through a three-dimensional physical object. We analyze the

result by comparing the two- and three-dimensional projections against one another from varying

points of view in space. This OIA also undergoes a separate evaluation process, explained in

Chapter 6. Finally, at the end of this chapter we speculate over new questions, and the possible

applications for such a design.

3.1.1 Project Brief

Sight functions as our dominant sense when engaging the geometry of three-dimensional space. By

extension, our visual perception of the geometry of space plays a major role in shaping our behavior

within it, and playing with our perception of space becomes a primary mode of architectural design.

Key components of perspective representation include de�ning a speci�c point of view, specifying

the geometry of a picture plane, and projecting vectors from speci�c features of an object to said

point of view while passing through the picture plane. By manipulating the geometry of the picture

plane (treating it as a topological surface, for example), the viewpoint assumes the role of a gate

that switches or augments the perceived characteristics of the architectural object or space.

The effect we are interested in producing consists of making an object appear depthless when in

reality it is not. It would be disruptive to manipulate people’s perceptions and expectations of space

by means of optical illusions. Assuming that the form of a city relies on the architecture between

generic and speci�c environments, we are introducing a new speci�c space that is disruptively
1A version of this chapter was previously published at the proceedings of Association for Computer Aided De-

sign in Architecture (ACADIA) �Disciplines & Disruption�, 2017 (See [44]). Reprinted with permission from the
collaborators. �We� in this chapter refers to all collaborators.
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embedded into a generic context. To some extent, it is reprogramming a space in a way that

objects have disruptive effects beyond themselves.

The combination of 2D and 3D spaces culminates in a wide diversity of empirical projects in

visual arts, architecture, and computer graphics. Within this context, we attempt to verify whether

or not a built environment can deliver a sense of depthlessness when viewed from a speci�c point

in space. By means of linear perspective, we represent a two-dimensional pattern on a three-

dimensional medium. This is a reversal of the historical practice used by descriptive geometry,

described as �the art of passing from three dimensional space to graphic space� [73] (Figure 3.2).

Figure 3.2: �Leonardo’s Window�, 1811, [4]. Left: the historical question for three-dimensional
representation. Right: our question�given an image as an input, how can we convert it into a

three-dimensional object that looks �at?

3.2 Methodology

The elements of linear perspective are limited and explicit: object(s), a picture plane, a viewpoint,

and vectors that extend between them. Our method derives from Leonardo da Vinci and Alberti’s

classical de�nition, where there are vectorial paths (representing actual rays of light) extending

from each and every visible point in a Euclidean space to a single point of view. We trace these

vectorial paths between the object and the observer and intersect them with the picture plane(s).
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In �Leonardo’s window� (Figure 3.2), straight lines represent these paths [5]. The intersection of

these lines and the picture plane provide the points corresponding to the visible points in the space.

This is how linear perspective is drawn, however, there is a mysterious clue behind �Leonardo’s

window�. The picture plane is not perpendicularly placed toward the observer’s viewpoint. In

other words, the normal vector of the picture plane is not parallel with the visual vector extending

from the observer’s viewpoint to the picture plane (Figure 3.3).

Figure 3.3: What the observer sees never changes, as opposed to the perspectival representation (the
intersection) that depends on the picture plane position.

Drawing perspectives on picture planes that are not perpendicular to the observer’s eye justi�es

the anamorphic approach of our design, wherein we deform the picture plane surface. When

the virtual rays of light intersect with the deformed surface, the image does not change from the

perspective of the �xed viewpoint. Nonetheless, the perspective has been generated in a three-

dimensional medium. As a result, the images in �at picture plane and in the twisted picture plane

look fundamentally different from any point in the space aside from the one particular viewpoint

from which they were drawn (Figure 3.4).

Such an approach to linear perspectival representation can cause extreme optical illusions when

skillfully employed. In the Ames room [104, 49, 39], the idea of optically illusive architecture is

explored through a simple tilework pattern projected across an oblique picture plane (Figure 3.5

top). The result appears to be an ordinary �oor tilework when viewed from the initial vantage
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Figure 3.4: What the observer sees never changes, as opposed to the perspectival representation (the
intersection) that depends on the picture plane position.

point. However, when viewed from any other position, its actual trapezoidal outline is revealed, as

the �oor normal vector becomes parallel to the viewer’s visual vector. Due to the tilted �oor, the

trapezoidal shape of the room appears to be rectangular in perspective�the intended visual decep-

tion. The illusion becomes even more extreme when two �gures walk alongside the farthest edge

of the trapezoidal slanted �oor, providing the effect of shrinking and growing �gures (Figure 3.5

bottom). The Ames room, thus, combines aspects of anamorphic distortion and forced perspective

in order to achieve a dynamic special illusion between a variety of objects and inhabitants.

To explore these observations further, we built a code both in Rhinoscript R
 and Grasshopper R


that compiles abstracted techniques from trompe l’oeil, anamorphic distortion, and forced perspec-

tive into a useable design tool. The script functions between three inputs: (1) a picture plane, (2) a

set of viewed objects, and (3) a vantage point (The logic behind writing this script is explained in

Appendix D). The script then generates a new object representing the initial object when viewed

from the vantage point. Figure 3.6 illustrates the pseudocode.

Multiple picture planes can be input at once, in which case any point on the object correlates

to multiple corresponding points on various picture planes and all the points between them. This
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Figure 3.5: The Ames room, an example of super-dimensional space. Two �gures walk alongside the
farthest edge of the trapezoidal slanted �oor, providing the effect of shrinking and growing

�gures.

Figure 3.6: The diagram depicts the work�ow in the code.

provides the opportunity to materialize not only the curves on each picture plane, but also the

space between the curves (Figure 3.7). Our reason to introduce the concept of �picture volume�

lies in this fact, which gives us the ability to volumetrically materialize the intersections. We

therefore substitute the multiple picture planes with a volumetric picture plane, which is in fact a

three-dimensional object.

3.3 Results

Our approach to linear perspectival representation reverses what has historically been practiced for

centuries and helped us contextualize an object that has depth but appears �at, and could practi-

cally serve as a publicly accessible privileged space. We therefore end our design experiment by

introducing a pavilion patterned with volumetric hexagon cells generated by the script (Figure 3.8).
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Figure 3.7: Materializing the curves on the picture planes (Left), and the space between the curves (Right).

As discussed earlier in this chapter, the three critical elements of linear perspectival representations

are: the object, the picture plane, and the vantage point. Here we list these elements as: the pattern,

the object, and the vantage point, while the object is simultaneously both the object and the picture

plane.

Figure 3.8: The depthless pavilion, patterned with volumetric hexagon cells.

In fact, we take two elements and merge them together to bene�t from their characteristics in one

shape. The intention is to produce the perception of two dimensionality in a three-dimensional

environment, or what we call �three-dimensional �atness.� This contradictory term clearly depicts
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the concept of an optically illusive architecture. Knowing that the orientation is crucially important

both for the viewer and for the architecture, the object orientation can be read from any point in

space, but there is one certain viewpoint through which the orientation disappears (Figure 3.9).

Figure 3.9: The orientation disappears coinciding with the perception of depthlessness.

The viewpoint’s functionality is, indeed, a substantive issue as it orchestrates the pavilion as well as

the effect it delivers. Thus it is absolutely essential to ensure the effect is ef�ciently and smoothly

perceived by anyone, through their stereoscopic vision. To achieve this, the parametric aspect of

the design allows us to program the space using this equation:

h = 2d tan(q=2) (3.1)

where h is the length of the object, d is the distance of the viewpoint to the object, and q is the

�eld of view (Figure 3.10).

Figure 3.10: Left: Human’s �eld of view [100]. The concentric circles represent the �eld of view in
degrees. Right: Having a �xed �eld of view, we can parametrically modify the object’s size,

and the distance from which it is expected to be seen.
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To approximate the stereoscopic vision to cycloptic vision, the effect should occur as close to the

central �eld of view as possible (fork 1b in Figure 2.5). For example, according to this structure,

with the height of 5.4m, the depthless aspect of this pavilion is fully visible with both eyes at

around 30 degrees, from the distance of 10 meters.

We look for interdependencies between the pavilion and its surrounding space to guide its

audience to the viewpoint. Accordingly, the pavilion guides the audience more accurately in spaces

that are oriented, especially in a linear or axial aspect, and is more likely to communicate to a

broader audience in its environment (Figure 3.11). More details in Chapter 6, Section 6.5.

Figure 3.11: Left: An axially oriented space. Right: A radially oriented space. The speci�c form of the
pavilion, as well as the position of the viewpoint help this OIA communicate with a broader

range of audience, when embedded in an axially oriented space, compared to radially
oriented or non-oriented spaces.

We also evaluate the depthlessness of the design by deviating from the designed vantage point

while looking for a kind of visual threshold where the illusion of depthlessness falls apart. Toward

this end, we run a method simulating the difference between what might be ideally perceived as

depthless, on the one hand, and the essence of a three-dimensional object obtained by projecting

the pattern back to the resulting pavilion from the initial vantage point, on the other hand. If

the two patterns overlap completely, then they are deemed identical and thus achieve perceived

depthlessness. By shifting the vantage point laterally and re-projecting the pattern, depthlessness

is lost and a kind of double vision effect is produced (Figure 3.12). In Chapter 6 we provide details
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Figure 3.12: A method of evaluating the perceived depthlessness.

of a related user-study that evaluates the perceived depthlessness by means of Virtual Reality (VR).

Having put the result into a context, we are now able to analyze whether there are bene�ts or

negative consequences in doing such projects. This project aims to produce a publicly accessible

privileged space as a potential bene�t of our project. Well-known precedents in this regard are

anamorphic chalk drawings on the streets that produce a 3D effect on a 2D surface. We are doing

the process in reverse and producing a visually two-dimensional effect on a publicly open 3D built

environment.
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3.4 Conclusion and Future work

This investigation began with the fact that perspective drawings and paintings have long been

utilized to represent the three-dimensional world on a two-dimensional canvas and asking, �what if

we reverse this process?� Curiosity toward an illusory approach to architecture led us to study three

optical illusion techniques that rely on the principles of linear perspective, which we then applied

to a generative script and the production of a physical object. The result was able to produce, in a

limited instance, the possibility of producing the effect of three-dimensional depthlessness through

an optically illusive architecture with both three-dimensional and two-dimensional characteristics

(Figure 3.13).

Figure 3.13: Pavilion, the space where a depthless architecture is depicted. Digital fabrication provides a
valuable opportunity to evaluate the precision of our design.

The depthless pavilion opens up a parallel opportunity to develop the study in the following

directions. First, exploring architectural representations through material systems and digital fabri-

cation. Second, human behavior and performance when experiencing three-dimensional depthless-

ness at scale. This social direction is aimed at addressing the relation between people’s perception

of spatial qualities and their behavior in the space. Having conducted the research through a tech-

nical and design-oriented path, it is believed three different concerns should be satis�ed to generate
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a robust and preeminent result of depthlessness: 1) geometry, 2) shadow elimination (Figure 3.14),

and 3) curvilinear perspective. This chapter addressed the geometric aspect of the research. In

future, we will be approaching the elements of curvilinear perspective to be able to decode and

reverse the effect when viewing objects beyond our normal cone of vision.

Figure 3.14: Shade elimination enhances the perception of depthlessness.
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Chapter 4

The Catoptric-Anamorphic Pavilion

Data spatialization is a design technique through which data is used to create architectural spaces. It

does not necessarily preserve the legibility of the represented data, but rather focuses on the spatial

qualities that can be gained from the data. As a consequence, data in such data-driven spaces tend

to be represented in abstract forms. This can be effectively tackled, using principles of Optically

Illusive Architecture, explained in Chapter 2. By means of a method of spatial representation that

has historically been used in art and architecture, we produce a data-spatialized architecture that

preserves data legibility.

More speci�cally, this chapter aims to introduce a method for the design of a data-driven

pavilion that represents data spatially through catoptric (mirror-assisted) anamorphosis1. Being

acknowledged as an OIA result, all aspects of this data-spatialized pavilion comply with OIA

framework, introduced in Chapter 2 (Figure 2.1). It is a �uid architectural tectonic, in the form of a

pavilion, decoding distorted data, using a special device; a mirror. In fact, the role of the mirror is

�attening the three-dimensionally distributed data across the pavilion, to make it readable to a cer-

tain viewpoint in the space. Nonetheless, owing to an anti-cycloptic mechanism, (fork 2a in Figure

2.5), the data remains fully readable, not only for the viewpoint, from which it was designed, but

also for a cluster of viewpoints, around it.

In this work, a set of environmental datasets from North America -including elevation, precip-

itation, temperature, and population- is used to generate an anamorphic structure. The spatialized

datasets can be updated by means of illuminating the components of the pavilion. Experimental

studies indicate, this design methodology provides an ef�cient data representation, simultaneously

perceptible for a group of people, present at this publicly accessible privileged space.
1A version of this chapter was previously published at International Society of the Arts, Mathematics, and Archi-

tecture; The Proceedings of the SMI Fabrication and Sculpting Event, 2019 (See [43] & the supplementary material).
Reprinted with permission from the collaborators. �We� in this chapter refers to all collaborators.
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4.1 From Catoptric Anamorphosis to Data Spatialization

Anamorphic projection attracts our attention by manipulating our spatial perception. As a subset

of optically illusive perspectival representation, it highlights the gap between the representation of

an object and its reality [83]. In other words, anamorphic projection has the potential to attract

its audience and engage them in understanding the discrepancy between the representing and the

represented [85]. What motivates this work is to harness the power of anamorphic projection in an

architectural design using the aforementioned anamorphic attributes.

In architectural design, the advent of powerful computational techniques has opened up new

horizons with the potential to develop new spatial and communicative possibilities by using �data�

-i.e., the input data�as a design concept. This approach has led to the introduction of data spa-

tialization, which provides architects with the opportunity to physicalize data at an architectural

scale. Data-spatialized architectures, however, mandate that data be distributed within a three-

dimensional space at an architectural scale [70]. Therefore, data in these spaces become abstract

and are not as legible as may be desired. Such abstracted data may become hidden in the built

environment, which renders the built environment mute when it could otherwise express itself in

visually legible and socially meaningful ways.

To tackle this issue, this chapter introduces a data-spatialization design technique that, while

maintaining data legibility, employs data in the design of a pavilion through the use of catoptric

(mirror-assisted) anamorphosis. The applied methodology maintains the two-dimensional repre-

sentation of the input data within an anamorphic data-spatialized pavilion. It is based on dissecting

the principles of a reversed curvilinear perspectival representation known as catoptric anamorpho-

sis. This representation technique has historically been used to translate broad and often unper-

ceivable images/data into a comprehensible form at the level of small-scale objects. The objective

of catoptric anamorphosis is to communicate wide-angle spatial qualities within a speci�c �eld

of vision. The role of the mirror is to reveal a hidden message (both two-dimensional and three-

dimensional) that may otherwise be distributed and therefore illegible in the three-dimensional
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space.

In this chapter, we establish a proof of concept by �rst designing an anamorphic sculpture of the

Mona Lisa painting in a scaleless environment. Next, an architecture will be introduced in the form

of an anamorphic data-driven pavilion. Hypothetically, any easy-to-grasp type of data is applicable

to this speci�c architecture. In this regard, we use environmental data since it can be understood

by a broad range of audiences and engages with public awareness. Our data-spatialization process

takes a series of environmental datasets of North America, including elevation, precipitation, tem-

perature, and population data. Since elevation tends to remain consistent over time, it is used to

build brick-like components mounted over the shell of the pavilion. The geometry of the shell of

this pavilion has to be modi�ed and improved in a way that it is fully re�ected through the mirror.

Such modi�cation prevents any failure in maintaining the representation of data viewed through

the anamorphic projection, and is handled by the design code. To provide an opportunity to update

or swap datasets displayed by the anamorphic pavilion, all datasets, including the elevation data,

undergo a process to uniquely illuminate every single brick of the pavilion. Such illumination

helps in enhancing the dynamic ambience of this publicly accessible privileged space.

Our main contribution is to introduce and develop a design methodology for a data-spatialized

pavilion where the represented data remains legible, thanks to an anamorphic projection. This

technique is expected to raise public awareness towards the principles of catoptric anamorphosis,

as a historical method of spatial representation in art and architecture. In a public space, such as

the proposed pavilion, the audience would communicate with a series of represented environmen-

tal issues as a consequence of understanding how this projection works and how it is applied in

building the pavilion.

4.2 Background

Designers can augment data-driven spaces in terms of legibility of the input data, manifested in the

actual built environment. Within the scope of this work, this objective is accomplished by:
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� Brie�y reviewing the principles of catoptric anamorphosis projection and data visualization,

� Employing data spatialization in a way that it preserves the legibility of the input data in the

built environment.

Since anamorphic projection, and its instances have been thoroughly reviewed in previous

chapters, this chapter focuses on two primary domains to investigate precedents and relevant

projects: data visualization, and data spatialization.

4.2.1 Data Visualization

Modern uses of data must contend with a massive, heterogeneous, and dynamic volume of informa-

tion produced as a result of an ongoing data deluge [48], extensive portions of which are dif�cult to

understand and analyze in their raw format. However, the integration of human judgment together

with visual representations of the data turns this data overload into an opportunity [57]. Such data

should be transformed into graphical and visual representations, which is referred to as data visu-

alization [100, 57, 65]. Data visualization allows a broad range of users to understand information

concealed within the data by providing mental models of information [57, 99].

Research proves that an appropriate method of visualization improves users’ cognition in the

perception and exploration of data [95]. It also helps improve the ef�ciency of information re-

trieval and memorability of data [51], [91]. A visualization, once paired with a three-dimensional

space, can in�uence spatial perception skills. Moreover, it has the potential to expand the pub-

lic’s exploration and understanding of critical, complex data via inclusion of data in sculptures and

architectural installations [52].

4.2.2 Data Spatialization

As computational methods continue to develop, architects are taking advantage of the many data

streams available to them during the design process [19], [38]. Using computational design tools to

generate novel architectural forms and spatial opportunities bridges the �eld of data visualization

35



and architecture, and forms the basis of data spatialization [70, 45]. Such representations of data

additionally have an aesthetic appeal as an external aid for visual thinking [50], and are referred

to as data sculptures [50, 75]. These data-based physical artifacts aim to augment the audience’s

understanding of data and any socially relevant issues that underlie it [108].

Several important preceding works offer questions that enrich the initial research and design

development of this work, with emphasis on catoptric representation, data visualization, and data-

driven spatial effects. For instance, Cloud Gate in Chicago, Illinois, by Anish Kapoor is a sculpture

that represents the surrounding buildings and the city’s skyline, however, in a distorted way (Fig-

ure 4.1a). As far as this work is concerned, Cloud Gate triggers a critical question with regards to

how its geometry contributes to the deformation of the cityscape. In other words, how should the

geometry be designed if it is supposed to �awlessly represent its surroundings?

The Living Light by David Benjamin, the LivingTM, is a sculptural canopy in a public park

in Seoul, South Korea, that displays air quality in the region. This project aims to raise public

awareness by combining real-time data and dynamic lighting. At any given time, if the day’s air

quality is better when compared to the previous year, a panel on the sculpture corresponding to

the region is illuminated [66] (Figure 4.1b). Living Light raises a key question in terms of the

role of data in forming the physicality of the canopy, calling into question whether the input data

necessarily limit the variation of the geometry of the canopy.

Centennial Chromagraph is also a project in data spatialization, which �oscillates between

representational and atmospheric readings,� i.e., it occupies both the role of communicative and

sculptural installation [70] (Figure 4.1c). However, this project represents an abstract form of

data, and does not support updates to the data and interaction possibilities for users. Data Moir·e

uses the same approach and merges the territories of data spatialization in order to articulate a

vast quantity of data as a spatial experience [45] (Figure 4.1d). Although the resulting project

provides an architectural feature that enhances the spatial experience, it does not provide a readable

representation of the input data to its audience.
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(a) (b) (c) (d) (e)

Figure 4.1: From left to right: (a) Cloud Gate, Anish Kapoor, 2006. (b) The Living Light, the Living, 2007.
(c) Centennial Chronograph, Marcus, 2014. (d) Data Moir·e, Alvin Huang, 2016. (e) Weather

Report, Swackhamer, 2017.

Weather Report [93] is another example of data spatialization that relies on a design driven by

data and driven by users (Figure 4.1e). This project uses a set of two illuminated balloon walls,

and serves as an example of a successful democratization of visualizations [48, 75, 47, 108, 98]

in a spatial context. While one of the walls represents quantitative real-time weather data, the

other gives its audience the chance to intuitively design a visualization based on their recollections

and memories of the weather data, i.e. a qualitative representation of data. As a spatial structure,

it provides a novel method for user interaction, however, the design could have been elaborated

further in order to allow spatial relationships with its surrounding environment.

While the projects above aim to spatialize speci�c types of input data in accordance with cer-

tain design parameters, they tend to undermine one key factor: readability of the output data. In

other words, the resulting embodiment requires a description, label, or legend to be decoded and

recognized. This work aims to address this shortcoming by designing an anamorphic pavilion

whose spatially visualized data is accurate, dynamic, and easily recognizable by its audience.

4.3 Methodology

This project reverse-engineers the re�ection law by means of a Grasshopper R
 code to simulate

catoptric anamorphosis. Brie�y, the code takes a two-dimensional curve as its input and generates a

corresponding deformed curve, whose original form is revealed when placed in front of a particular

mirror. The next step is to generate two-dimensional catoptric anamorphic images. Finally, the

code is developed further to convert images into three-dimensional anamorphic objects.
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The �rst experiment to three-dimensionalize an image is conducted using the Mona Lisa paint-

ing. Afterwards the research proceeds on to environmental datasets from North America to repre-

sent different types of engaging information. The results are expected to be legible when viewed

from a privileged space through a cylindrical mirror.

4.3.1 The Pseudo Code

The law of re�ection indicates that rays of light travel through linear paths. When reaching a

re�ective surface, they form an angle with the surface normal at that point and bounce back with

an angle identical to the incoming vector [32], [29], [40]. The code reverses this phenomenon by

�rst receiving a privileged point, a surface to serve in the role of mirror, a 2D or 3D space where the

anamorphic object is formed, and the input curve (Figure 4.2a). Next, it converts the input shape

into a series of points. Having placed the input shape between the privileged point and the mirror,

the rays, extending from the viewpoint to the shape points, intersect with the mirror. In other

words, the mirror acts as a picture volume [44] that hosts the intersection points (Figure 4.2b).

(a) (b)

Figure 4.2: (a) The scene setup with the privileged point, the input shape, and the cylindrical mirror. (b)
The input shape converted into a series of points and projected on the mirror.

The law of re�ection then allows the rays -extending from the privileged point to the corresponding

intersection points on the mirror- to be treated as incoming rays of light and bounced/re�ected off

the mirror (Figure 4.3a). The intersection of these re�ected paths with any arbitrary surface, i.e.,

the World XY plane here, constitutes a series of points. By interpolating a parametric curve through
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these points, an output shape is produced that reveals the original two-dimensional shape through

the mirror when viewed from the privileged point (Figure 4.3b). In this project, we implemented

interpolation through a Non-uniform rational B-spline (NURBS) periodic curve with the degree

of three [27]. Interpolation through a higher number of points results in a higher quality of the

anamorphic effect, once re�ected on the mirror (Figure 4.4).

(a) (b)

Figure 4.3: (a) The incoming rays to the privileged point re�ected by the mirror. (b) The output curve
generated by interpolating through the intersection points.

(a) (b)

Figure 4.4: The output curve generated by interpolating through the intersection points. More points result
in a higher resolution output shape. The anamorphic star has been generated through (a) 20

points, and (b) 100 points.

The code is then developed to take images as input, instead of curves. Accordingly, we import an
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image (Mona Lisa) into Grasshopper R
, and divide it into an arbitrary number of cells. Needless

to say, a higher number of cells generates a higher resolution result. At this point, the program

treats each cell as a curve for use with the �rst part of the code and ultimately generates the

corresponding curve on an arbitrary surface, e.g., the World XY plane here. Next, an algorithm

extracts the average RGB color values of each cell and assigns the proper colors to the outcome

cells (Figure 4.5).

Figure 4.5: A catoptric anamorphic image of Mona Lisa.

To generate a three-dimensional model from this result, we use the RGB values of the input cells

as an extrusion factor for the output cells (The logic behind this method is explained in Appendix

D). The RGB values are sorted with respect to the grayscale domain ranging from 0 to 255, i.e.,

black to white, meaning that cells with smaller RGB values receive less extrusion and are, thus,

shorter. Moreover, to avoid failure of the extrusion process, supplementary components are added

to the extrusion factor. Figure 4.6 illustrates this method when the extrusion factor is applied along

the Z vector.

Likewise, in catoptric anamorphosis, the extrusion is assigned a direction such that the two-

dimensional image is displaced in a third dimension that gives it spatial depth. Per the �rst part of
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(a) (b)

Figure 4.6: The three-dimensional object corresponding to the Mona Lisa painting. (a) Isometric and top
view of the virtual model, and (b) the physical model.

the code, every individual cell of the image correlates to an interpolated cell on the selected surface,

i.e., the World XY plane. The extrusion direction of every single cell is a vector extending from

the cell center, on the world XY plane, to the corresponding cell center on the mirror. Figure 4.7

illustrates the extrusion vectors in a conceptual four-cell image, and Figure 4.8 shows the results

of this approach to three-dimensionalizing the Mona Lisa painting.

Figure 4.7: A sample four-cell image and its extrusion.
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(a)

(b)

(c)

Figure 4.8: A three-dimensional catoptric anamorphic representation of the Mona Lisa painting. (a) The
virtual model. (b) The virtual model with the RGB values assigned to the ends of the extruded

cells to enhance the effect. (c) The 3D-printed prototype.

4.4 Results

The goal of this chapter was establishing an application of catoptric anamorphosis in data spa-

tialization, to be able to translate widely distributed data into a medium that is easily readable by

its audience. Toward this end, we conclude this chapter by introducing a data-driven designed

pavilion with a mirror-based anamorphic structure (Figure 4.9).

Figure 4.9: (a) The host surface. (b) The locus of the anamorphic refection. (c) The modi�ed subsurface
cut-off from the host surface. (d) The pavilion with brick-like elements mounted over the host

surface.
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As mentioned earlier, we tend to use environmental datasets since we believe this type of data

speaks to a broader range of audiences. The region of interest is North America, and these up-

datable datasets-in the form of 2D images-include elevation, precipitation, population, and tem-

perature data. Among the retrieved datasets, the elevation data is chosen to build 6400 brick-like

elements mounted over the host surface, since it is relatively consistent through time.

Using con�gurable LED lights to illuminate the top ends of each brick, they will also be over-

laid with updatable datasets of elevation, temperature, precipitation, and population in order to cre-

ate a dynamic data spatialization. This creates a unique projection method that not only supports

the dynamic representation of data, but also serves as a lighting design for the anamorphic struc-

ture that is capable of rendering a different dataset each time. The results establishes a high level

of data-legibility in this data-driven pavilion, thanks to the anamorphic projection (Figure 4.10).

Since each brick represents a speci�c portion of the data, a higher resolution result is achievable by

assigning a smaller portion of the data to every single brick, and, therefore, increasing the number

of bricks mounted over the shell of the pavilion.

Figure 4.10: The anamorphic projection maintains the readability of the input data in the data-spatialized
pavilion. Top: The input data, Middle: The representation of the corresponding data in the
mirror. Bottom, from left to right: Pavilion representing elevation data, temperature data,

precipitation data, and population data, respectively.
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According to Figure 4.10, the three-dimensionally distributed data remains readable, when viewed

through the cylindrical mirror, from the initial privileged point. However, we earlier argued that

the data is also expected to be perceptible within an area around the privileged point. This provides

an opportunity for a group of people to simultaneously interact with the pavilion (fork 2a in Figure

2.5). Figure 4.11 illustrates the data readability from viewpoints around the privileged point.

Figure 4.11: Illustration of different datasets in various angles. The design methodology of this pavilion

con�rms effective communication of pavilion around the privileged point.
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4.4.1 Discussion

The prime objective of designing this anamorphic pavilion is to keep the input data as legible as

possible within the built environment while allowing people to interact with the space. While

harnessing an optical illusion, it de�nes a notion of playful urbanism where people feel there are

discoveries to be made. In this regard, we shall sacri�ce one goal to save a more signi�cant one.

For instance, the set-up of the pavilion, including its geometry, radius of the mirror, and the height

of the privileged point, pilots the anamorphic effect to remain accessible and, more or less, form

within human reach. Indeed, this is the key to frame such a structure as an interactive space.

By means of interaction audiences discover that they can disrupt and/or augment the illusion by

the presence of their own body in the space. Nonetheless, partial occlusion becomes inevitable

as a consequence of audiences interacting with the space between the structure and the mirror.

Figure 4.12 illustrates an alternative set-up with the overhead locus of anamorphic effect to avoid

occlusion. However, we intentionally designed the pavilion to let the audience interact and learn

about this historical method of projection, at the cost of occlusion. Furthermore, if the only purpose

of the design was to aware the public of the input data, a high resolution screen would arguably be

the smartest and easiest solution. In Chapter 6, Section 6.5 we explain how functionality of such

an OIA space remains ef�cient, despite minor occlusion.

Fabrication, as another concern associated with this structure, is entirely dependant on materi-

ality, the actual scale of the pavilion, and the accessible tools of fabrication. It is within the future

scope of this work to study the pavilion through the lens of tectonics and how the components could

possibly mount over the structure once physically fabricated. After �nalizing the materiality, the

scale, and the tools of fabrication, perhaps two critical questions from the digital-fabrication side

of the project (as a future work) are:

� What are the precise dimensions where the geometry is changing in support of producing the

optical effect?

� How to dissect the entire structure into small parts to make the pavilion easy-to-assemble?
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(a) (b) (c)

Figure 4.12: Although the overhead alternative eliminates the occlusion, it mostly stays out of reach and
does not provide much interaction.

4.5 Conclusion and Future Work

This investigation reaches territories beyond a combination of a simple gimmick, data visualiza-

tion, and data spatialization. It encourages the audience to discover spatial agencies and orienta-

tions through a traditional method of representation, i.e., catoptric anamorphosis.

This pavilion is a spatial structure that represents data in a readable non-abstract format and

interacts with its audience and its environment (Figure 4.13). The proposed methodology allows

us to harness data and catoptric anamorphosis to design a publicly accessible privileged space at

an architectural scale.

Despite the fact that the anamorphic effect is designed to be perceived from a unique privileged

point in the space, it still seems to be fully graspable within an area adjacent to the privileged

point. De�ning the threshold of this area where the effect is still recognized could be accom-

plished through a user study. Moreover, offering control of the illumination to the audience could

form the basis of another user study on the concept of democratization of visualizations in data-

driven spaces. The aforementioned studies can be conducted via Virtual Reality (VR) as a future

work. Users will be asked to virtually navigate within the pavilion and provide feedback on var-

ious subjects. For example, locating an optimized privileged point with minor occlusion, gaining
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Figure 4.13: The catoptric-anamorphic pavilion.

knowledge on how the anamorphic effect works, etc.

Based on the results of these VR studies, a re�ned design for the pavilion can undergo a fabrication

process at its actual scale, which provides the chance to consider this project as a behavioral-design

objective. In this regard, research will be conducted to evaluate the potential to foster sustained

curiosity, awareness, and discovery within the built environment that may otherwise lack interest.

Such an approach creates interaction possibilities for users by encouraging them to engage with

the design and become part of it while reading and understanding the data.
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Chapter 5

Portal

Having reviewed and analyzed the illusion behind perspectival representations, as well as exten-

sive range of precedents focusing on optical illusions in Chapter 2, we introduced instances of two

optically illusive architectures in Chapters 3 and 4. What these two OIAs have in common is hav-

ing their design methodologies founded upon existing illusory methods. More speci�cally, �The

Depthless Pavilion� and �The Data-spatialized Pavilion� were designed using oblique anamorpho-

sis and catoptric anamorphosis respectively. In this chapter, however, we introduce a derivative of

these illusory methods.

We introduce �Portal�1, an optically illusive screen panel with a grid of mirrors serving as

its pixels. The RGB values of each mirror are obtained from its environment using the law of

re�ection. Speci�cally, we employ two images: one target image for the mirror panel, and another

which serves as a palette to lend mirrors its RGB values. Our methodology uniquely orients each

mirror in the grid to re�ect a particular region of the palette image to a speci�ed viewpoint. The

holistic image from the mirror grid composes the target image. Within the process, we need to

satisfy a set of rules to secure the maximum approximation of the result with the intended images.

Among these rules, there is an anti-cycloptic perception mechanism; mathematically optimizing

the viewpoint to upgrade the privileged point of perception, to a sphere around the viewpoint (fork

1a in Figure 2.5).

We also propose a methodology to fabricate Portal using laser cuttings. As a proof of concept,

we created a Portal equipped with 540 mirrors. Based on the physical and digital simulation

results, we speculate possible applications of Portal in a range of disciplines, including computer

graphics, art, and architecture. Toward this end, we explain how an application of Portal can
1A version of this chapter was previously published at International Society of the Arts, Mathematics, and Archi-

tecture; The Proceedings of the SMI Fabrication and Sculpting Event, 2020 (See [42] & the supplementary material).
Reprinted with permission from the collaborators. �We� in this chapter refers to all collaborators.
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be categorized as an OIA result. In this speci�c application, Portal serves as an architectural

element, and delivers a viewpoint-driven perception of a superdimensional effect, while using an

anti-cycloptic perception mechanism.

5.1 The Fantasy of Light and Re�ection

�Remember that the Mirror shows many things, and not all have yet come to pass.�

J.R.R. Tolkein

Our perception of the world is fundamentally in�uenced by our viewpoint. Prior work in graphics

has explored the subjectivity of viewpoints through effects that emerge based on a unique privi-

leged point. There are many examples of leveraging privileged points to create meaningful images

by using shadow; even in shadow puppetry (Figure 5.1a), a performer’s hand arrangements against

a source of light create recognizable shadows on a background. Along the same idea, several artists

have produced sculptures that cast meaningful shadows that are uniquely different from the sculp-

ture or installation itself (Figures 5.1b and 5.1c). In computer graphics, this concept has been

elaborated upon further, to automatically design and fabricate an object that generates multiple

shadows along different directions [74] (Figure 5.1d).

(a) (b) (c) (d)

Figure 5.1: (a) Shadow puppetry. (b) Wire sculpture by Matthieu Robert-Ortis. (c) Dirty White Trash by
Tim Noble and Sue Webster. (d) ShadowArt [74].

In these shadow examples, the privileged point is the source of light; however, it can also be the

point where hidden images are revealed to a viewer. We can use other perceptual techniques�like

re�ection�to produce images that are not apparent from the source object itself. In literature,
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Figure 5.2: Mirror of Galadriel, by Alan Lee, 1992.

characters encounter magic mirrors that show them distant objects or scenes from futures that do

not yet exist (e.g., Galadriel’s mirror from The Lord of the Rings, Figure 5.2).

Inspired by these components�privileged point and re�ection�we designed and fabricated

�Portal�, a structure composed of a grid of mirrors. These mirrors, viewed from a speci�c view-

point, collectively re�ect and reconstruct a meaningful target image that does not exist in the

environment. To reproduce this image, the mirrors are meticulously oriented towards a palette

image which is the source of color for each mirror pixel.

The main visual attribute of Portal is a screen panel composed of cellular mirrors arranged

along a grid. The color of each mirror is obtained from the palette considering the law of re�ection.

Our proposed methodology preserves the features of the target image as much as possible. This

is plausible by searching within the palette to �nd certain areas with speci�c colors and assigning

those colors to each cellular mirror in the Portal. Since �nding the exact desired color might

be a futile attempt, our method alternatively �nds the areas of the palette with minimal color

discrepancies, and links them to the corresponding color on the target image. This search and

assignment takes place under a privileged point towards Portal, meaning that Portal generates the

target image when it is seen from a speci�c viewpoint.

Since Portal is a precise optical device, any degree of deviation from the privileged point,

results in the imperfection of the generated image. Accordingly, to improve Portal’s functionality,

we have provided solutions to pick colors from regions that are more uniform and less susceptible

towards slight viewpoint perturbation.
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In this chapter, we offer two contributions: �rst, we present the Portal technique as an optically

illusive structure that generates an image that does not exist in the environment. Second, we

propose a fabrication strategy, using accessible machinery and materials, to produce real-world

Portal structures. We also discuss the challenges and solutions we faced throughout the process.

The chapter is organized as follows. We �rst discuss related work in section 5.2. Next, we

describe the methodology and introduce notations in section 5.3. Section 5.4 is devoted to detailed

fabrication strategies, followed by section 5.5 to discuss results and limitations. Finally, in the last

section (5.6), we conclude with proposed future research.

5.2 Related Work

Although our problem statement is novel, there exist related works, tackling similar problems in

computer graphics as well as art and architecture. As the construction of our structure is based on

the light and re�ection phenomena, we �rst discuss related works that try to manipulate light (shad-

ows and re�ections) to produce optically illusive effects. Next, we review a category of anamor-

phic, and privileged-point-oriented works in which one object can resemble multiple visual and

physical paradoxical characteristics under distortion, transformation, or re�ection, when viewed

from different privileged points (multi-character objects). Eventually, we highlight a number of

recent advances in computational fabrication to suggest the possibilities that these techniques offer

(computational fabrication).

5.2.1 Light and Shadow

An interesting line of research has been spent on the study of lights and shadows to reproduce a

given image. For instance, fabricating surfaces with controlled appearance has been the subject

of several previous works [63, 58, 68, 101, 13, 79, 80]. In these works, the material property is

modi�ed at micro scale in order to replicate a speci�c image or pattern on a surface under light.

In this line of work, SHADOWPIX [16] is the most related research to our application, where one
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single fabricated object produces several images under different light directions.

Although related, the main idea of these works is different from ours as we are making a

screen composed of cellular mirrors to generate an image from another given image by means of

re�ection. In addition to our work, the idea of cellular or micro mirrors has been also used in some

other applications with completely different purposes. For instance, Hoskinson et al. [41] have used

micro mirrors to improve the contrast and brightness of conventional projectors by reallocating the

light of dark parts to the bright parts that need improvements in contrast.

As mentioned earlier, re�ection and shadows are tightly related. A number of research works

have investigated the potential of shadows in generating fascinating structures. For instance, Mitra

and Pauly [74] have introduced ShadowArt in which an object is generated, capable of having

meaningful shadows under lights from different orientations. To make such a structure, they �nd

the intersection of a number of given images under various privileged points (e.g. directional

lights) in a 3D visual hull to construct a 3D structure with shadows the same as the given images.

The idea of manipulating shadows to reconstruct a given image is also used in [107] in which

perforated lampshades are constructed so that their shadow produces a given image. To build such

lampshades, a set of cylindrical micro structures are arranged on the lampshade to control how

much light passes through. Although our work shares some commonality with [107], as well as

ShadowArt [74] and SHADOWPIX [16], we propose different approaches towards fabrication and

application.

A number of relevant precedents to this work can be found in the arts, where artists harness

light and the law of re�ection to create meaningful forms and shapes. For example, there is an art

installation at The Israel Museum, by artist Daniel Rozin, called Broken-Mirror, where a series of

mirror fragments are thoughtfully oriented to reconstruct an image scattered across a wall [28]. In

addition, Floating Point is the name of an urban-scale installation, designed by Esteban Serrano,

in which three computer-controlled mirrors track sun path to form an elliptical pattern onto an

adjacent building [35].
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Moreover, there is a series of projects conducted by Art+Com studio where a team of artists and

scientists collaborate to generate forms by means of re�ections and light; two noteworthy projects

are Anamorphic Mirror [9] and ·A la Recherche [10]. The former is a wall-sized arrangement of

mirrors, each of which in a particular direction, to construct a form when viewed from a certain

point in space. The latter is a giant rotating sculpture covered with mirrors that compose a message

using re�ected light.

5.2.2 Optically Illusive Objects

In Chapter 1 Section 1.3 we argued discrepancy between a visual entity of an object contradicts its

physicality incorporates optical illusions. This forms a category of optically illusive objects with

variable visual characteristics and a �xed physical characteristic. Since the core concept behind

most of the works under this category is the principle of anamorphic projection, we brie�y reiterate

[74, 16, 88, 29] as computer graphics precedents, as well as [53, 32] as instances of anamorphic-

oriented research in architecture.

Artistically approaching the topic of anamorphic projection, we acknowledge �Wire Sculpture�

by Matthieu Robert-Ortis, �Dirty White Trash� by Tim Noble and Sue Webster (Figures 5.1b and

5.1c), and also mirror-assisted optically illusive works of Kokichi Sugihara [59], and Markus

Raetz [71], to name a few.

5.2.3 Computational Fabrication

Computational fabrication is now prevalent in a wide variety of applications. For instance, in [64,

33] reversible shapes are reproduced as jigsaw puzzle pieces so that one shape can be transformed

into another.

Also, Chen et al. offer a fabrication method to fasten a set of patch elements together, to form

a given surface [21]. Computational fabrication is, however, not limited to additive fabrication

methods. For example, [18] presents laser-cut results of their proposed technique to synthesize

vector patterns with visual appearance. In [20] an application has been de�ned that reconstructs a
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given mesh with wooden pieces, using a laser cutter. Likewise, [94, 51] utilize 2D laser cuttings

for physical visualizations.

5.3 Methodology

The inputs to our problem are a privileged point P, and two images: palette image I and target

image ·I. The goal of our work is to design a structure, which is an incidence-driven screen�

or Portal�composed of a grid of cellular mirrors. Every single mirror mi is assigned a unique

orientation to re�ect a speci�c region or block bi of image I. Re�ections of all cellular mirrors

compose image �I, when viewed from P. It is desired that image �I be as close as possible to target

image ·I.

Since constructing a structure with the same level of detail as a given image requires many tiny

cells, we sample images with coarser cells to provide an approximation for target image ·I. This

also facilitates the subsequent fabrication process. Sampling takes place by averaging the pixel

values covered by a cell on an image.

First, target image ·I is divided into a number of cells called ci (see Figure 5.3). Each cell ci

corresponds to a cellular mirror mi in Portal. It is desired that the colors that mi attains, be close

to the color of cell ci in the target image. By default, ci are chosen to be hexagonal in Portal.

However, the core of our algorithm is independent of cell type and other cellular shapes can also

be incorporated. Later in this section, we discuss the choice of cells based on the shape of the

target image.

The palette image I is also divided into a number of blocks called bi to facilitate the search over

its color space (Figure 5.3). For each block, we save the average of pixel values of that block and

its neighborhood. Then, to assign the right color to mirror mi, our algorithm searches and selects

a number of blocks on the palette (i.e. images I) whose colors are closest to cell ci on ·I. Among

these blocks, the algorithm later chooses the one with more color consistency with ci (i.e., lower

variance). It is worth noting that our algorithm uses Euclidean colour difference metric, treating
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Figure 5.3: Image I (a) is divided into a number of blocks bi. Image �I (b) is produced by Portal. Each cell
of image �I corresponds to a mirror on Portal. Target image ·I (c) is sampled coarsely by cells

ci. The color of each mirror mi in Portal should be as close as possible to ci.

RGB values as coordinates in the space. However, perception-oriented metrics that are based on

human’s sight sensitivity could also be employed [22].

For bi, we choose quadrilateral grids, since we do not modify image I and quadrilateral blocks

simplify our calculations. However, other cells such as hexagonal cells are also applicable.

Law of re�ection

To formulate and solve our problem, we take advantage of the well-known laws of re�ection. The

laws of re�ection govern the re�ection of light-rays off smooth conducting surfaces, such as a

mirror. Essentially, there are two primary statements in the laws of re�ection:

� The incident ray, the re�ected ray, and the normal of the mirror lie in the same plane r .

� The angle of the incidence ray, q , with respect to the normal n is the same as g, the angle that

the re�ection ray constructs with the normal n (i.e. q = g)

The laws of re�ection are the core of many rendering techniques, most notably ray tracing [102, 7].

In this work, using the laws of re�ection, a ray is cast from point of view P and the plane r i of

each cellular mirror ci is oriented in such a way that the desired color from image I is sampled. We

assume that the mirrors are fully re�ective and environmental shading effects are negligible.
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5.3.1 Structure

To sample image I and reconstruct image ·I, Portal is built by a set of cellular mirrors mi whose

centers are placed on the centers of previously generated blocks of image ·I (Figure 5.4). Since

the number of cells corresponds to the number of blocks into which the images are divided, higher

number of cells results in better approximation of image ·I but makes the fabrication process more

dif�cult and expensive (Figure 5.5).

Figure 5.4: For every block, hosting ci, within image ·I, the algorithm �nds a matching block within image
I. Next, mi is oriented to re�ect that speci�c block of image I to point of view P.

Figure 5.5: (a) Vincent van Gogh self-portrait, 1887. Higher resolution is plausible through higher
number of blocks and consequently higher number of mirror cells. (b) Images generated by

our method with 4800 blocks, and (c) 540 blocks.
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Hexagonal grids have lower quantization error in comparison with quadrilateral and triangular

grids [55]. However, since our methodology is not dependant on the form of the grid, we can

choose the grid form with respect to features of image ·I. For example, in speci�c paintings with

sharp edges and straight lines, such as compositions of Dutch painter Piet Mondrian, representation

through a quadrilateral grid is more accurate as opposed to a hexagonal grid (Figure 5.6).

Figure 5.6: (a) Composition, by Piet Mondrian. (b) A hexagonal grid may fail to �awlessly represent
straight lines as opposed to a (c) quadrilateral grid.

5.3.2 Point of View

The privileged point P can be selected anywhere as long as both images are visible within human’s

cone of vision, and there is no occlusion from one image to another. Therefore, we de�ne it to

be on the bisector plane of the two planes hosting image I and image ·I. Another concern here is

to ease the fabrication process. Accordingly, we set P to be equidistant to both images such that

when an individual is looking through the privileged point, both images remain within their arm’s

reach.

5.3.3 Mirror Orientations

To �nd the best orientation for each mirror, we need to consider several factors. First, any degree

of deviation from the privileged point would cause imperfection of the result (i.e., color of mi).

To tackle this issue, we optimize the match-�nding portion of the methodology to maintain the
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readability of Portal, once viewed within a privileged space surrounding the privileged point P.

Toward this end, for every block b j of image I, the algorithm saves the average color (t j) of the

block and its adjacent blocks. Figure 5.7 illustrates how this step affects image I by fading borders

of colors and blending them together. This is equivalent to applying an averaging convolution �lter

to the image.

Figure 5.7: (a) Mona Lisa, by Leonardo da Vinci 1500s. Image I is generated with 4800 blocks, each of
which is assigned (b) average RGB value of its own pixels, and (c) average RGB value of a

neighborhood, embracing the block and its adjacent blocks.

Next, these blocks, with their t j values, undergo match-�nding process with those cells of the

image ·I to assign the right block to mirror mi. It is desired that a chosen block b j (with average

color t j) for mirror mi will have small color difference with ci. Meaning that we are looking for

blocks b j minimizing the following quantity:

Ecolor = jt j� cij (5.1)

For each mirror mi, a set of candidate blocks B are chosen. In practice, we choose ten blocks with

the lowest Ecolor values.

After �ltering many blocks by only considering their average color, we can now choose the ap-

propriate block among blocks in B. Note that averaging the colors of a block may cause de�ciency

to the readability of Portal. For instance, in an extreme scenario, the average color of a block with

a checker pattern is grey. However, every single pixel has extreme distance with the average. To

replicate the correct and consistent colors in Portal, it is desired that each pixel pk of the block
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b j 2 B is close to its average. Deviation of each pixel from its average can be captured in an energy

term called Esmooth which is equivalent to variance of the pixel colors in each block. Esmooth for b j

is de�ned as follows:

Esmooth = å k(pk� t j)2

N
(5.2)

where N is the total number of pixels in block b j and its neighborhood, and pk are the individual

pixels that are in block b j and its neighborhood. Among blocks in B, we choose the block with

smallest Esmooth.

In addition to these color-based energies, we could orient the cells to follow a smooth variation

in the normal to avoid gaps between cells. This means that it is desired that the normal of a cell

ci be as close as possible to the normal of its adjacent cells. In our experiments, even without

this consideration, our methodology provides a level of smoothness in the normals of the cells

(further details provided in section 5.5). As a result, we did not consider this additional term for

our algorithm.

Now that we know the block, each mirror needs to re�ect, we can �nd the right orientation for

each cellular mirror. Towards this end, we consider two vectors extending from the center-point

of each cell ci on the screen panel. One, hitting the center-point of the corresponding block on the

palette, and the other one, targeting the privileged point. Having placed a mirror at the center-point

of the cell ci, and reorienting it in a way that its normal becomes the bisector of the two vectors, the

mirror will re�ect the corresponding block on the palette (Figure 5.4). Algorithm 1 summarizes

the above discussion. In this algorithm we set M equal to 4800 blocks (80� 60) to yield the results

shown in Figure 5.11.

5.4 Fabrication

As mentioned earlier, the quality of the result of this work signi�cantly relies on the utmost pre-

cision of the process. Accordingly, we use a subtractive fabrication method, and speci�cally 2D

laser-cuttings, whereas it provides sharper edges and more accurate surfaces as opposed to additive
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Algorithm 1 Palette image I, Target image ·I, and privileged point P are given. This algorithm
�nds orientations (i.e., normals) ni for each cell mi.

1: Sample Image ·I by M hexagonal cells, ci;
2: Segment Image I into M number of blocks bk;
3: Assign the average color of bk and its neighbors to t k;
4: for each cell ci do
5: Place ten blocks with lowest Ecolor values in set B;
6: Choose block b j from B with smallest Esmooth;
7: Assign b j to mi;
8: v is the vector connecting the center of mi to b j;
9: w is the vector connecting the center of mi to P;

10: ni is the bisector of v and w;
return all ni’s.

fabrication methods (such as 3D printing), alongside being faster, cheaper, and more accessible

[34, 60, 54]. Toward this end, we designed a notch-stem mechanism to be laser-cut out of �at

sheet medium-density �breboard (MDF). This snug-�t mechanism consists of a base, embracing

notches, upon which stems are mounted. On top of the stems, mirrors are glued and �xed in their

positions (Figure 5.8).

Figure 5.8: The notch-stem mechanism. Mirrors are the only parts that need to be glued in their positions.

To secure the speci�c position and orientation of the mirrors, every notch must be uniquely ori-

ented, and the top of each stem must be cut in a particular angle. To host notches, we de�ne plane

p, parallel to image ·I and behind it. Direction of each notch derives from ~ni which is its corre-

sponding mirror’s normal. Next, having ~ni, projected on plane p (i.e. ~n0i), we extend a curve, on

both sides, along ~n0i, and project it back towards the corresponding mirror. The intersection of each

projection and mirror, returns diameter d of the mirror. The surface, con�ned with d and its pro-

jection on p (i.e. ·d), forms a uniquely tapered stem to hold the mirror. Regarding the dimensions,

the projected diameter ·d refers to the length of each mirror’s stem and notch.
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Figure 5.9: Stems and notches are derivatives of the mirrors’ normals.

Moreover, the material sheet thickness de�nes the width of the notches as well as the stems’ thick-

ness. In this fabrication process, we used MDF sheets with 5 millimeters of thickness. Figure 5.9

illustrates this entire process.

As stated above, we de�ned plane p behind image ·I. The distance between p and the image ·I,

affects the height of the stems. Stems are designed to be perpendicular to their base. On the other

hand, loose notch-stem connections may cause inclination of the stems, and therefore, imprecision

of the mirrors’ positions. We take two steps to avoid this issue as much as possible.

First, we run an experiment to achieve an ef�cient snug-�t joinery. In this regard, we inward-

offset a notch outline in steps of 0.005mm, within the range of 0.000mm to 0.040mm, and then, in

steps of 0.001mm, within the range of 0.020mm and 0.025mm. Next, we run an experiment to set

the distance of the plane p to the image ·I. Short distances make fabrication process harder due to

the lack of hand-grip of the stems. Long distances, on the other hand, would put the precision at

stake whereas any possible inclination of the stems would drastically change the mirrors’ positions.

Based on our experiment we set the distance at 15 mm.

As a proof of concept, we design and fabricate two small prototypes (Figure 5.10). We replace
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a grid of labelled holes instead of image I, and provide a checklist to correspond mirrors and holes.

It is crucially important to label the joinery, even in these small prototypes with 25 unique stems

and notches. To avoid lengthy labels, we divide the cells/mirrors to rows (r) and columns (c).

The labeling is also used to detect the right orientation of stems and notches, whereas any stem

can be placed in its notch in two directions. Accordingly, we laser-engrave labels to the right side

of the notches, as well as the front side of the stems. Another sign to indicate the orientation of the

notches is the laser-engraved line representing projected normal ~ni
0 on plane p (Figure 5.10).

Figure 5.10: (a) A digital model with a quadrilateral grid. (b) Its physical model. (c) The second prototype
with hexagonal grid. (d) Based on our experiment, the ideal notch inward-offset for snug-�t
joinery out of 5mm-thick MDF sheet is 0.021mm. (e) and (f) Labelling on front side of the

stems, and right side of the notches, as well as a line representing ~n0i.

5.5 Results

As established before, Portal harnesses the law of re�ection to generate images through its grid

of mirrors. We employed the iconic Mona Lisa painting, as the palette for Portal, to generate a

number of classic paintings using 4800 mirrors scattered in grids (Figure 5.11). Type of the grids

comply with features within the represented image.
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Figure 5.11: Portal is a structure composed of cellular mirrors that creates an image by re�ecting colors
from another image that acts as a palette. Here, the Mona Lisa (left, in each panel) is our

palette image that is used to produce other artworks.
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As shown in Figure 5.11, all Portals are equipped with hexagonal grids, except the one with quadri-

lateral grid representing the compositions of Dutch painter Piet Mondrian. To improve the images

generated by Portal, we performed a number of experiments. For example, we explored the pos-

sibility of introducing a privileged space surrounding our privileged point, aiming that our Portal

does not fall apart, once viewed with slight deviation from the privileged point (Figure 5.12).

Figure 5.12: An image generated with slight deviation from the privileged point before optimization (red
frame), after optimization (blue frame), and the image generated from the privileged point

(green frame). The target image, Homage To Picasso II, by John Nolan, 2007.
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In addition, we discussed the concept of orientation smoothness, that refers to the difference be-

tween the normal of cell ci and the normal of its neighbors. Accordingly, we provide a visual

mapping from angles to colours that illustrates how much each mirror has to rotate from its default

position (i.e. mirrors’ normals being perpendicular to image ·I) to re�ect a speci�c portion of image

I. As it is seen in Figure 5.13, the transition of colors within the spectra is smooth, in accordance

with the color transition smoothness of the images. This resonates the consistency of mirrors’ ori-

entations within the Portal. Nonetheless, our algorithm excludes this parameter, and therefore we

cannot con�dently extrapolate the orientation smoothness, from a few tests of this work.

Figure 5.13: A visualization of mirrors’ reorientation compared to their default positions. Source images:
(a) Hand-painted portrait of Marilyn Monroe, by Danny Raisor-Micheletti. (b) The Last

Judgment, by Michelangelo, 1541.

Moreover, our histogram analysis of the images, generated by Portal, shows that these images

inherit certain characteristics from their parental image I and image ·I. As shown on Figure 5.14,

these constructed images have the color range, identical to the palette image I, while they receive

shape attributes, represented by spikes in histograms, of the image ·I.

Our work also casts light on various fabrication methods and, as a proof of concept, proposed

a walk-through to fabricate a prototype using 2D laser cuttings out of MDF with 5 millimeters of

thickness (Figure 5.15). In this prototype, we have designed a hexagonal grid of 540 mirrors, to

maintain the aspect ratio of both image I and image ·I. The entire model �ts within a cube of 60 by

60 by 45 centimeters. Unlike the cutting time, that was barely three hours, the installation became

a bit tedious (approximately ninety man-hours). This was due to the unforeseen impact of glue
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Figure 5.14: Histogram analysis. (a) An input image serving as the palette. (b) Constructed images by
Portal. (c) Images that Portal aims to reconstruct.

thickness on mirrors’ positions. Accordingly, we had to take extra measurements to calibrate all

mirrors and making sure they are all precisely oriented.

5.6 Conclusion and Future Work

As suggested by its name, Portal acts like a gateway that bridges between two media. Throughout

this investigation, we bene�ted from a diversity of precedents, manifested by different disciplines.

This provides an opportunity to speculate on possible application for the study. Inherently, optical

illusions are engaging phenomena. Accordingly, we can approach Portal as a medium that effec-

tively communicates with audience. As a future scope of our work, this paves the way for new

studies in terms of social behaviour towards such art-forms.

Moreover, there are several ways in which the algorithm can be improved. More speci�cally,

in the match-�nding portion of the algorithm, we can set criteria to consider additional candidate

blocks or explore the impact of perceptual color-spaces such as CIE L*a*b*. We can also search

over the entire source image rather than discretizing it into blocks.

Another possible approach towards future work of this study is to upgrade Portal as a dynamic

set-up where servo motors, or robotic arms are employed to reorient mirrors to generate an in�nite
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Figure 5.15: Portal equipped with a hexagonal grid of 540 mirrors, represents Vincent van Gogh’s self
portrait using Mona Lisa as its palette. The process of physical fabrication, and calibration
using assisting dots on the palette, as well as (a) the result in the lower right corner, and (b)

the virtual model.

number of images. Alternatively, the palette could be an animation on a digital display, and Portal

transforms the animation into an entirely different animation.

The extended scope of such an installation, would make considerable applications in architec-

ture, in various scales and environments. The scales can range from ornaments of interior spaces

to glazed facades of the buildings, that are salient media to employ this application. Figure 5.16c

illustrates how Portal can serve as an optically illusive architecture; a viewpoint-driven design,

using an anti-cycloptic perception mechanism, while depicting super-dimensionality in an urban-

scale architecture.

Through the lens of computer graphics, Portal can serve as a key that establishes connection

between two distinct concepts. One prominent example of these concepts would be the three-

dimensional projection of Earth and its distorted, yet meaningful, two-dimensional projection.

Last but not least, Portal can take advantage of one historical application of anamorphic projec-

tion where hidden messages were embedded within a distorted image. Hypothetically by altering

a few blocks of the palette, we might be able to make drastic changes within the image represented

by Portal. This could found signi�cant studies relevant to steganography domain.
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(a) (b)

(c)

Figure 5.16: Portal generates an image that does not exist in the immediate environment. (a) The Bow
tower in Calgary, Canada and (b) The Gherkin tower in London, England, are both designed

by Foster+Partners. (c) An OIA result of Portal would link these two skyscrapers together.
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Chapter 6

Empirical Studies

6.1 User Study, Why & What?

The idea behind OIA is not to boundlessly conceptualize forms and shapes in the name of ar-

chitecture. Instead, it is supposed to provide publicly accessible privileged spaces. This implies

considering real-life factors and curbing the design with reasonable rules. Perhaps the most impor-

tant factor is how the public would communicate with a design, once physically made at its actual

scale. Thus, it becomes an invaluable advantage for a design team to see user reactions, prior to

construction. This is why we see evaluation as a must within OIA’s design paradigm.

Toward this end, we conducted a user-study to evaluate design ef�ciency of two OIA environments�

presented in Chapters 3 and 4�in order to see whether people could effectively communicate with

the designed spaces 1. To brie�y introduce these environments through the lens of OIA framework

(Figure 2.1): The �rst space�categorically representing depthlessness�in form of an anamorphic

pavilion, is expected to be seen as a two-dimensional pattern from a single privileged point (Fig-

ures 6.1a and 6.1b). Also the applied anti-cycloptic mechanism is a speci�c con�guration of scale

and viewpoint distance (fork 1b in Figure 2.5). About this mechanism more details are provided in

Chapter 7, Section 7.2. The second space�also categorically representing depthlessness�is an-

other anamorphic-driven pavilion that renders a 2D, easy-to-grasp dataset of North America, once

being re�ected by a cylindrical mirror in the space [43] (Figures 6.1c and 6.1d). The anti-cycloptic

mechanism in this pavilion is an instance of fork 2a in Figure 2.5. To ease addressing these envi-

ronments, in this user-study we refer to the result of Chapter 3 as �Pavilion #1� and the result of

Chapter 4, as �Pavilion #2�.
1As of October 2020, a version of this chapter is under peer review. Submitted to The International Journal of

Architectural Computing (IJAC). Manuscript ID: JAC-20-0072. Reprinted with permission from the collaborators.
�We� in this chapter refers to all collaborators.
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(a) (b)

(c) (d)

Figure 6.1: The VR scenes. (a) Pavilion #1. (b) The depthless pattern, seen from the privileged point. (c)
Pavilion #2. (d) The catoptric anamorphic effect, seen from the privileged point.

6.2 The Methodology

Evaluation of an architecture is typically achieved through a range of documents, presented in

various media. This includes, but not limited to, a series of 2D and 3D technical drawings, physical

models at different scales, computer generated images and videos. These methods are intended to

deliver a relatively accurate description of the design. Having used a number of these methods,

as the collateral documents, we founded our user-study mainly on immersing participants in the

virtual environment, using the Virtual Reality (VR) technology. It is acknowledged as a powerful

tool for modelling and data visualization, and there is a growing demand for such a cutting-edge

technology in architecture for various goals; as a tool for design development, evaluation and

analysis [8, 23, 24], education [11, 14], and data visualization at urban scale [1, 2, 30].

70



6.3 The Setup and The Study Procedure

(Note: Templates of the documents, and technical speci�cations of software/hardware, used in this

user-study, are provided in Appendices C and D respectively.)

Navigation took place in virtual spaces, meaning that participants wore a Virtual Reality (VR)

headset. Also, due to safety concerns, they remained seated throughout the study, exploring the

space with VR motion controllers. Figure 6.2 illustrates a schematic plan of the VR station.

Figure 6.2: Since all spatial transformations (move, rotate, etc.) were handled by means of motion
controllers, we con�ned the guardian boundary to 4�4 feet. Also, the minimum distance

between the boundary and the walls/furniture was set to 1 foot.

The �rst step of the study procedure was to apply to human ethics certi�cation; in our case through

IRISS [36]. Upon approval, recruitment began mainly through �yers and of�cial announcement

emails. With no recruiting criteria in terms of gender, demographic breakdown, prerequisite skills,

etc., we invited the �rst twenty volunteers for the study. Each participation took approximately

thirty minutes. At the beginning of each session, participants were briefed on two types of anamor-

phic projections, and their corresponding examples. These are the optically illusive effects, em-

ployed in Pavilion #1 and Pavilion #2. Next, they received instructions on how to use the motion

controllers to be able to smoothly explore the VR environments.
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6.4 The Data Type

The concept of OIA mandated the user-study to collect both qualitative and quantitative data. For

the qualitative side of the study, participants �lled out a questionnaire regarding their experience,

at the end of their VR session. To ful�ll the quantitative evaluation, for each pavilion there was a

speci�c task to tackle. Regarding Pavilion #1, each individual was asked to locate the privileged

point, through which the pavilion was deemed depthless. About Pavilion #2, however, participants

had to spot three coordinates to accomplish their job.

To explain the logic behind locating three coordinates, we �rst need to reiterate the function

of Pavilion #2, where data readability and data distortion represent opposite ends of one spectrum.

More speci�cally, the cylindrical shape of the mirror helps reading the represented data within an

arc, embracing the privileged point. To establish this arc, we need three points. The �rst point is

the perfect spot, where readability is robust. The farther we step away from this privileged point,

the less readable the data becomes, until we reach an edge, where the distortion overshadows the

readability of the data. Thus, volunteers had to �rst pinpoint their privileged points. Next, they

were asked to step towards both edges of the pavilion and spot the endpoints of an arc where

they could still read the data. An interpolated arc through these three points represented each

participant’s privileged area to read the data.

6.5 Quantitative Data Analysis

Analyzing the quantitative data in these two OIAs can deliver a distinct message about the design

ef�ciency in communicating with the public. Owing to an anti-cycloptic perception mechanism,

applied to Pavilion #1, (fork 1b in Figure 2.5) the perception of depthlessness was plausible with

slight deviation from the actual viewpoint. Our pilot-study suggested marking privileged points at

any distance shorter than 10 inches away from the actual privileged point are considered successful

(Figure 6.3). Results indicated only four participants found their privileged points within this

distance, with the best attempt less than 3 inches away from the actual point (Figure 6.4).
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Figure 6.3: According to the pilot study, perception of depthlessness is considered successful within a
radius of 10 inches. The center image is seen from the green dot, and the rest images are seen

from their corresponding red dots.

Figure 6.4: Privileged points de�ned by users (red dots), and the actual privileged point (green dot). The

radii differentiation of the concentric circles around the privileged point, is one inch.

Apart from the result of the task, there are two valuable data about the audience’s behavior during

interaction with the space. First, according to the speedometer, participants would �rst �nd the
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Figure 6.5: Examples of participants’ data. The speedometer used in the study visualizes participants’
manner to approach the pavilion. Red and green colors are at either end of this spectrum,

representing maximum and minimum speeds, respectively.

approximate privileged area, and then would walk compulsively to locate their actual privileged

point, upon which the pavilion is perceived �at (Figure 6.5).

Second, having overlaid all speedometer data, the quest to locate the privileged point seemingly

befell more in an axially oriented space, in front of the pavilion (Figure 6.6). In other words,

such an anamorphic structure can arguably communicate more effectively with a broader group

of people, when placed in spaces that are linearly oriented alongside this axis (Chapter 3, Figure

3.11).

Likewise, data analysis of Pavilion #2 bore worthwhile information, collected by participants.

They initially explored the space and pinpointed their privileged points (Figures 6.7a and 6.7b).

Next, they de�ned the both ends of an arc, in which data was still readable (Figures 6.7c, and

6.7d). Having extracted all arcs, and the three average points out of all participants’ data, we could

establish an average arc as the privileged zone where a group of audience could simultaneously

read and understand data within the mirror (Figures 6.7e and 6.7f). The underlying reason to

search for a privileged zone is that, in practice, such urban structures are meant to be open to
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Figure 6.6: All participants’ data. The dense area within the dashed frame reiterates the axial
interdependency of the pavilion, where most attempts to interact with the pavilion took place.

the public exploration. Thus, the coinciding presence of people is an inevitable consequent. This

resonates a legitimate concern regarding the likelihood of people occluding the represented data.

However, as stated in Chapter 4, Section 4.4.1, we do leverage occlusion in favor of the design

of the pavilion. In other words, occlusion could have been avoided by a conic mirror, and/or dis-

tributing the anamorphic components overhead. The proposed design, however, pursued speci�c

goals, such as: Raising public awareness towards anamorphic projection, and facilitating interac-

tion with the space. It is worth noting that in our study, in order to simulate the actual space, we

populated our VR scene with a number of animated mannequins.
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(a) (b)

(c) (d)

(e) (f)

Figure 6.7: (a) Areas explored by participants. (b) A cluster of privileged points marked by participants.
(c) Three clusters of points to construct participants’ privileged area. (d) An individual’s data

and the corresponding arc established with three points. (e) All arcs extracted from every
individual’s data. (f) The average arc, established by averaging three points out of three

clusters of points.
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6.6 Qualitative Data Analysis

6.6.1 Likert-Scale Questions

This section exclusively reviews the results of the questionnaire, given to participants at the end

of their VR sessions. The �rst question referred to the verbal brie�ng. To reiterate the procedure,

participants would receive a verbal brie�ng, at the beginning of their time, about the objective of

the study, as well as the attributes of two optically illusive environments, they were about to ex-

plore, using a VR headset. As anticipated, none of the participants had heard about anamorphic

projection. Nonetheless, the verbal brie�ng, together with a number of illustrative examples es-

tablished a basic knowledge of this concept, assisting them with interacting with the two pavilions

faster. Although we acknowledge one individual who disagreed with this statement, �ve stated

�Agree�, and fourteen out of twenty strongly agreed; No �Neutral� or �Strongly disagree� reported

accordingly (Figure 6.8).

Figure 6.8: Participants’ responses to �Having explored the two pavilions, together with the verbal
brie�ng, I now understand what anamorphic projection is.�

The optically illusive aspect of anamorphic projection was the subject of another question. The

majority of participants- eighteen out of twenty- agreed this type of projection, once applied to an

architecture-size space, would stimulate curiosity on exploring them. Besides one disagreed, and

one remained neutral (Figure 6.9).

Our data analysis also revealed the relevant complexity of one space compared to the other one.

Regarding the mirror-assisted pavilion, all participants were unanimously able to read and recog-
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Figure 6.9: Participants’ responses to �Do optical illusions trigger curiosity to explore these
environments?�

nize data, re�ected by the mirror. On the contrary, only �fteen out of twenty believed that they

managed to locate an approximate privileged point of the depthless pavilion. Three could not �nish

their job (marked �Disagree� for the statement) and two, who remained neutral, sought extra as-

sistance for this task (Figure 6.10). This clearly explains why 90 percent�eighteen participants�

expressed enthusiasm for exploring an actual mirror-assisted pavilion as opposed to rate of 75

percent��fteen participants�for the depthless pavilion. Figure 6.11 illustrates the results accord-

ingly.

Figure 6.10: The rate of successful communication with pavilions. Left: participants’ responses to �I
managed to locate an approximate viewpoint, from where the pattern on the pavilion looks

�at.� Right: participants’ responses to �I was able to recognize the re�ection of the pavilion
in the mirror, as the image of North America.�
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Figure 6.11: Participants’ responses to �I would like to explore pavilions, if physically built at an actual
scale.�

The correlation of answers, within the likert questions can also bear some remarkable information.

For example, about ��nding the approximate privileged point in Pavilion #1�, �ve participants

marked the statement either �Neutral� or �Disagree�, and just one individual out of these �ve,

stated they fully understood the initial verbal brie�ng (Figure 6.12).

Another noteworthy fact here links the overall interest to explore Pavilion #1, and the personal

enthusiasm towards optical illusions. According to the records, only two individuals stated any

answer other than �Agree� or �Strongly agree� regarding the encouraging aspect of optical illusions

to explore pavilions. At the end of the study, both expressed levels of unwillingness about exploring

Pavilion #1 (Figure 6.13).

6.6.2 Open-ended Questions

In addition to the likert scale, we raised a number of open-ended questions. For the �rst question,

we asked participants to report any challenges they might have faced throughout their experience.

Broadly speaking, their responses can be thematized as �Dizziness�, �Problematic task to locate

the privileged point in depthless pavilion�, �Navigation�, and �Evaluating the readability of the

data in the mirror� (Figure 6.14).

�Dizziness��reported by three participants�is a media-related issue, which speci�cally echoes
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Figure 6.12: Based on our data, there might be a correlation between understanding the initial verbal
brie�ng, and ability to perform a speci�c task in this study.

a broader series of side effects related to using VR headsets, including, but not limited to, sense of

disorientation, motion sickness, eyestrain, etc. While �Navigation��reported by four participants�

is also linked to troubles with media, it generally refers to gaining control over movement com-

mands within a VR environment. In fact, the majority of our participants (thirteen) were new to

VR, while four had a little VR experience, however with entirely different headsets and controllers.

Needless to mention, even within the same device, various software are designed with a diverse set

of navigation commands. Subsequently, expecting the volunteers to be able to smoothly navigate

in the environment, following a short instruction, is anything but realistic.

�Dif�culty in locating the privileged point��reported by �ve�highlights the role of signi�ers.

We did not use signi�ers in neither of the pavilions. This is a decision within the design process,
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Figure 6.13: Lack of interest to physically explore the depthless pavilion might have roots in lack of
interest in optical illusions, applied to architecture structures.

whether or not to employ any means of signi�ers to assist audience with �nding the privileged

point. Alternatively, instead of utilizing signi�ers to lead the audience to the privileged point/area,

it can be used to notify them when they are at the privileged point/area. More details about signi-

�ers are provided in Chapter 7, Section 7.3.

Regarding �Evaluation of the data readability��reported by three�we considered one crite-

rion. As long as the participants could see the entire map and recognize the overlaid data, it was

deemed readable. Otherwise, they were at the position where the distortion impeded their under-

standing of the data. Besides, the corresponding quantitative data endorsed the effectiveness of

this criterion, despite the subjective approach of the participants. As mentioned before, every indi-

vidual was assigned a task to locate three points in the space; The perfect spot to read the data, and
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Figure 6.14: Challenges reported by participants, during the study.

two lateral thresholds where distortion suppressed readability. As a result, at the end of the study

we had three clusters of points. Having taken the average point of each cluster, we could construct

an arc that represented an average comfort zone to read the re�ected data in the mirror.

Amongst other challenges reported at this stage we can succinctly note: �Blurriness of the

scene��reported by one��Low frame rate��reported by one�and �Wearing the headset with

glasses��reported by one�all of which are known to be clearly related to VR media.

For the next subject of the questionnaire, we focused on the enjoyable/unenjoyable side of the

experience. In this section, the �novelty effect� played the most signi�cant role in this part of the

study. It is worth indicating that there were two types of novelty effect in our study: one aligned

with our goal and one against our desire. Before we noted that most participants did not have

any VR experience (thirteen participants). This explains why eleven participants reported �VR

experience� to be one of the most enjoyable part of the study. We believe such enthusiasm could

disrupt our investigation whereas participants are supposed to focus on their tasks within the study.

In other words, our mission was not to measure participants’ joyfulness over delicacies provided

by VR technologies, but to assess their interaction with an architectural space, represented by a

state-of-the-art tool.

In addition, 50 percent said the application of optical illusions at an architectural scale was what

they admire most. This is, indeed, a novelty factor, however in favor of our investigation, because

the represented optical illusions in our study are meant to be applied in an actual space where

people can physically engage and interact with the built environment. Other answers in this section
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were mostly related to the impact of signi�ers in designing such illusive spaces. �Locating the

viewpoints�, �The puzzle-solving aspect of pavilions�, and �A sense of surprise when encountering

an illusion, without marking a speci�c spot to stand�, are listed by our volunteers accordingly

(Figure 6.15). More information about signi�ers are provided in Chapter 7, Section 7.3.

Figure 6.15: Enjoyable aspects of the study, reported by participants. Some participants reported more
than one item.

According to unpleasant experiences during the study, 70 percent (fourteen out of twenty) did not

report any issue, while for four out of twenty, �dizziness� was the downside of their experience.

Also, we should acknowledge a number of �Different strokes for different folks� cases in our

research, where participants provided contradictory responses to one single query. For example:

while seven participants noted ��nding the privileged point in Pavilion #1� as the enjoyable aspect

of their experience, two individuals found this issue an exhausting task (Figure 6.16).

Figure 6.16: Unpleasant experiences, listed by participants.

Thus far, our strategy to analyze the open-ended questions was to separately annotate answers

of each question. These answers generally fall into a number of themes, such as media-related
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concerns, the role of signi�ers, scale and interaction with the space. This gives us the opportunity

to alternatively analyze the questionnaire through the lens of these themes.

According to our data, media-related answers appeared in response to all open-ended questions.

The VR experience, for example, was a media-related issue, highlighted by eleven participants as

the dominant enjoyable part of the study (Figure 6.15). This is closely aligned with the fact that

thirteen participants just experienced their �rst VR exploration in our study. In addition, complaints

about dizziness, blurriness of the scene, frame rate, were also listed as media-related concerns.

Apart from those who found dizziness a challenging feature (three participants), four preferred to

disclose it as an unpleasant portion of their participation.

Moreover, in several cases, we categorically referred to the role of signi�ers to address the

problematic attribute of �nding the privileged point. The noteworthy lesson here is respecting the

subjective condition of the study. While �nding the correct spot to stand was a satisfying task

to do for some people (seven participants), it was certainly causing anxiety for some others (two

participants). Figures 6.15 and 6.16 represent the data accordingly.

Furthermore, we received feedback, arguing optical illusions are fascinating phenomena when

implemented at architectural scales. Optical illusions are, indeed, fascinating phenomena. But

when their power is harnessed in favor of an architectural design, they facilitate interaction, and

raise public awareness towards the illusory message within the design. We believe this is how an

effective built environment can communicate with its audience.
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Chapter 7

Discussion, Conclusion and the Scope

7.1 Summarized Contribution

To brie�y reiterate the contribution, in Chapter 2 we introduced Optically Illusive Architecture

(OIA)�an architecture design paradigm�emerging from a historical de�ciency of perspectival

representation. The paradigm de�nes an accurate framework, structured in several layers. Any

result of this framework would be an architecture, responsive towards subjects’ viewpoint(s), and

it should employ any method to overcome cycloptic perception. Besides, results are expected

to exhibit speci�c visual attribute towards their actual three-dimensional physicality. Accord-

ingly, they are categorized either as depthless objects/space (visually suppressing their actual

three-dimensionality) or super-dimensional objects/space (visually augmenting their actual three-

dimensionality).

Referencing this framework, we introduced a Pavilion in Chapter 3, with the goal of bringing

the concept of depthlessness into the three-dimensional space. To let the perception occur through

both eyes, we applied an anti-cycloptic mechanism (fork 1b in Figure 2.5) to maintain a parametric

proportion between the scale of the pavilion and the viewpoint distance to the structure.

In Chapter 4, we proposed an OIA space as a solution to the �awed data-readability in data-

spatialized designs. Likewise the �rst Pavilion, we used an anti-cycloptic perception mechanism

(fork 2a in Figure 2.5) to create a Pavilion, in which data is three-dimensionally distributed to form

the physicality of the space, yet remains �at and readable within a speci�c area.

We also designed and conducted a user-study, using Virtual Reality (VR) technology, to evalu-

ate the functionality of these two OIAs in terms of effective communication with the public. Ac-

cording to the quantitative and qualitative data, re�ected in Chapter 6, the majority of our group of

participants could successfully interact with both environments, despite a few cases of confusions.
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In Chapter 5, we stepped beyond current illusory methods. In fact, we designed a new illusory

system of spatial representation to show/re�ect objects that do not exist in the immediate environ-

ment. We called it Portal. Having this structure equipped with an anti-cycloptic mechanism (fork

1a in Figure 2.5), we generated a number of artforms (both digitally and physically) following by

an OIA result to establish a potential application of Portal in architecture.

As concluded from Chapters 2-6 the applied methodologies to validate the contributions of

this thesis spanned a range of techniques. This includes proposing mathematical and parametrical

solutions to facilitate perceiving perspective-based optical illusions, writing scripts to create spe-

ci�c digital models, introducing techniques to be able to ef�ciently fabricate digital models both

in additive and subtractive methods, simulating architectural-scale structures in Virtual Reality

environments, and conducting a user study of these spaces in Virtual Reality.

The results of the OIA design paradigm are idealistically intended to pose new questions that

are architecturally addressable. A number of these questions were raised while developing the OIA

manifesto. Some others, however, are not OIA-exclusive questions, yet, worth mulling over. To

maintain the cohesion of the work, we curbed the questions in a few major topics.

7.2 The signi�cance of scale, material, and medium in which the design is de-

veloped

OIA is primarily supposed to address questions in architectural scale. This scale extends from an

entire building, to a tiny component of an interior. Consequently, there are challenges associated

with practicing OIA in different scales. For example, we shall acknowledge the fact that material

is a limit on scale and vice versa, meaning that, not all materials are applicable to any scale, nor all

scales are doable by any chosen material. However, despite potential uncertainties over the �nal

geometry, scale and materiality can parametrize components of the design. Toward this end, we

can parametrically link the scale of an object (h), the distance of the privileged point to the object
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(d), and the �eld of view (q), using this equation:

h = 2d tan(q=2) (7.1)

In terms of anti-cycloptic perception mechanism, the equation works best when q is set smaller

than 25 degrees. This covers an area, within our central �eld of view, where stereo vision is

con�ned [100] (Figure 3.10).

The role of medium in the design process becomes important, when we want to categorically

highlight different kinds of information, obtainable from each medium (e.g. physical model, virtual

model, VR models, videos, etc.). Broadly speaking, there is no difference between a raw virtual

computer (without material or lighting) and its small-scale 3D printed physical model. Both facil-

itate three-dimensional navigation to geometrically re�ne the design. Even in this case, the virtual

model is more powerful in providing both bird’s- eye view and human’s vision. As the scale be-

comes more realistic, we have to consider more concerns in terms of cost-ef�ciency, materiality

and lighting. In the movie �Interstellar�, for example, there were questions as to why physically

making a spaceship, hung from the ceiling, instead of virtually making everything by computers.

The answer lied in further questions, asking which method is cheaper, faster, and more ef�cient to

deliver details of the intended result [97].

7.3 Methods of facilitating the interaction with an OIA space

Interaction with environments within the OIA realm, is channeled through privileged points and/or

privileged spaces. If the privileged point/space fails to establish a proper connection between the

architecture and its audience, then the OIA will be downgraded as a mute and abstract structure. It

is, therefore, important to shed light on every aspect of privileged points/spaces, and make sure any

optically illusive architecture speaks for itself. An alternative to boost the relation between OIA

and its audience is to employ what was �rst introduced by Don Norman; Signi�ers. Their role is

to suggest a particular behaviour, using recognizable hints such as words and/or symbols. Figure

7.1 illustrates a number of common signi�ers.
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(a) (b) (c) (d)

Figure 7.1: Examples of signi�ers that we use in our daily life. Frequent use of signi�ers poses a question
about their potential application in OIA.

Hypothetically there could be a reciprocal instrumentality between an OIA and signi�er(s), mean-

ing that either one can be used to draw attention to the other one. In other words, OIA can arguably

work as signi�ers that help audience to be in certain areas, or to do certain tasks. Accordingly, once

an effect is seen or perceived, the viewer understands they are in the right place. Likewise, a sig-

ni�er(s) could be used to funnel the audience to their anticipated place, where an OIA effect is

perceivable. A conceptual example in case of the �Depthless Pavilion�, (Chapter 3), would be

marking the privileged point with concentric circles, and/or placing a speci�c aperture to make

sure the effect is seen from a precise height (Figure 7.2).

Now that we know how signi�ers can impact an OIA environment, we shall need to question the

intended mentality that the designer would bestow upon audience by eliminating, or keeping the

signi�ers. In case of the latter, we can pose further questions to �nd out if an OIA effect serves as

a signi�er, or a signi�er helps �nding an OIA effect.

7.4 The impact of the physical presence of audience on an OIA space

Architecture is all about interactions between built environments and their corresponding audience.

OIA is not an exception, yet, as an architecture that heavily subscribes to viewpoints, it must adapt

to occlusion, as an inevitable consequence of interaction. To tackle occlusion, one approach is

to keep the perceptible effects overhead. The illusory vaults of Saint Ignatius’s Church in Rome
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Figure 7.2: Marking the �oor in the form of concentric circles is one way of applying signi�ers to assist
people with �nding the privilege point(s).

by Andrea Pozzo, (1691-1694) and Saint Francesco fresco by Emmanuel Maignan (1642) are two

salient historical examples.

As a drawback of this method, people cannot physically interact with the illusory effect. It

might be acceptable for an artform to remain out of reach. However, an OIA interactive space must

remain physically accessible, at the cost of occlusion [43]. More details are provided in Chapter

4, Subsection 4.4.1, and Chapter 6, Section 6.5 where it con�rms effective communication of an

OIA space, despite minor occlusion.

We, therefore, can establish an argument about occlusion conditions, under which OIA’s ef-

�ciency changes. Considering the anti-cycloptic perception mechanism, an OIA’s best perfor-

mance is achievable when using speci�c illusions that are perceptible within a wide area, or using

viewpoint-independent illusory techniques such as �Reverspective� [46]. On the other hand, an

OIA’s communication will be at stake when it relies on a set of individual privileged points. Need-

less to mention, the most critical case is when there is only one privileged point to interact with an

OIA space, and occlusion can potentially censor the architecture, and its messages.
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7.5 The impact of an OIA space on its audience

There are interdependencies between the designed space and the audience who is experiencing it.

In this regard, a viewer can be embedded into the space, in a way that OIA predicts/governs their

presence. Paintings with trompe l’oeil or anamorphic effects do govern their observers, however,

on a much smaller scale and resolution. As an example, we analyze �The Ambassador�, one of the

most promising paintings with anamorphic projection effect, by Hans Holbein in 1533.

As it is seen in Figure 7.3, there is actually two audience orientations, associated with the

painting. The �rst orientation refers to the privileged space, in front of the painting. This is

the space, most people take to communicate with a 2D artform. The second orientation of the

painting is toward the privileged point, through which the anamorphic effect is perceived. To see

the painting as a whole and to experience its anamorphic effect, one has to make spatial transition

between these privileged spaces. It therefore, governs audience’s position in the space.

Figure 7.3: The painting �The Ambassador� dictates its audience’s position in the space by de�ning two
different privileged zones.

Along the same concept, OIA is capable of exerting agency over people’s position in the space.

In fact, transition between privileged points/spaces, together with differentiation between the mes-

sages they transmit, provides a physical inhabitation [72] that eventually orients the space and its

audience (Figure 7.4).

In Chapter 6, Section 6.5, our user study reveals how the quest to locate the privileged point of an
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Figure 7.4: Smooth spatial transition, within an OIA space, is feasible by higher number of privileged
points/spaces, as well as expanding the perimeter of privileged spaces.

anamorphic pavilion results in an axial transition of the audience. Within this OIA environment,

the pavilion’s orientation can be read from any point in the space, except the privileged point where

the orientation disappears, and the pavilion appears as a depthless space.

7.6 Future scope of OIA

The journey of Optically Illusive Architecture (OIA) began with a question: how do artforms,

speci�cally paintings and drawings, contribute to a traceable evolution of architecture? Studying

architectural representations together with paintings and drawings of various eras leads to the real-

ization that there are two elements of representation that most of them have in common; Viewpoint,

and representational de�ciencies. While the former fundamentally in�uences our perception of the

world, the latter is an inexorable effect, lurking in a gap between representational limitations and

the reality.

Besides, perspective-based optical illusions are designed to convert this representational im-

perfection into a deliberate misrepresentation to mislead our visual perception. Since sight is our

primary sense that governs our interaction with the geometry of our surrounding space, OIA bor-

rows this optically illusive quality with the aim of governing our behavior within an architectural

space. In this regard, OIA directly deals with both elements. It establishes a design paradigm,
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whose concept explicitly derives from this gap between representing and represented, around the

role of viewpoints in the space.

Perspective-based representations and optical illusions are best perceived through viewpoint(s).

Thus, to architecturally contextualize the illusory effects, we shall apply a mechanism, called �anti-

cycloptic�, in favor of our stereoscopic vision. Accordingly, our empirical studies of two OIA

environments, via VR, revealed promising results, in terms of stereoscopic perception, interaction,

and OIA’s ability to orient its audience and the space. Yet, as expected, the future scope of OIA

is enriched with new questions. For instance, questions around the behavioural implications of

exposing public to an optical illusion, embedded in a built environment. Besides raising public

awareness toward architectural aesthetics, to what extend is an OIA environment is ef�cient in

shaping the public behaviour, compared to easy-to-grasp signi�ers?

In addition, our work unleashes a series of fabrication-oriented question. what design chal-

lenges do we confront in materializing an illusory effect as a non-�at topological surface? How is

it different if we approach this question through the lens of digital fabrication? In a broader scope,

how do constraints of machinery and material systems correlate to representational limitations,

harnessed by OIA paradigm?

Pursuing any of these directions (further developments in design, perception concerns, fabrica-

tion strategies, social implications, etc.) as a future research will certainly open up new horizons

to explore, learn, and see differently. As it is perfectly seen by Barry Neil Kaufman:

�The way we choose to see the world creates the world we see.�
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Appendix A

OIA’s response to a real-life scenario

In Chapter 6, we evaluated two OIA environments. Nonetheless, neither one was designed for a

particular site, nor were they proposed in response to an actual civic need. Here, we propose an

OIA design, as one segment of a broader project of redevelopment. Along the scope of OIA, we

make sure our design is architecturally contextualized as a viewpoint-sensitive space. Besides, to

facilitate effective interactions between the design and its audience, the design utilizes at least one

technique that de�es cycloptic perception (fork 2b in Figure 2.5). It is also expected that the result

inherits attributes of depthlessness and/or super-dimensionality.

Broadly speaking, the scenario is to propose cost-ef�cient and quick solutions to improve an

area of the downtown Calgary, in terms of vibrancy and safety. The project has been de�ned

within nine blocks, covering an area of approximately 0.16km2. Our work, however, is sited on a

pavement, at a corner of Olympic Plaza (Figure A.1).

(a) (b) (c) (d)

Figure A.1: (a) The broader scope of the project embracing nine blocks. (b) Our designated site within the
Olympic Plaza. (c) and (d) The street views.

From OIA point of view, there are two main advantages, associated with pavements. First, they

are relatively linear elements, meaning that we already have a built-in orientation within the space.

Second, they are extensively used by people to bridge dwellings, of�ces, and all publicly accessible

spaces. This implies a valuable opportunity to get a broad audience, from all walks of life, engaged

with the space, while studying their interaction.
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With respect to these conditions, our proposal formed as an OIA arbor-like structure, utilizing

viewpoint-independent mechanism that delivers a dynamic illusion to pedestrians, as they walk

along the space. The components of this structure are provided in Figure A.2.

Figure A.2: (a) Two parallel panels on both sides of the pavement, each of which hosting nine frames. (b)
Wooden boards (5 mm thick) within each frame, with a silhouette of a bust, cut out of the
boards. These boards are expected to look like an unbounded space where aliens lurk.

Therefore, they are coated by Vantablack R
 , or a similar substance to absorb the maximum
visible light. (c) Green resin molds of the front side of a human upper body, attached to each

wooden board.

The function of this optically illusive space is to seed a false perception into every pedestrians’

mind, as if they are being stared at by some aliens, regardless of their positions in the space.

Figure A.3 illustrates three different positions in the space, as well as their visual perception of the

illusion.

In this structure, there are two signi�cant elements in creating the viewpoint-independent (dy-

namic) illusion. First, each bust should be facing away from the pavement. As a result, their

hollow volumes are toward the inner side of the panels. The second element, in deceiving the vi-

sual perception, is placing the light sources underneath each bust. The reason lies at the biological

parameters that can affect human orientation in the space. For example, our brain generally as-

sumes that light comes from above [84]. Along the same concept, shading on objects can suggest
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information regarding their concavity or convexity. Thus, we can approximate convex and concave

shapes with identical silhouette under certain light directions (Figure A.4).

Figure A.3: The illusive structure exclusively responses to any position in the space.

Figure A.4: (a) A convex shape, lit from above. (b) A concave shape, with identical silhouette to the �rst
shape, lit from above. (c) The same concave object, lit from below.
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Appendix B

An Experimental Approach to making Some Optically Illusive

Objects

B.1 Multi-Positional Reading of a Depthless Object

Being inspired by wire sculptures of Matthieu Robert-Ortis, Laurentinmi’s work to intersect mul-

tiple visual cones [62], and �Shadow Art� [74], we ran an experiment by intersecting rays of light,

extending from two curves to two viewpoints. The result was a 3D object, resembling both curves

at two different viewpoints, thanks to the perspective projection (Figures B.1 and B.2).

Figure B.1: The intersection of visual cones from different angles, provides a three-dimensionality that can
deliver a message from various viewpoints. Having both visual cones served as the objects

and picture volumes simultaneously, their intersection results in an object that, more or less,
respect both initial curves.
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Figure B.2: Our digitally fabricated model.

To achieve the best con�guration that guarantees the maximum possible similarities to both initial

curves, the positions of the input curves have to be optimized, and the generated object undergoes

a deformation process. Considering these technical con�gurations is outside the scope of this

investigation.

B.2 The Ambiguous Cylinder

To digitally make such a super-dimensional object, we need two pro�les, circle c and the square s

with equal diameters, plane m (a mirror) between the pro�les, �xed viewpoint P, and the re�ection

of the viewpoint by the mirror P0. In our method, we place the circle c and the viewpoint P on

one side of the plane, thus the square s and the P0 will be on the other side. Having c extruded to

P0, and s extruded to P, the intersection of these extrusions generates the top outline of the object.

The bottom outline of the object is a combination of circle, square as shown on Figure B.3, and its

mere role is to enhance the illusion. To control the height of the object, we can use a cylinder and

a cube instead of c and s, and extrude their top outlines to points P and P0.

B.3 The Anti-Gravity Ramp

Principle of replicating this illusion is, more or less, identical to those of Anamorphic projection;

Intersecting the visual rays, extending from the actual object to the �xed viewpoint P, with the
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Figure B.3: �Ambiguous Cylinder� by Kokichi Sugihara. Left: Schematics of replication. Right: our
3D-printed object and its re�ections in the mirror.

plane p. Slope of plane p must be opposite of the ramp’s. The resulting intersection still represents

the initial ramp when observed from P. The slope, however, follows the slope of p (Figures B.4

and B.5). Making the pillars is almost identical to designing the �Ambiguous Cylinder�. Once the

pillars and the slanted bridge are fully assembled, they form a superdimensional, optically illusive

bridge, that-from one viewpoint-seems to have ascending slopes toward its center, while in fact,

this point is the nadir of the object.

Figure B.4: �Antigravity� by Kokichi Sugihara. The resulting intersection still represents the initial bridge
when observed from the viewpoint P. The side-view illustrates an utterly different orientation

between the actual slopes and the represented slopes (in red).
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Figure B.5: Our digitally fabricated model of �Antigravity�. The position of red and blue dots, in various
angles, reveal the difference between the visual characteristic of the ramp, and its physicality.
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Appendix C

User-Study Documents

C.1 The Consent form

Name of Researcher, Faculty, Department, Telephone & Email:

Seyed Vahab Hosseini, Computational Media Design, EMAIL

Supervisor:

Dr. Usman R. Alim, Department of Computer Science, EMAIL

Title of Project:

User-study of an Anamorphic Structure by means of Virtual Reality (VR)

Sponsor:

n/a

This consent form, a copy of which has been given to you, is only part of the process of informed

consent. If you want more details about something mentioned here, or information not included

here, you should feel free to ask. Please take the time to read this carefully and to understand any

accompanying information.

The University of Calgary Conjoint Faculties Research Ethics Board has approved this research

study.

Participation is completely voluntary, and anonymous/con�dential.
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Purpose of the Study

Construction is an expensive and a time-consuming process. The goal of our research is to �nd

out whether using Virtual Reality technology (VR) in exploring architectural spaces, is a reliable

method of evaluation, prior to actual construction.

What Will I Be Asked To Do?

During the study, participants wear a VR headset, while remaining seated. Next, they are asked

to virtually navigate through two built environments for 15 minutes. The last step, that roughly

takes up 15 minutes, is to �ll out a questionnaire about the experiment. Questions are generally

about participants’ perception of the virtual three-dimensional space they found themselves in

during the experiment. For instance, they are supposed to rate the three-dimensionality of the

space, represented by the VR headset. Nonetheless, participants have the right to skip any question

without further explanation or penalty and withdraw from this research at any time within the study.

What Type of Personal Information Will Be Collected?

No personal identifying information will be collected in this study, and all participants shall remain

anonymous. Participants will be asked to provide their gender and age range, should they agree

to participate. However, they have an option, not to answer any of these questions as well. No

audio/video will be recorded during this study.

Are there Risks or Bene�ts if I Participate?

There are a number of health-related concerns associated with using a VR headset, specially while

being immersed to a virtual world for a long time. Anxiety, motion sickness, nausea, and eye-strain

have been listed among frequent issues reported by VR users. As mentioned before, participants

have the right to suspend their contribution any time within the study. Alternatively, they can ask

for a break while using the headset and resume at their convenience.

Those who �nish the questionnaire will be reimbursed $ 10.00 as an acknowledgement of their

contribution. Participants who are unwilling to complete the study will also receive $ 5.00 to

compensate their time and effort.
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What Happens to the Information I Provide?

The questionnaires will be scanned and stored in a password-protected computer, only accessible

by the researcher and his supervisor. The anonymous data will be stored for one year, at which

time, it will be permanently erased.

The paper copies of the Survey data, as well as the consent forms will be kept in a locked-�le

cabinet, only accessible to the principal investigator for one year. These forms will then be shred-

ded. The collected data will be used to analyze statistical information within the main research.

If a participant withdraws from the study, all data the participant contributed to the study, will be

destroyed. Once the questionnaire is �nished, withdrawal is no longer possible.

Signatures

Your signature on this form indicates that 1) you understand to your satisfaction the information

provided to you about your participation in this research project, and 2) you agree to participate in

the research project.

In no way does this waive your legal rights nor release the investigators, sponsors, or involved

institutions from their legal and professional responsibilities. You are free to withdraw from this

research project at any time. You should feel free to ask for clari�cation or new information

throughout your participation.

Participant’s Name: (please print)

Participant’s Signature: Date:

Researcher’s Name: (please print)

Researcher’s Signature: Date:
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Questions/Concerns

If you have any further questions or want clari�cation regarding this research and/or your partici-

pation, please contact:

S. Vahab Hosseini

EMAIL

If you have any concerns about the way you’ve been treated as a participant, please contact the

Research Ethics Analyst, Research Services Of�ce, University of Calgary at 403.220.6289 or

403.220.8640; email cfreb@ucalgary.ca. A copy of this consent form has been given to you to

keep for your records and reference. The investigator has kept a copy of the consent form.
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C.2 The Questionnaire

1. Please rate your recent VR experience in terms of the following statements:

Having explored the two pavilions, together with the verbal brie�ng, I now understand what

anamorphic projection is.

The form of the pavilions, as well as the applied optical illusions, triggers curiosity on exploring

them.

Regarding pavilion #1, with green and white cells, I managed to locate an approximate view-

point, from where the pattern on the pavilion looks �at.

Regarding pavilion #2, with a cylindrical mirror within, I was able to recognize the re�ection

of the pavilion in the mirror, as the image of North America.

I would like to explore pavilion #1, if physically built at an actual scale.
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I would like to explore pavilion #2, if physically built at an actual scale.

2. What challenges (if any) did you have during the experience?

2.a. What did you enjoy about your experience?

2.b. What did you not enjoy about your experience?

3. Do you have any suggestions on how you want to encounter optical illusions within architectural

spaces?
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Appendix D

Review of the software/hardware tools and speci�cations

In this thesis we used a diverse range of tools to design, fabricate, and evaluate the results of OIA.

The main computer-aided design (CAD) software, employed in designing the Pavilions, as well as

Portal, is called Rhinoceros R
 (aka Rhino R
), developed by Robert McNeel & Associates. While

Rhino offers its built-in list of commands, a VBScript compiler, and a Python compiler, we mainly

used an add-on visual programming tool of Rhino, called Grasshopper R
, designed by Mcneel &

Associates as well.

In fact, Grasshopper with its canvas-like interface, is extremely ef�cient in modifying the input

components of the space as well as the results in a timely manner. This is the most important dif-

ference between the applied methodologies of this thesis and using some �off-the-shelf command

strings� in Rhino.

For example, there is a command called �Project� in Rhino. As suggested by its name, this

command projects any given curve on any surface, poly-surface, or mesh. Instead of using this

command in Chapter 3, we designed a Grasshopper code, to be able to execute projection more

ef�ciently. This means more control on de�ning a projection direction, and projection from a single

point (privileged points in this thesis). Moreover, our program enhances more design �exibility in

terms of modifying the input curve(s), the topological surface(s) on which the curves/patterns are

projected, at any stage of the design.

Another example is a command called �Height�eld from Image�. Broadly speaking, its concept

is to three-dimensionalize any given image, similar to what we introduced in Chapter 4, Subsec-

tion 4.3.1. �Height�eld from Image� is a relatively limited command. Thus, we wrote another

script that provided opportunity to control extrusion direction during three-dimensionalizing an

image. This becomes important within the process of catoptric anamorphic projection to orient the
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extruded cells, toward the mirror. Moreover, unlike �Height�eld from Image�, the base geometry

in our methodology is not limited to a 2D surface, and 3D manifolds can also be fed to the script

(Figure D.1).

Figure D.1: Unlike �Height�eld from Image� command of Rhino, results of our program (far left) can
mount on both planar and non-planar surfaces

Finally this speci�c Rhino command, does not grant further modi�cations on individual cells of

the newly generated 3D object, and the results are not as promising as expected, compared to the

results of our methodology (Figure D.2).

Figure D.2: Results of our script (far left) are more successful in preserving the details of the input image,
compared to the results of �Height�eld from Image� command of Rhino.
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Images generated by Portal in Chapter 5 were much more complicated to be technically feasible

through a series of Rhino commands. Thus, we created a program, using Python and Grasshopper

not only to make the digital effect work, but also to facilitate the fabrication process, by providing

the shop drawings, as well as labelling every single element of the notch-stem mechanism.

For the experiments re�ected in Chapter 6 we used a VR headset, and an additional modelling

software: Unity R
, developed by Unity Technologies. The Pavilions, initially designed in Rhino,

get converted to �obj� �les and imported into Unity. The Unity version we used was 2019.2.10f1

(64-bit). Once the �nal details (i.e. lighting, texture, sound, etc.) are set, the scene is ready for the

VR headset. We used Oculus Rift R
, and Rift S R
 headsets and Oculus motion controllers. To link

Oculus VR headset with the Unity software a free tool must be installed on the host computer. It is

called SteamVR, downloadable through https://store.steampowered.com/app/250820/SteamVR/.

Also, an �asset� has to be purchased/downloaded from the Unity online library called: �Unity As-

set Store� at https://assetstore.unity.com/. This asset is called �VR Movement System for Oculus�.

Headsets of other manufacturers need different assets to link to the Unity software.

Identical to Rhino, Unity also provides programming language editors such as Python and

C# (C-Sharp). Accordingly, we used a speci�c C# script to collect data, illustrated in Figures

6.5 and 6.6 of Chapter 6. The script is responsible for tracking the position of the headset�the

participants�in the VR environment. Since its outcome is a list of coordinates, the number of

recording the coordinates per second�in our case six times per second�can be used to establish

the speed of the participants when navigating the environments. Once the data is collected, we

exported (copy/paste) it back to Grasshopper for further analysis and making illustrations.

Apart from the versions and details of the required software, computer hardware speci�cations

are also necessary to consider, whereas the VR environment must be �rst rendered by the computer

and then transmitted to the headset. This becomes crucial when navigating around the anamorphic

pavilion, in which myriads of calculations should be done per second to render a smooth and

�awless re�ection of the environment on the cylindrical mirror. The machine we used to conduct
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the user study comes with the following speci�cations:

Manufacturer: Micro-Star International Co., Ltd. (MSI)

Model: Z390 Gaming Trident X Plus (MS-B926)

CPU: Intel R
 CoreTM i7-9700K CPU @ 3.60GHz

OS: Windows 10 (64 bit)

GPU: NVIDIA GeForce RTX 2080

Total Available Graphics Memory: 16 GB

Dedicated Video Memory: 8 GB GDDR6

RAM: 16.0 GB

109



Bibliography

[1] Al Bondakji, L., Chatzi, A.-M., and Heidari Tabar, M. (2018). VR-visualization of High-

dimensional Urban Data. In 36th Conference on education and research in Computer Aided

Architectural Design in Europe (eCAADe) Computing for a Better Tomorrow, pages 773�780.

eCAADe.

[2] Al Bondakji, L., Lammich, A.-L., and Werner, L. C. (2019). Vibe (Virtual Berlin)-Immersive

Interactive 3D Urban Data Visualization. In 37th Conference on education and research in

Computer Aided Architectural Design in Europe (eCAADe) and 23rd SIGraDi Architecture in

the Age of the 4th Industrial Revolution, pages 83�90. eCAADe-SIGraDi.

[3] Ambrose, M. and Lacharit, L. (2008). Representation and Re-presentation: Emerging Dig-

ital Conventions of Architectural Communication. In 13th Conference of the Association for

Computer-Aided Architectural Design Research in Asia (CAADRIA) Beyond Computer-Aided

Design, pages 437�444. CAADRIA.

[4] Andersen, K. (1992). Brook Taylor’s Work on Linear Perspective. Springer Science+Business

Media LLC.

[5] Andersen, K. (2007). The Geometry of an Art: The History of the Mathematical Theory of

Perspective from Alberti to Monge. Springer.

[6] Andrus Jerry (2001). Nuts impossible. https://www.magicana.com/video/jerry-

andrus-nuts-impossible .

[7] Appel, A. (1968). Some techniques for shading machine renderings of solids. In Proceedings

of the spring joint computer conference, pages 37�45. ACM.

[8] Arnowitz, E., Morse, C., and Greenberg, D. P. (2017). vSpline: Physical design and the

110

https://www.magicana.com/video/jerry-andrus-nuts-impossible
https://www.magicana.com/video/jerry-andrus-nuts-impossible


Perception of Scale in Virtual Reality. In 37th Conference of the Association for Computer Aided

Design in Architecture (ACADIA) �Disciplines & Disruption�, pages 110�117. ACADIA.

[9] Art+Com Studios (2011). Anamorphic mirror. https://artcom.de/en/project/

anamorphic-mirror/ .

[10] Art+Com Studios (2015). ·a la recherche. https://artcom.de/en/project/a-la-

recherche-2/ .

[11] Asanowicz, A. (2018). Digital Architectural Composition in Virtual Space. In 36th Confer-

ence on education and research in Computer Aided Architectural Design in Europe (eCAADe)

Computing for a Better Tomorrow, pages 703�710. eCAADe.

[12] Azhar, S., Hein, M., and Sketo, B. (2008). Building Information Modeling (bim): Bene�ts,

Risks and Challenges. In Proceedings of the 44th ASC Annual Conference, pages 2�5.

[13] Baran, I., Keller, P., Bradley, D., Coros, S., Jarosz, W., Nowrouzezahrai, D., and Gross, M.

(2012). Manufacturing layered attenuators for multiple prescribed shadow images. Computer

Graphics Forum (Proceedings of Eurographics), 31(2):603�610.

[14] Bartosh, A. and Anzalone, P. (2019). Experimental Applications of Virtual Reality in Design

Education. In 39th Conference of the Association for Computer Aided Design in Architecture

(ACADIA) Ubiquity and Autonomy, pages 458�457. ACADIA.

[15] Berdinski, D. (1997). Combining different kinds of perspective images in architectural prac-

tice. In 3rd European Architectural Endoscopy Association Architectural and Urban Simula-

tion Techniques in Research and Education, pages 82�83.

[16] Bermano, A., Baran, I., Alexa, M., and Matusik, W. (2012). Shadowpix: Multiple images

from self shadowing. Comput. Graph. Forum, 31(2):593�602.

[17] Bertol, D. (1996). Architecture of Images: An Investigation of Architectural Representations

and the Visual Perception of Three-Dimensional Space. Leonardo, 29(2):87�94.

111

https://artcom.de/en/project/anamorphic-mirror/
https://artcom.de/en/project/anamorphic-mirror/
https://artcom.de/en/project/a-la-recherche-2/
https://artcom.de/en/project/a-la-recherche-2/


[18] Bian, X., Wei, L.-Y., and Lefebvre, S. (2018). Tile-Based Pattern Design with Topology

Control. Proc. ACM Comput. Graph. Interact. Tech., 1(1).

[19] Brown, N. and Mueller, C. (2017). Designing with Data: Moving beyond the design space

catalog. In 37th Conference of the Association for Computer Aided Design in Architecture

(ACADIA) �Disciplines & Disruption�, pages 154�163. ACADIA.

[20] Chen, D., Sitthi-amorn, P., Lan, J. T., and Matusik, W. (2013). Computing and fabricating

multiplanar models. Comput. Graph. Forum, 32(2):305�315.

[21] Chen, W., Ma, Y., Lefebvre, S., Xin, S., Mart·�nez, J., and wang, w. (2017). Fabricable tile

decors. ACM Trans. Graph., 36(6):175:1�175:15.

[22] Colour perception (2019). Colour metric. https://www.https://www.compuphase.com/

cmetric.htm . Accessed: 2020-02-18.

[23] Coppens, A., Mens, T., and Gallas, M.-A. (2018). Parametric Modelling within Immer-

sive Environments - building a bridge between existing tools and virtual reality headsets. In

36th Conference on education and research in Computer Aided Architectural Design in Europe

(eCAADe) Computing for a better tomorrow, pages 711�716. eCAADe.

[24] Coroado, L., Pedro, T., D’Alpuim, J., and Eloy, S. (2015). VIARMODES: Visualization and

interaction in immersive virtual reality for architectural design process. In 33rd Conference on

education and research in Computer Aided Architectural Design in Europe (eCAADe) Real

Time, pages 125�134. eCAADe.

[25] Correia, J. V. and Romao, L. (2007). Extended Perspective System. In 25th Conference on ed-

ucation and research in Computer Aided Architectural Design in Europe (eCAADe) Predicting

the Future, pages 185�192. eCAADe.

[26] Correia, J. V., Romao, L., Ganhao, S. R., Couceiro da Costa, M., Guerreiro, A. S., Henriques,

D. P., and Garcia, S. (2013). A new Extended Perspective System for Architectural Drawings.

112

https://www.https://www.compuphase.com/cmetric.htm
https://www.https://www.compuphase.com/cmetric.htm


In 15th Conference on Computer-Aided Architectural Design (CAAD) Futures Global Design

and Local Materialization, pages 63�75. CAAD.

[27] Curve Interpolation (16-May-2019). Curvethroughpt. https://docs.mcneel.com/rhino/

6/help/en-us/index.htm#commands/curvethroughpt.htm?Highlight=interpolate .

Accessed: 2019-05-20.

[28] Daniel Rozin (2003). Broken red mirror. http://www.smoothware.com/danny/

brokenmirror.html .

[29] De Comite, F. and Grisoni, L. (2015). Numerical Anamorphosis: an artistic exploration. In

SIGGRAPH ASIA 2015 Art Papers, page 1. ACM.

[30] Dembski, F., W¤ossner, U., and Letzgus, M. (2019). The Digital Twin - tackling urban chal-

lenges with models, spatial analysis and numerical simulations in immersive virtual environ-

ments. In 37th Conference on education and research in Computer Aided Architectural Design

in Europe (eCAADe) and 23rd SIGraDi Architecture in the Age of the 4th Industrial Revolution,

pages 795�804. eCAADe-SIGraDi.

[31] Dempsey, A. and Obuchi, Y. (2010). Fabrication-Assembly. In Nine Problems in the form of

a Pavilion, pages 92�122. AA Publications.

[32] Di Paola, F., Pedone, P., Inzerillo, L., and Santagati, C. (2015). Anamorphic Projection:

analogical/digital algorithms. Nexus network journal, 17(1):253�285.

[33] Duncan, N., Yu, L.-F., Yeung, S.-K., and Terzopoulos, D. (2017). Approximate Dissections.

ACM Trans. Graph., 36(6):182:1�182:13.

[34] Dunn, N. (2012). Digital Fabrication Principles. In Digital Fabrication in Architecture, pages

186�225. Laurence King Ltd.

[35] Esteban Serrano (2015). Floating point. https://esrs.co/tagged/Floating%20Point .

Accessed: 2017-11-01.

113

https://docs.mcneel.com/rhino/6/help/en-us/index.htm#commands/curvethroughpt.htm?Highlight=interpolate
https://docs.mcneel.com/rhino/6/help/en-us/index.htm#commands/curvethroughpt.htm?Highlight=interpolate
http://www.smoothware.com/danny/brokenmirror.html
http://www.smoothware.com/danny/brokenmirror.html
https://esrs.co/tagged/Floating%20Point


[36] Ethics Application (2019). Institutional Research Information Services Solution (IRISS).

https://www.ucalgary.ca/iriss/ .

[37] Fuente Suarez, L. A. (2016). Towards experiential representation in architecture. Journal of

Architecture and Urbanism, 40(1):47�58.

[38] Gonzalez Rojas, P. (2017). Space and Motion: Data-driven model of 4D pedestrian behavior.

In 37th Conference of the Association for Computer Aided Design in Architecture (ACADIA)

�Disciplines & Disruption�, pages 266�273. ACADIA.

[39] Hansford, D. and Collins, D. (2007). Anamorphic 3D Geometry. Computing, 79(2-4):211�

223.

[40] Hickin, P. (1992). Anamorphosis. The Mathematical Gazette, 76(476):208�221.

[41] Hoskinson, R., Stoeber, B., Heidrich, W., and Fels, S. (2010). Light reallocation for high con-

trast projection using an analog micromirror array. ACM Trans. Graph., 29(6):165:1�165:10.

[42] Hosseini, S. V., Alim, U. R., Mahdavi-Amiri, A., Oehlberg, L., and Taron, J. M. (2020).

Portal: Design and fabrication of incidence-driven screens. In International Society of the Arts,

Mathematics, and Architecture, Summer 2020, The Proceedings of the SMI 2020 Fabrication

and Sculpting Event, pages 31�46.

[43] Hosseini, S. V., Djavaherpour, H., Alim, U. R., Taron, J. M., and Samavati, F. F. (2019). Data-

spatialized Pavilion: Introducing a data-driven design method based on principles of catoptric

anamorphosis. In International Society of the Arts, Mathematics, and Architecture, Summer

2019, The Proceedings of the SMI 2019 Fabrication and Sculpting Event, pages 39�51.

[44] Hosseini, S. V., Taron, J. M., and Alim, U. R. (2017). Optically Illusive Architecture: Pro-

ducing depthless objects using principles of linear perspective. In 37th Conference of the As-

sociation for Computer Aided Design in Architecture (ACADIA) �Disciplines & Disruption�,

pages 274�283. ACADIA.

114

https://www.ucalgary.ca/iriss/


[45] Huang, A. and Chaney, M. (2017). Data Moir·e : Optical patterns as data-driven design

narratives. In 37th Conference of the Association for Computer Aided Design in Architecture

(ACADIA) �Disciplines & Disruption�, pages 162�167. ACADIA.

[46] Hughes Patrick. http://www.patrickhughes.co.uk/. http://www.patrickhughes.co.uk/ .

[47] Huron, S., Carpendale, S., Thudt, A., Tang, A., and Mauerer, M. (2014a). Constructive

Visualization. In Proceedings of the 2014 conference on Designing interactive systems, pages

433�442. ACM.

[48] Huron, S., Jansen, Y., and Carpendale, S. (2014b). Constructing Visual Representations: In-

vestigating the use of tangible tokens. IEEE transactions on visualization and computer graph-

ics, 20(12):2102�2111.

[49] Ittelson, W. (1952). The Ames Demonstrations in Perception. Princeton University Press.

[50] Jansen, Y. (2014). Physical and tangible information visualization. PhD thesis, Universit·e

Paris Sud-Paris XI.

[51] Jansen, Y., Dragicevic, P., and Fekete, J.-D. (2013). Evaluating the ef�ciency of physical

visualizations. In Proceedings of the SIGCHI Conference on Human Factors in Computing

Systems, CHI ’13, pages 2593�2602, New York, NY, USA. ACM.

[52] Jansen, Y., Dragicevic, P., Isenberg, P., Alexander, J., Karnik, A., Kildal, J., Subramanian, S.,

and Hornbæk, K. (2015). Opportunities and challenges for data physicalization. In Proceedings

of the 33rd Annual ACM Conference on Human Factors in Computing Systems, pages 3227�

3236. ACM.

[53] Jovanovic, M., Stojakovic, V., Tepavcevic, B., Mitov, D., and Bajsanski, I. (2016). Generating

an anamorphic image on a curved surface utilizing robotic fabrication process. In 34th Confer-

ence on education and research in Computer Aided Architectural Design in Europe (eCAADe)

Complexity & Simplicity, pages 185�191. eCAADe.

115

http://www.patrickhughes.co.uk/


[54] Kalantar, N., Borhani, A., and Akleman, E. (2016). Nip and Tuck: A simple approach to

fabricate double-curved surfaces with 2D cutting. In 34th Conference on education and research

in Computer Aided Architectural Design in Europe (eCAADe) Complexity & Simplicity, pages

335�344. eCAADe.

[55] Kamgar-Parsi, B. and Sander, W. (1989). Quantization Error in Spatial Sampling: compari-

son between square and hexagonal pixels. In Proceedings CVPR’89: IEEE Computer Society

Conference on Computer Vision and Pattern Recognition, pages 604�611. IEEE.

[56] Kassabian, P., Cranston, G., Lee, J., Helmick, R., and Rodrigo, S. (2017). 3D metal printing

as structure for architectural and sculptural projects. In Fabricate 2017, pages 196�201. UCL

Press.

[57] Keim, D. A., Mansmann, F., Schneidewind, J., and Ziegler, H. (2006). Challenges in visual

data analysis. In Tenth International Conference on Information Visualisation (IV’06), pages

9�16. IEEE.

[58] Kiser, T., Eigensatz, M., Nguyen, M. M., Bompas, P., and Pauly, M. (2012). Architectural

Caustics�controlling light with geometry. Citeseer.

[59] Kokichi Sugihara (2016). Ambiguous Cylinder Illusion. http://illusionoftheyear.

com/2016/06/ambiguous-cylinder-illusion/ .

[60] Kolarevic, B. (2003). Digital Production. In Architecture in the Digital Age: Design and

Manufacturing, pages 49�78. Taylor and Francis.

[61] Kroon, R. W. (2014). A/V A to Z: An Encyclopedic Dictionary of Media, Entertainment and

Other Audiovisual Terms. McFarland.

[62] Laurentini, A. (1994). The visual hull concept for silhouette-based image understanding.

IEEE Transactions on Pattern Analysis and Machine Intelligence, 16(2):150�162.

116

http://illusionoftheyear.com/2016/06/ambiguous-cylinder-illusion/
http://illusionoftheyear.com/2016/06/ambiguous-cylinder-illusion/


[63] Levin, A., Glasner, D., Xiong, Y., Durand, F., Freeman, W., Matusik, W., and Zickler, T.

(2013). Fabricating BRDFs at high spatial resolution using wave optics. ACM Trans. Graph.,

32(4):144:1�144:14.

[64] Li, S., Mahdavi-Amiri, A., Hu, R., Liu, H., Zou, C., van Kaick, O., Liu, X., Huang, H., and

Zhang, H. (2018). Construction and fabrication of reversible shape transforms. ACM Trans.

Graph., 37(6):190:1�190:14.

[65] Liu, S., Cui, W., Wu, Y., and Liu, M. (2014). A Survey on Information Visualization: recent

advances and challenges. The Visual Computer, 30(12):1373�1393.

[66] Living (2007). Living light. https://www.livinglightseoul.net. Accessed: 2017-11-

01.

[67] Lucarelli Fosco (2016). A Selection of Paul Rudolph’s Perspective Sections. http:

//socks-studio.com/2016/05/22/a-selection-of-paul-rudolphs-\perspective-

sections/ .

[68] Malzbender, T., Samadani, R., Scher, S., Crume, A., Dunn, D., and Davis, J. (2012). Printing

re�ectance functions. ACM Transactions on Graphics (TOG), 31(3):20.

[69] Manon, H. S. (2006). Seeing Through Seeing Through: The Trompe l’oeil Effect and Bodily

Difference in the Cinema of Tod Browning. The Journal of Cinema and Media, 47(1):60�82.

[70] Marcus, A. (2014). Centennial Chromagraph: Data spatialization and computational craft.

In 34th Conference of the Association for Computer Aided Design in Architecture (ACADIA)

�Design Agency�, pages 167�176. ACADIA.

[71] Marcus Raetz (2001). Oui/non. https://www.wikiart.org/en/markus-raetz/oui-

non-2001. Accessed: 2014-07-26.

117

https://www.livinglightseoul.net.
http://socks-studio.com/2016/05/22/a-selection-of-paul-rudolphs-\ perspective-sections/
http://socks-studio.com/2016/05/22/a-selection-of-paul-rudolphs-\ perspective-sections/
http://socks-studio.com/2016/05/22/a-selection-of-paul-rudolphs-\ perspective-sections/
https://www.wikiart.org/en/markus-raetz/oui-non-2001
https://www.wikiart.org/en/markus-raetz/oui-non-2001


[72] McKay, M. (2015). Relative positioning. In 35th Conference of the Association for Computer

Aided Design in Architecture (ACADIA) Computational Ecologies: Design in the Anthropocene,

pages 243�250. ACADIA.

[73] Migliari, R. (2012). Descriptive Geometry: From its past to its future. Nexus network journal,

14(3):555�571.

[74] Mitra, N. J. and Pauly, M. (2009). Shadow Art. ACM Trans. Graph., 28(5):156:1�156:7.

[75] Moere, A. V. and Patel, S. (2009). The Physical Visualization of Information: designing

data sculptures in an educational context. In Visual information communication, pages 1�23.

Springer.

[76] Moore, K. and Miller, J. (2012). Airing Renovations: The Atmosphere of Paul Rudolph. In

Association of Collegiate Schools of Architecture (ACSA) International Conference: CHANGE,

Architecture, Education, Practices, pages 48�54.

[77] Nagy, S. M., Rudolph, P., and Schwab, G. (1970). The Architecture of Paul Rudolph. Thames

and Hudson Ltd.

[78] Necker, L. (1832). Observations on some remarkable optical phænomena seen in switzerland;

and on an optical phænomenon which occurs on viewing a �gure of a crystal or geometrical

solid. The London and Edinburgh Philosophical Magazine and Journal of Science, 1:329�337.

[79] Papas, M., Houit, T., Nowrouzezahrai, D., Gross, M., and Jarosz, W. (2012). The magic lens:

Refractive steganography. ACM Transactions on Graphics (Proceedings of SIGGRAPH Asia),

31(6).

[80] Peng, H., Lu, L., Liu, L., Sharf, A., and Chen, B. (2019). Fabricating QR codes on 3D objects

using self-shadows. Computer-Aided Design, 114:91 � 100.

[81] Perez-Gomes, A. (1982). Architecture as Drawing. Association of Collegiate Schools ofAr-

chitecture, Inc., 36(2):2�7.

118



[82] Perez-Gomes, A. and Pelletier, L. (1997a). From natural perspective to arti�cial construction.

In Architectural representation and the perspective hinge, pages 16�29. MIT Press, Cambridge.

[83] Perez-Gomes, A. and Pelletier, L. (1997b). Relocating Anamorphosis. In Architectural rep-

resentation and the perspective hinge, chapter 1, pages 138�149. MIT Press, Cambridge.

[84] Ramachandran, V. S. (1988). Perception of shape from shading. Nature, pages 163�166.

[85] Rohan, T. M. (2000). Rendering the Surface: Paul Rudolph’s Art and Architecture Building

at Yale. Grey Room, -(1):84�107.

[86] Salgado, T. G. (2003). Distance to the Perspective Plane. Nexus Network Journal, Architec-

ture and Mathematics, 5(1):22�48.

[87] Salgado, Tomas Garcia (2001). Anamorphic Perspective & Illusory Architecture. http:

//www.generativeart.com/salgado/anamorphic .

[88] Sch¤uller, C., Panozzo, D., and Sorkine-Hornung, O. (2014). Appearance-mimicking surfaces.

ACM Trans. Graph., 33(6):216:1�216:10.

[89] Seckel Alfred (2004). Visual illusions that show how we (mis)think. https://www.ted.

com/talks/al_seckel_visual_illusions_that_show_how_we_mis_think .

[90] Sharp, J. (2011). Resolution of anamorphic images using a computer. Leonardo, 44(2):170�

171.

[91] Stusak, S., Schwarz, J., and Butz, A. (2015). Evaluating the memorability of physical visual-

izations. In Proceedings of the 33rd Annual ACM Conference on Human Factors in Computing

Systems, pages 3247�3250. ACM.

[92] Sugihara, K. (2014). Design of Solids for Antigravity Motion Illusion. Computational Ge-

ometry, 47(6):675�682.

119

http://www.generativeart.com/salgado/anamorphic
http://www.generativeart.com/salgado/anamorphic
https://www.ted.com/talks/al_seckel_visual_illusions_that_show_how_we_mis_think
https://www.ted.com/talks/al_seckel_visual_illusions_that_show_how_we_mis_think


[93] Swackhamer, M., Johnson, A. J., Keefe, D., Johnson, S., Altheimer, R., and Wittkamper, A.

(2017). Weather Report: Structuring data experience in the built environment. Proceedings of

Architectural Research Centers Consortium, pages 102�111.

[94] Swaminathan, S., Shi, C., Jansen, Y., Dragicevic, P., Oehlberg, L., and Fekete, J.-D. (2014).

Supporting the design and fabrication of physical visualizations. In Proceedings of the SIGCHI

Conference on Human Factors in Computing Systems, pages 3845�3854. ACM.

[95] Taher, F., Hardy, J., Karnik, A., Weichel, C., Jansen, Y., Hornbæk, K., and Alexander, J.

(2015). Exploring interactions with physically dynamic bar charts. In Proceedings of the 33rd

Annual ACM Conference on Human Factors in Computing Systems, pages 3237�3246. ACM.

[96] Taron, J. M. and Parker, M. (2017). Drawing Disruptions: Representing automated distortions

of multi-perspectival form. Technology�Architecture + Design, 1(2):219�230.

[97] Thorne, K. (2014). The Science of Interstellar. W. W. Norton & Company.

[98] Vi·egas, F. B. and Wattenberg, M. (2007). Artistic Data Visualization: Beyond visual analyt-

ics. In International Conference on Online Communities and Social Computing, pages 182�191.

Springer.

[99] Ware, C. (2012a). Interacting with Visualizations. In Information Visualization: Perception

for Design, pages 345�346. Elsevier.

[100] Ware, C. (2012b). The Perceptual Evaluation of Visualization Techniques and Systems. In

Information Visualization: Perception for Design, pages 431�443. Elsevier.

[101] Weyrich, T., Peers, P., Matusik, W., and Rusinkiewicz, S. (2009). Fabricating microgeome-

try for custom surface re�ectance. ACM Trans. Graph., 28(3):32:1�32:6.

[102] Whitted, T. (1980). An improved illumination model for shaded display. Communications.

120



[103] Wright, L. (1983a). Grand illusions. In Perspective in perspective, pages 139�156. Rout-

ledge.

[104] Wright, L. (1983b). The object, the eye and the picture. In Perspective in perspective, pages

1�33. Routledge.

[105] Wright, L. (1983c). Preface. In Perspective in perspective, pages 1�5. Routledge.

[106] Wright, L. (1983d). A truly marvelous feat. In Perspective in perspective, pages 55�86.

Routledge.

[107] Zhao, H., Lu, L., Wei, Y., Lischinski, D., Sharf, A., Cohen-Or, D., and Chen, B. (2016).

Printed Perforated Lampshades for Continuous Projective Images. ACM Trans. Graph.,

35(5):154:1�154:11.

[108] Zhao, J. and Moere, A. V. (2008). Embodiment in Data Sculpture: a model of the physical

visualization of information. In Proceedings of the 3rd international conference on Digital

Interactive Media in Entertainment and Arts, pages 343�350. ACM.

121



Image Credits

� Chapter 1

� Figure 1.1: Credits provided in the captions.

� Figure 1.2: Original illustration By: Rolandtopor, https://www.

dreamstime.com/rolandtopor_info https://www.dreamstime.

com/green-spring-tree-root-red-apple-fruits-vector-illustr-

illustration-plant-garden-image119240891

� Chapter 2

� Figures 2.2, 2.3, and 2.4: Credits provided in the captions.

� Figures 2.7 and 2.8: [44].

� All other drawings and images: By the author.

� Chapter 3

� Figure 3.10: By the author.

� All other drawings and images: [44].

� Chapter 4

� Figure 4.1a: Cloud Gate, By: Craig Sinclair, https://www.flickr.

com/photos/craig-sinclair/2626662070 - https://www.flickr.

com/photos/craig-sinclair/ , CC BY 2.0, via Flickr.com

� Figure 4.1b: Living Light, Photo courtesy of The LivingTM, http:

//www.thelivingnewyork.com/

� Figure 4.1c: Centenial Chromograph, Photo courtesy of Variable

ProjectsTM, http://www.variableprojects.com/

122

https://www.dreamstime.com/rolandtopor_info
https://www.dreamstime.com/rolandtopor_info
https://www.dreamstime.com/green-spring-tree-root-red-apple-fruits-vector-illustr-illustration-plant-garden-image119240891
https://www.dreamstime.com/green-spring-tree-root-red-apple-fruits-vector-illustr-illustration-plant-garden-image119240891
https://www.dreamstime.com/green-spring-tree-root-red-apple-fruits-vector-illustr-illustration-plant-garden-image119240891
https://www.flickr.com/photos/craig-sinclair/2626662070
https://www.flickr.com/photos/craig-sinclair/2626662070
https://www.flickr.com/photos/craig-sinclair/
https://www.flickr.com/photos/craig-sinclair/
http://www.thelivingnewyork.com/
http://www.thelivingnewyork.com/
http://www.variableprojects.com/


� Figure 4.1d: Data Moir·e: Photo courtesy of Synthesis Design +

ArchitectureTM, https://synthesis-dna.app.box.com/v/IBMSF

� Figure 4.1e: Weather Report, MINN LAB Design Collective, By: :

Krista McCullough.

� Figure 4.11: By the author.

� All other drawings and images: [43].

� Chapter 5

� Figures 5.1a, 5.1b, 5.1c, 5.1d, and 5.2: Credits provided in the cap-

tions.

� Figures 5.5, 5.6, 5.7, 5.12, and 5.13: Credits provided in the cap-

tions.

� Figure 5.16a: �The Bow� in Calgary by Florian Fuchs is licensed un-

der CC BY 3.0, commons.wikimedia.org/wiki/File:The_Bow_

in_Calgary.jpg

� Figure 5.16b: � 30 St Mary Axe� by Aurelien Guichard is licensed

under CC BY-SA 2.0, commons.wikimedia.org/wiki/File:30_

St_Mary_Axe_from_Leadenhall_Street.jpg

� Figure 5.16c: By the author.

� All other drawings and images: [42].

� Chapter 6

� All drawings and images: By the author.

� Chapter 7

123

https://synthesis-dna.app.box.com/v/IBMSF
commons.wikimedia.org/wiki/File:The_Bow_in_Calgary.jpg
commons.wikimedia.org/wiki/File:The_Bow_in_Calgary.jpg
commons.wikimedia.org/wiki/File:30_St_Mary_Axe_from_Leadenhall_Street.jpg
commons.wikimedia.org/wiki/File:30_St_Mary_Axe_from_Leadenhall_Street.jpg


� Figure 7.1a: Robert Matthees, https://www.robert-matthees.

com/ux/product-design/

� Figure 7.1b: �Mount Royal University 117� by whistlepunch is li-

censed under CC BY-NC-SA 2.0, https://ccsearch.creativecommons.

org

� Figure 7.1c: �fuel guage� by Sean MacEntee is licensed under CC

BY 2.0, https://ccsearch.creativecommons.org

� Figure 7.1d: �Clear Instructions� by inrepose is licensed under CC

BY-NC-SA 2.0, https://ccsearch.creativecommons.org

� All drawings and images: By the author.

� Appendix A

� Figures A.1a and A.1b: City of Calgary, https://www.calgary.

ca/pda/pd/pages/downtown-strategy/nine-block.aspx

� All drawings and images by the author.

� Appendix B

� All drawings and images: By the author.

124

https://www.robert-matthees.com/ux/product-design/
https://www.robert-matthees.com/ux/product-design/
https://ccsearch.creativecommons.org
https://ccsearch.creativecommons.org
https://ccsearch.creativecommons.org
https://ccsearch.creativecommons.org
https://www.calgary.ca/pda/pd/pages/downtown-strategy/nine-block.aspx
https://www.calgary.ca/pda/pd/pages/downtown-strategy/nine-block.aspx


Copyright Permissions

To following pages contain correspondence to obtain copyright permissions, associated with these

works:

Hosseini, S. V., Taron, J. M., and Alim, U. R. (2017). Optically Illusive Archi-

tecture: Producing depthless objects using principles of linear perspective. In 37th

Conference of the Association for Computer Aided Design in Architecture (ACA-

DIA) �Disciplines & Disruption�, pages 274�283. ACADIA.

Hosseini, S. V., Djavaherpour, H., Alim, U. R., Taron, J. M., and Samavati, F. F.

(2019). Data-spatialized Pavilion: Introducing a data-driven design method based

on principles of catoptric anamorphosis. In International Society of the Arts, Math-

ematics, and Architecture, Summer 2019, The Proceedings of the SMI 2019 Fabri-

cation and Sculpting Event, pages 39�51.

Hosseini, S. V., Alim, U. R., Mahdavi-Amiri, A., Oehlberg, L., and Taron, J. M.

(2020). Portal: Design and fabrication of incidence-driven screens. In International

Society of the Arts, Mathematics, and Architecture, Summer 2020, The Proceedings

of the SMI 2020 Fabrication and Sculpting Event, pages 31�46.

Hosseini, S. V., Alim, U. R., Taron, J. M., and Oehlberg, L. (2020). Optically Illu-

sive Architecture (OIA); Introduction and Evaluation using Virtual Reality. Under

Review, The International Journal of Architectural Computing (IJAC). Manuscript

ID: JAC-20-0072.

125



126



127



128



129


