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Abstract The contemporary development and digital culture in architecture, from
the idea to the realization, lead to a rewriting of the coordinates of the deep relation
between model and pre-figuration, especially in the timber structure field. Artifi-
cial intelligence opened new potentialities that rewrite the project paths through the
evaluation of computational design, with a model set as the place of simulation
and experimentation, in order to locate solutions for more and more high requests
made by architecture. Wood’s natural intelligence inspires artificial intelligence’s
principles, and it is projected as the new frontier of the research, in its possibility of
defying optimized solutions also in function of multiples objectives and parameters.
Wooden architecture design correlated to a history of tradition, which is established
on descriptive geometry, finds today multiple application fields for the research. In
this sense, representation supports the knowledge and the innovation, able to con-
tinue and express its operative aspect full of culture and, at the same time, its tecné
sense, which etymologically it is meant as art and technique. The present chapter
shows different ways to apply the contemporary principle of descriptive geometry
in digital wood design research, in a multidisciplinary and contaminated learning
environment. In all the illustrated cases, the generative design has a central role,
in an integration addressed to the need of optimization of architectural form, using
Genetic algorithms in order to analyze and to understand the relationship between
form, geometry, and construction.
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1 Introduction

The newparadigmof digital tectonics is developing the coincidence between geomet-
ric representations of structuring and the program to modulate them (Oxman 2006,
pp. 229–266; Oxman and Oxman 2010b). In architectural representation, the model
allows to analyse and simulate according to the behaviours of structures and mate-
rials with the energetic performances of the analysed buildings (Brown and Mueller
2016). For example, the innovation of Building Information Model (Eastman 2011)
has to be considered firstly connected to the management of Big Data, to the pos-
sibility of replicating in virtual field the immaterial implications of the form. These
conditions tell us how CAD is orienting to Computational Design for Architecture,
and how now here it is changing the design process (Menges and Ahlquist 2011).

The theme of simulation (Baudrillard 1981) is the centre point of the actual devel-
opment of digital representation, which is connected to the theme of augmented real-
ity and the actual trend to replicate in a three-dimensional simulacrum the form that,
until now, was expressed in the planarity of the image.

Simulation is also related to the themes of prototyping (Chen and Sass 2017;
Larry Sass and Oxman 2006) manufacturing (Kolarevic 2004; Kolarevic and Klinger
2008) and fabrication (Austern et al. 2018; Corser 2010; Krieg et al. 2014; Sakamoto
and Ferré 2008; Sheil 2005), with a 3D printing (Correa et al. 2015; Le Duigou
et al. 2016), CAD/CAM system (Chaszar and Glymph 2010; Lawrence Sass 2012;
Lawrence Sass and Botha 2006) and robotics (Eversmann et al. 2017; Gramazio and
Kohler 2014; McGee and Ponce de León 2014; Menges 2012, 2013; Menges et al.
2017b), it developed according to the possibility of new tools to deconstruct the forms
for the constructive process. In this sense, if “architecture continually informs and is
informed by itsmodes of representation and construction, perhaps nevermore so than
now, when digital media and emerging technologies are rapidly expanding what we
conceived to be formally, spatially andmaterially possible” (Iwamoto 2009, p. 4).We
are living in a cultural revolution, because “fabrication is not a modelling technique,
but a revolution in the making of architecture” (Oxman and Oxman 2010a, p. 24).
Digital representation is ever more characterized by an hybridization between reality
and virtual, in the simulation that defines also the physical result of the architecture.

The digital representation is ever more characterized by a hybridization between
reality and virtual, in the simulation that defines also the physical result of the archi-
tecture.

Anyway, it is possible to replicate aspects connected not only to the morphologi-
cal aspects, or organized by the constructive workflow, it includes the form-finding
approach to functions like energy consumption or structural deformations also related
to the form (Adriaenssens et al. 2014; Menges 2012). The simulation firstly it opens
to interaction, as a new way to involve the user in the comprehension of architectural
implications in form and function (Greenough 1947).

This condition is strictly related to the revolution of parametric (Schumacher
2011). The extrapolation of logical connections in the construction of the form is
based on the individuation of relations and dependences (Jabi 2013), defining ranges



WOOD, CAD AND AI: Digital Modelling as Place … 5

Fig. 1 Digital wood: architectural survey and modelling of natural shapes of an olive tree

of the possible input data to determinate the options. The centrality of the model as
an organic system of relations, it defines the variation as a result, according to the
question that “difference is not diversity. Diversity is given, but difference is that by
which the given is given…Difference is not phenomenon but the noumenon closest
to the phenomenon” (Deleuze 1994, p. 222). For this reason, we think is more correct
to define this approach as a generative design, rather than parametric, in order tomark
the capacity of this modelling of discovering new forms.

In this sense, thismethodology responds perfectly to themodern request, proposed
by the father of the descriptive geometry, Gaspard Monge, when he writes about its
objectives: “Le premier est de représenter avec exactitude, sur des dessins qui n’ont
que deux dimensions, les objets qui en ont trois, et qui sont susceptibles de définition
rigoureuse. … Le second objet de la géométrie descriptive est de déduire de la
description exacte des corps tout ce qui suit nécessairement de leurs formes et de
leurs positions respectives. Dans ce sens, c’est un moyen de rechercher la vérité;
elle offre des examples perpétuels du passage du connu à l’inconnu” (The first is
to represent with precision in drawings that have only two dimensions objects that
have three dimensions and that can be defined rigorously … The second objective
of the descriptive geometry is to deduce from the exact description of the bodies,
everything that is necessarily followed by their forms and their respective positions;
in this sense it is a means of seeking truth, as it offers perpetual examples of the
passage from what is known to what is unknown” (Monge 1789, p. 2) (Fig. 1).

The generative design, anyway is a two-dimensional drawing, defined by the
connections between simpler algorithms, it defines rigorously the form as any digital
path and it offers also the exact description of bodies, integrating also different
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information. But the real question about generative essence is this “seeking truth”,
not as a path of passage from ignorance to wisdom, but from “what is known to what
is unknown”, a condition that operatively it is possible to test stressing the parameters
and their combinations.

In the construction of the system of relations and dependencies, the generative
design is a “representation of a representation”, a “square representation”, able to
amplify in an “exponential way” the passage form logic of model, linking geometry
and computer syntax (Filippucci 2012a). The deconstruction of elements, funda-
mental also for parameterization, together with the representation of connections
and structures it clarifies the mutual positions of algorithms. Digital revolution has
strengthened the requests of rigorous with its own syntactic alphabet, purely math-
ematical, able to procure synthetic elements and morphological patterns, a network
of nodes and connections that can be considered ideogrammatic morpheme of con-
temporary hypertext communication (Bianconi 2002, 2005). Generative modelling
becomes an instrument able to reinvigorate the union of the graphical representation
of space and digital space, a process that explains what a form is made of, and not
what kind of form it is. In representing a logical net, the parameterization of the ele-
ments is a consequence, an opportunity of digital descriptive text to regain possession
of its infinite potential and dynamic heuristic, analysis of a path, understanding sin-
gular elements of digital syntax. In this way, it is possible to have a “critical analysis
of digital representation’s performance”, as descriptive geometry discipline required
(Monge 1789).

Generative design, anyway, represents a spontaneous evolution of digital mod-
elling, aimed to make the most of its potential, valorising the capacity of computer
to simulate all the possible combination and to evaluate the solution for the best.
It represents a support and a response to the contemporary architectonical criteria
founded in the performances and defined by the organic system, which is oriented
to its formal definition (Hensel 2013; Oxman 2009; Turrin et al. 2011). Inside the
generative interpretation, here is in fact hidden an organic interpretation of the model
according to the “deep principles” of Nature (Petra Gruber and Jeronimidis 2012).

Natural Intelligence (NI), which is all the systems of control and not artifacts, but
rather is present in biology, is the font of inspiration for the architectonic research
(Goel et al. 2014; López et al. 2017; Vattam et al. 2007). Nature offers not forms
but processes to think about form (Oxman 2009) and it teaches how to create forms
(Barthel 1967; Bhushan 2009) in efficient structures (Knippers and Speck 2012;
Wester 2002) explaining how the roles of a design (Mattheck 1998; Mazzoleni 2013)
really is adaptive and optimized (Pawlyn 2011). NI defines the paradigms that could
be receipted not as “an ignorantly copy of the shapes”…but in the acknowledgement
“that biomimetics teaches that shape is the most important parameter of all” (Vincent
2009, p. 81), because at all levels it builds responsive and adaptive forms to conserve
material and energy resources through the use of modular components combined
with least-energy structural strategies (Pearce 1979).

The biological paradigm (Thompson 1917) becomes operative in digital repre-
sentation through the development of new technologies (Hensel et al. 2010). In this
centrality of biomimetic (Bar-Cohen 2016; Benyus 1997; Kuhlmann 2011; Lynn
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1999; Myers 2012; Pedersen Zari 2015) recent developments focus on multi-scale
models and the interplay of mechanical phenomena at various hierarchical levels
(Knippers et al. 2016), as it is shown in some architectural experimentation (Bechert
et al. 2016; Krieg et al. 2015). Beginning with Ingo Rechenberg, the first applica-
tion of the Genetic Algorithms to the aerodynamic wing design (Rechenberg 1965),
the computer research began to develop algorithms inspired by natural evolution
(Fogel et al. 1966) in order to generate solutions to problems that were too difficult
to tackle with other analytical methods (Floreano and Mattiussi 2009, p. 1), founded
in the cycle between analysis, selection, coupling, and coalescence steps that are
repeated until reaching the solution (Rutten 2013). The logic of this approach is
to find “Solutions with better fitness values that are more likely to survive and to
join the next generation in a genetic algorithm” (Medaglia 2007); the application of
Darwinism’s two fundamental contributions, to “move in the direction of a science
of multiplicities: the substitution of populations for types, and the substitution of
rates or differential relations for degrees (Deleuze and Guattari 1987, p. 48). Evo-
lutionary Algorithms, applying the biological principles of mutation, selection, and
inheritance, reinterpret the parametric system that becomes the genome, the field of
alternatives is the same of the population, and the architect’s design goal becomes
the fitness criteria. It is possible to define the genetic algorithm as a series of math-
ematical operations that transform individual objects of a given population into a
subsequent new population, by selecting a certain percentage of objects according
to fitness criteria. Anyway, genetic algorithms are instruments to solve constraint
satisfaction problem, typically solved by using a form of search, pertinent to the
process of building (Fig. 2).

Genetic algorithms are the expression of the use of Artificial Intelligence in digital
representation; they are innovating this field by introducing a no-handed drawing,
with no direct representation of the form, no direct use of the fundamental algo-
rithms of representation, points and lines (Bianconi et al. 2017a; Filippucci 2015).
The development of evolutionary strategies reinforces the horizon of a generative
modelling (Renner and Ekárt 2003) by supporting the definition of unthinkable and
performative solutions (Menges 2009). In this simulation, it is possible to exploit the
computational capabilities of digital tools and to explore the possible combinations,
not only one parameter at a time, with the goal of improving a single aspect of a
building (Jones 2009a), but, more of them simultaneously.

The development of evolutionary strategies for construction issues (Kicinger et al.
2005) finds new life thanks to the support offered by AI: environment can be con-
sidered as Active Agent of the design (Hensel 2010) and in the range of solutions
and in all possible combinations AI chooses and draws the solution with the best
fitness. The proposed parametricism is not connected only to a variation of geo-
metrical parameters to change the final shape, but also it can be derived from an
input not directly connected to the form. In fact, it is possible to consider external
environment as a font of possible input data (Hensel and Menges 2008; Woodbury
2010), by integrating also those derivable from Big Data (Couldry and Powell 2014)
or from the internet of things (i.e. in domotic, a form that can derive from an external
signal—temperature—which drives a form—the opening of a louvre) to support the
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Fig. 2 Digital design: didactic generative modelling of Toyo Ito’s snail shell-shaped timber struc-
ture inspired by NI

decision-making. The frontiers of the computational design see the organization of
the information and the management of big data, which can become the input data to
generate solutions. The volume of activity per minute on the Internet is something
like 347,222 tweets written, 51,000 apps downloaded from theApple app store, 300 h
of videos posted on YouTube, 4,166,667 Facebook “Like”, 110,040 calls made by
Skype, 17,336,111 photos “liked” on Instagram… (Iafrate 2018, pp. 45–46). Arti-
ficial Intelligence will learn ever more quickly with the increasing amounts of data
to “consume”. Computer really aids design, the intelligent machine codesigns archi-
tecture, because it finds solution and draws form without a direct representation, and
also because in the acquisition of external (and big) data, AI also does self-learning,
remembering experiences of past actions (Fig. 3).
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Fig. 3 Wood design: didactic modelling to materialize the space

As Darwin lesson about ex-aptation shows us, this process is not teleologic, so the
genetic algorithm shows us how it is possible to adapt a form to a changing context
(Woodbury 2010), by defining a new form of thinking design (Oxman and Oxman
2014). From another point of view, we can describe the same process by affirming
that an object described by parameters can be uploaded and it can evolve, so we can
say that AI redraws it (Vierlinger 2015), with results (Vierlinger 2013) that could
be valued also for their “artistic” value (Bittermann 2009; Pearson 2011) and their
role in space discovery, in a digital path anyway is open and flexible (Vierlinger and
Bollinger 2014).

Adaptation, responsivity, flexibility, evolution, are the keyword connected to NI,
that characterize the actual architectonic debate. Also, if NI opens to other hori-
zons and conceptualizations, in this context, it is possible to link this theme to the
relationship between design and construction, deepening, in particular, the wood as
a paradigmatic matter. A Morpho-Ecologies approach (Hensel and Menges 2006)
“commences from the unfolding of performative capacities inherent in material sys-
tems in relation to the specific environment they are embedded within, as well as an
intensively empirical mode based on physical and computational form-generation
and analysis methods” (Hensel and Menges 2008). This new approach is changing
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the paradigms and the processes of architectonic research because structure, form,
and materials are not taken separated one from the other, but together in an organic
project where the digital process can simultaneously design and stress their charac-
teristics.

Artificial Intelligence appears now as the future of digital representation. The
smart culture needs to “do more with less”, it defines the need of a performative
result, and the intrinsic capacity of computation inside the digital process, with the
guaranty of achieving this goal in relation with the design (Grobman and Neuman
2013). Robots can adapt like animals (Cully et al. 2015) and through AI also drawing
is becoming every daymore “complex, creative and surprising” (Lehman et al. 2018).
Someone is scared by this automation and the possibility of transhumanists, but
even if a drawing without hands is developing, the role of the designer is still the
center of modelling question; it is impossible to peerless our creativity and our
capacity of innovating, by disrupting our limits and ideas, the awareness, which
is the central question of the design process. At the basis, there is geometry and
its capacity of describing reality, by abstracting the phenomena in a mathematical
model. This because generative design changes the design thinking, by only marking
the abstraction process defined by amathematical language and by an algorithmically
logic (Woodbury 2010).

In the abstraction of the virtual space, it is possible to forget the weight of materi-
ality, the concretism of the architectural question. In digital representation is possible
now to reproduce any form. In the real world, this is not useful. In the digital rep-
resentation, the time dimension can be unconsidered. In the real world, this is not
possible. It is really important not to fall in love with the model and the instrument.
Not totally at least, because in the real and concrete world there is what is concrete
and real, there is a natural intelligence.

In this context, wood represents a particular matter perfect for the application
of this approach. Wood is naturally connected to the smartness of biology (Ugolev
2014), the cause of its functional characteristic (Herzog et al. 2004), variable in qual-
ity. Priory renewable resource (Dangel 2016) with an aesthetic appeal, workability,
flexible, relatively light, versatility, low thermal conductivity, wood presents also
unwanted characteristic for its sizing limits and deformations, isotropism, hygro-
scopicity and degradation. Through its engineering aimed at homogenization of the
characteristics of this material every day more, wood represents a performing solu-
tion that integrates fabrication as a generative paradigm into the design process
(Gramazio et al. 2010, p. 111). For these conditions, wood represents one of the
most important field of application of parametric design (Chilton and Tang 2016;
Kaufmann and Nerdinger 2011; Menges et al. 2017a; Vierlinger 2015; Weinand
2016) where “non-standard timber structures can be efficiently aggregated from a
multitude of single timber members to foster highly versatile timber constructions”
(Willmann et al. 2017, p. 26). In hybridization and integration of digital wood design,
the innovative tools involve a transformation of paradigm and form, connections and
limits. Wood, CAD, and AI, all dynamic elements in evolution, those are transform-
ing our research, because as underline Achim Menges, “rethinking wood through a
computational perspective has only just begun” (Menges 2017, p. 108) (Fig. 4).
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Fig. 4 Traditional parametric wood design: digital reconstruction of geometrical process for the
cutting of “trompe” ashlar in Philibert Delorme’s Le premiere Tome de l’Architecture” (1567)

2 Background

Defined these coordinates, it is possible to present how AI is changing our research
experiences, developed inside the Department of Civil and Environmental Engi-
neering at the University of Perugia and the International Research Laboratory on
Landscape. The themes of all the research are always linked to the field of study of
the science of representation, deepening the potentiality of digital instruments and
the construction of models.

This approach had deepened roots in history, in the research to apply geometry to
rationalize the real, and from the origin related towood design. As implicitly reported
in the Laugier’s hut archetype (Laugier 1735), geometry represents a tecné to trace
signs in order to have constructive forms; a technical process that leads to developing
theoretical paths, which are defined by stereotomy traits. This science, particularly
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asserted in France, was born from projective geometry’s principles (Evans 1995),
which evolve in the gothic (Sanabria 1989) until they reach a theoretic apex in XVIII
century with the definition of descriptive geometry by Gaspard Monge (Loria 1931).
Father of this technique could be Philibert deL’Orme, hewho in his treaty call himself
as the creator of the method meant as a path “to unify the practice of geometrical
traits with Euclid’s theory”, with the aim of “reviewing Euclid” (De L’Orme 1568,
l. 3f.62). The passage from projective geometry to the Euclidean one is connected
then to Girard Desargues’ researches (Desarguer 1640), which are already connected
to stereotomic teaching (Saint Aubin 1994), this tries to connect prospective with
projective geometry (Field 1987, pp. 3–40). The value of the research, studied also
by Bosse (1643a), “it is not completely new and revolutionary in principles or in
mechanism: but in the drive to theory and in the abstraction from the particular
problem” (Trevisan 2011).

Thewood stereotomy (Paris 2009) is connected to the descriptive geometry which
derived from Gaspard Monge’s revision, as testified it is by the nineteenth treaty of
Leroy (1857) or of Pillet (1887) or of the italian Peri (1884). Through the analysis
of the peculiarity of the material, the first researches were involved in supporting
carpenters in the cuts and in the realization of nodes and joints. Using the exact
instrument of the design, as rules and compass, in general the stereotomy is a proce-
dural strategy correlated to the constructive phases, following a space discretization
process, a simulation of the realization of the form in a geometry of the cut represen-
tation, the integration of the static analysis in the centrality of representation together
with the graphics analysis and the mechanic of rigid bodies. The growing complexity
imposes a structural strictness that leads to the transformation of stereotomy’s statute,
which moves from “art to science of the cut”, where intersection curves are treated
between section planes and geometric corps, and the projection of those curves on the
different planes (Fallacara 2007, p. 57): it is a historical evolution that finds a decod-
ing of already present notions, because Desargues (Bosse 1643b), La Hire (1596)
and Frézier (1737a, 1760) “didn’t know they knew descriptive geometry” (Trevisan
2011) but they had implicitly assimilated its prodromes (Salvatore 2012).

Maybe also the contemporary digital world design is not completely aware about
its knowledge on the rules of descriptive geometry,which is appliedwith the same aim
of setting in relation the designwith themanyperformance exigencies of the construc-
tions, according to ante litteram mass customization logics (Andia and Spiegelhalter
2017; Paoletti 2018). Digital wood design is based on procedures that are so similar
to those used in the past, so much that there are many different reinterpretations
(Block et al. 2017; De Azambuja Varela and Sousa 2016; Fallacara 2006; Fernando
et al. 2015; Rippmann and Block 2011) surely influenced by the possibilities offered
by smart fabrication (Davis et al. 2012; Eastman et al. 2009; Li et al. 2008; Popov
et al. 2010).

In this cultural root, it is possible to find the reasons that describe the centrality
of design as a model and its transdisciplinary language. It is not a whole design, but
those are parametric procedures in an implicit way, able to respond to many different
solutions. Representative logic expressed, the same one that is the foundation of our
thought, it is revealed in its description capacity, to let know the project process.
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In this relation, actually contemporary principles of the topological approach of the
generative design are present as prodromes, as the logic of similar elements with
“modifiers” that lead to the deformation of a “figure” (therefore to the creation of
the form) through the “repetition” of the creative act (Fallacara 2007).

This approach of representation is connected to the creation of models for the
interpretation of reality, a path applied “from the spun to the city”: drawing is always
the instrument to understand the complexity of the reality, to analyse and project it
and on these coordinates it is insert the writing action, which in the last years it lead
to analyse multiple and heterogeneous fields (Bianconi 2005; Bianconi et al. 2006,
2016a, b, 2017a, b, c, d, e, 2018a, b, c, d; Bianconi and Filippucci 2015, 2016a, b;
Filippucci 2010, b; Filippucci et al. 2016a, b, 2018, 2017). In the vastness of the
application it is possible to find out the centrality of representative research as an
instrument to know and innovate, able to continue and to express its operative aspect
and at the same time full of culture, the sense of its tecné, etimologically meant as
art and technique.

3 Methods and Materials

In our research we are testing different ways to apply the contemporary principle
of descriptive geometry to digital wood design research, almost contaminated in a
multidisciplinary learning environment. Moreover, the research reported shows also
the connectionwith local small enterprises andAdministrations, a knowledge transfer
that is the strategy to survey the research. It is important also to mark how in Italy
the architectonic culture of wood building is really reborn after the predominance of
industrialized construction, even if in the last years these solutions have been finding
a vaster market.

In all these cases, generative design has a central role. Moreover, in this process,
here are always integrated different tools and software for multidisciplinary analysis.
This integration is address to the need of optimization of architectural form, using
Genetic algorithms to analyse and to understand the relation between form, geometry
and construction.

All the researches start redrawing themes. The transcription through the new
medium of generative design changes the messages, verifying the condition and
using more performing tools to explore the boundary condition.

In this chapter we describe our works proposing a path of five integrated step
in the valorisation of NI in wood design and the opposite engineering of the mate-
rial, the results of generative transcription, the horizon of form-finding and multi-
optimization in the use of AI, the realization of a pavilion.
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4 Experimentations

4.1 Responsive Architecture: Study, Characterization
and Realization of “Unplywood” Panels for Passive
Ventilation Systems

This research is founded on the idea of indulging the natural characterises of the
wood, in a path that starts from phenomenal observation and it arrives to define a
digital model (Fig. 5). The research aim tries to answer to the needs of a reduced
energy consumption building, that has recently led to the development of expen-
sive and technological smart materials (Addington and Schodek 2005; Loonen et al.
2013). The exploitation of certain properties of natural materials can reduce the eco-
nomical and the environmental impact, which define the new technologies. Inside
the different characteristics, the study analyses the hygroscopic behaviour of wood,
always considered as a negative property of the material for its end-use, with the
aim of transforming this in a positive feature in the realization of a double-layered
composites which passively react to the variations in relative humidity (Holstov et al.
2015; Reichert et al. 2015). The bending reaction of “unplywood” is investigated and
applied to a passive ventilation system in indoor environments, where relative humid-
ity rapidly changes, and is used to parametrize the architectonical shapes (Figs. 6
and 7).

The research finds its inspiration in the previous works developed by the Institute
for Computational Design at the University of Stuttgart (Krieg et al. 2015; Menges
and Reichert 2012; Reichert et al. 2015; Wood et al. 2016, 2018), by Newcastle
University (Holstov et al. 2015, 2017) and by the ETH of Zurich (Rüggeberg and
Burgert 2015). The research is developed by a group from Department of Civil and
Environmental Engineering in University of Perugia, which includes the authors
and Giulia Pelliccia in the architectonic and representative theme, together with the
group of Giorgio Baldinelli and Antonella Rotili from CIRIAF center of the same
university to support the energy theme, and the group with Marco Fioravanti, Marco
Togni and Giacomo Goli fromGESAAF center in Florence University to support the
wood research from. The research, started with a master thesis, is developing in a
knowledge transfer to the SMe ABITARE+ which is involved in timber construction
process.

The integration of different skills is linked to the increasing of building energy
efficiency, one of the most important goals to achieve both in existing and new build-
ings, thus, passive design strategies are becoming a strategic part of the contempo-
rary architecture projects. Wood is a perfect example of a natural smart material: its
hygroscopic behaviour makes it responsive to relative humidity variations and the
shape-memory effect (Ugolev 2014), it allows its return to the initial configuration
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Fig. 5 “Unplywood” panels: empirical researches about the hygroscopic behaviour in displacement
of different panels in function of the time

that it had before humidity changes. The absorption of water results in the swelling
of wood; if, instead, the relative humidity decreases, wood will loss water and shrink
(Fig. 8).

The wood subjected to a variation in moisture content will change its dimensions
causing, as a result, aesthetic as well as functional problems. To take advantage of
natural hygroscopic properties of wood could be a better solution rather than prevent
them with expensive equipment, when the aim is that of designing responsive panels
to be used in building air conditioning.

Based on the example of the structure of the pine cones (Burgert and Fratzl
2009; Dawson et al. 1997; Reyssat and Mahadevan 2009; Song et al. 2015), whose
double-layered scales bend in reaction to humidity variations, an entirelywood-made
panel, called “unplywood”, is realized in this research. The two layers of the panel,
active and passive, must be cross-grained and the tangential direction of the active



16 F. Bianconi and M. Filippucci

Fig. 6 Modelling as result of observation of phenomena: curvature in function of the humidity in
climatic chamber tests

layer corresponds to the longitudinal one of the passive layers, which is almost non-
reactive to humidity (Rüggeberg and Burgert 2015; Vailati et al. 2018) in order to
have a bending of the “unplywood”.

The research stars from the study through experimental tests of some materi-
als and configurations, to evaluate the potential applicability of wood bilayers to
the indoor thermo-hygrometric comfort control in conference or meeting rooms,
or indoor vanes, where relative humidity rapidly increases and a humidity control
system is not present. Wood is used for the active layer beech (Fagus sylvatica L.),
while for the passive layer is used spruce (Picea abies Karst.) in some specimens
and European larch (Larix decidua Mill.) in others. A one component polyurethane
adhesive is used to glue the layers. Both active and passive layers are quarter cut
veneers oriented according to the wood anatomical directions. The specimens are
10 cm long, 10 cm wide and with a variable thickness, some of them have the grain
direction parallel to the edge (called “90 configuration”) and some others are parallel
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Fig. 7 Wood NI for building energy efficiency: the exploitation of hygroscopic wood transforma-
tions for a natural indoor thermo-hygrometric comfort control

to the diagonal of the specimen (called “45 configuration”).
The experimental tests and the statistical analysis results lead to the construction

of the prototype of a modular panel for a false ceiling, simulated in a meeting room
and in a conference room. The humid air inside the room makes the false ceiling
open, as a reaction to the relative humidity difference between its faces. Then, air
flows in an interspace of 10 cm directly connected with the outside. The air is then
introduced in a space, wide not more than 50 cm, between the external wall and a
glass wall; for the greenhouse effect, the air inside that space is heated and it moves
upwards, until it reaches the opening to the outside at the upper floor level. The
application of this ventilation system requires a building of at least one floor above,
which must be dehumidified, in order to activate the stack effect. The external wall
where the glass is fixed can be totally opaque or transparent, or equipped with some
openable windows inwards (in this case, the indoor relative humidity control will be
lost).

The parametrization of the architectonical shapes allows to reproduce any plane
tessellation to be applicable on every dimension surface: whole surfaces can be cov-
ered with different types of tiles. The “unplywood” panels can be used to realize a
modulus for a false ceiling for the dehumidification of indoor environments. Through
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Fig. 8 Digital panel design: parametric variation of the modular configurations for plane tessella-
tion

Grasshopper for Rhinoceros, these three typologies of plane tessellation are repro-
duced, realizing every tilewith “unplywood” panels, whosemovement, depending on
the maximum deflections reached in reaction to humidity variations, is parametrized
in some algorithms base.

Actually, this research represents just a first concretization of the potentialities
that “unplywood” shows in the bioclimatic architecture, with the possibility to be
applied to every indoor environment, thanks to the adaptability of their shapes and
dimensions (Fig. 9).



WOOD, CAD AND AI: Digital Modelling as Place … 19

Fig. 9 Digital simulation: open and close configuration of the panelling in an hypothetic ceiling
of a meeting room

4.2 Innovations and Experimentations for Double-Curved
Timber Surfaces: Design and Characterization
of a Flexible and Engineered Solid Wood Panel

In contemporary architecture, the language used to draw forms is connected to the
possibility of expressing freely any shape.Geometrically, this condition is guaranteed
by the double-curvature surfaces and for this is fundamental the material, which
is transformed by innovative technologies to overcome the formal constraints for
the realization or by a discretization of the surface curvature through a tessellation
process. The topic of the research is the study of the double-curved timber surfaces,
in the limitation of the wood characteristic for its organic, heterogeneity, anisotropy
and personality. The real challenge is to make wood flexible in double-curvature and
to obtain a spatial bending, overcoming the limits imposed by nature of the material
itself (Fig. 10).

The research is developed by a group fromDepartment ofCivil andEnvironmental
Engineering in theUniversity of Perugia that includes the authors andSimoneMoroni
and Daniela Ripa for the architectonic and representative theme, and the support for
wood research from the group with Manuela Romagnoli from DIBAF of University
of Tuscia.

The study begins with the impossibility of creating a double curvature surface
using wooden planking, due to the not developability of this class of surface. The
path starts from the maps of the world and the necessity to cut double curvature
surface to develop it in a plane and little approximation, a technique applied in wood
design through an oriented cut (Grima et al. 2016).
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Fig. 10 Flexible solid wooden planking: the discretization through the cut for the double curvature
of the panels

Also, if this kerfing technique is noted in the scientific literature (Menges 2011,
pp. 77–78; Zarrinmehr et al. 2017), the central question is the definition of engineered
solid wood panel as able, flexible and resistant to deform itself in a double-curvature
shape. For this reason, in a generalized vision of panelling (Eigensatz et al. 2010;
Konaković et al. 2016; Ohshima et al. 2013; Son et al. 2017), the research can be
considered as amodelling reverse of the design of a pattern of geodesics on a freeform
surface (Pottmann et al. 2010) to obtain a flexible developable surface (Solomon et al.
2012).

The study analyses the factors influencing the laser cutting of the wood (Barnekov
et al. 1986) and the proprieties of different wood species; it has developed more than
400mechanical samples tests by using different wood species (beech, poplar, spruce,
lime), with the aim of characterizing their maximum bendability, their bending resis-
tance, and their load resistance. Furthermore, the trend of the stresses internal to the
samples is defined by the determination of the critical area of breakage. This provides
the ideal cutting frame dimensions which allow to reduce the internal stresses in the
weaker zones and to maintain the same bendability capacity, in order to achieve
a tenfold increase in curvature for carved panels with a quadrupled cross-section
(Figs. 11 and 12).

Through the parametric algorithm, it is possible to simulate the form and the
behaviours of these elements, and to modify, according to the performance requested
for the panel to have. The panel thickness, the cutting depth, and width, as well as
frame dimensions can be changed. For the analysis of the double-curved wooden
shapes, the surface cutting is first studied, then some wood folding techniques have
been analysed, through cuts, in order to make the material flexible. This condition
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Fig. 11 Kerfing and resin: the construction of a developable panel and the transformation in a
structural element

represents just a first phase of the study, that test also the mechanical characteristics
of the panel adding different resins, considering the cut like a fist phase, to obtain
free form, that through this filling material arrives, in a second phase, to guarantee a
structural resistance (Fig. 13).

Empirical research is translated in the digital environment to define, in a different
way, the characteristic of thewood redrawnby thedigital design.The experimentation
on the flexible panel allows to consider the application in design and to bring the
deformation capacity of the material to the limit.
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Fig. 12 Mechanical tests: the definition of the cutting frame in 400 specimens in function of the
different wood species for the characterizing of maximum bendability, bending resistance, and load
resistance

In parallel to the empirical tests, the panels have been digitally reproduced and
simulated in digital environment to analyse them under a set of applied loads through
the software SAP. The behaviour of the panel has been simulated entering theYoung’s
modulus values obtained from the real bending tests, in order to analyse the internal
stresses distribution both in the longitudinal and in the transversal direction to the
fibers and to more carefully evaluate the most solicited zones. The research shows as
the possible application of the flexible panel as structural element and for this reason
are tested different resins, to arrive at breaking strength of 1100 N.
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Fig. 13 Digital analysis and design: internal stresses distribution in the structural simulation

4.3 Redrawing Descriptive and Projective Geometry:
Generative Design of Stereotomy and Japanese Joints
for CAD/CAM Application

Stereotomy means to cut solids, from Greek “stereós” and “témno”, geometrization
and generalization of architectural elements, and vice versa the application of pure
geometry to the architecture of “stereotomy policy”. This approach results extremely
congenial to the parametric tools today applied tomany architectural projects, accord-
ing to a rule based on a design that today is evermore stronger in generative design.

The research, developed by the authors together with Filippo Bruno Palazzari,
starts from the transcription in generative environmental of the drawing published in
the eighteenth century Frézier publication (Frézier 1737b), where it is given special
importance to the quadric surfaces, by studying firstly the resulting curves from
reciprocal spatial relation, the intersection of two quadric surfaces (planar curves
or spatial curves). Rewriting these classes of surface in parametric language (Burry
2014) and linking them with the process of smart fabrication (Bidgoli and Cardoso-
Llach 2015; Duro-Royo and Oxman 2015; Rippmann and Block 2011; Svilans et al.
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Fig. 14 Parametrizing gemetrical forms: three-dimensional development and parallel projections
of hump spirals

2018), it is possible to have parametrized solutions, but also “unknown” forms, also
interconnecting, contemning and transforming the classical path (Fig. 14).

It is possible to show this principle in the ideation of a staircase defined by stere-
ometric rules, reinterpreting the Vis de Saint Gilles (Pérouse de Montclos 1985;
Sanjurjo Alvarez 2010; Tamborero 2006). Beginning with the generative design of
the helicoids, the algorithm, which is created in Grasshopper for Rhinoceros, defines
a unique step in the application of classical rules, with variable solutions for its para-
metric nature in the possibilities of acting on decided upstream parameters, as the
diameter of the stairwell, height difference to be overcome, number of windings of
the helix and others. As it was in the past, the questions involved regard serializa-
tion, minimization of work waste, dry installation. Moreover, the characteristic of
the material is another boundary condition, as it was also for the stone cutting in
the past. To construct the stairwell by using wood, one of the most important aims
is the management of acute angles and maximize contact surfaces. To realize this
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Fig. 15 Digital fabrication as contemporary carpentery: parametric transcription of the art of tra-
ditional Japanese wood Joinery

objective, it is necessary to design the form by using solids, which are characterized
by perpendicular surfaces, defining for every riser the normal surfaces to the planar
helicoid. In the experimentation developed, the helical staircases are digitally defined
by five principal surfaces, one planar helicoid, and four spatial helicoids, these define
the intrados and extrados of the staircase and its lateral surfaces. In the end, to design
the treads of the stairs, with Boolean operations, the extrados helicoid has to be cut
by parallel plans to Cartesian plane “xy” (Figs. 15 and 16).

The creation of optimized contact surfaces between the voussoirs of a vault
(whether it is a staircase or a “classic” vault), so important for wood stereotomy,
is realized by joints between the elements of a structure. To design the joint between
the steps, the open path guaranteed by the generative design is contaminated with
a really different culture of the Japanese carpentry (Brown 2014; Kuroishi 2015;
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Fig. 16 Digital commingling in generative stereotomy: parametric design for the generalization of
helicoidal stairs and the standardization in the serial fabrication through the definition of an unique
step incastred by “Sumi Isuka Tsugi” oblique scarf join

Nakahara et al. 1995; Seike 1986; Zwerger 1997). Some joints are rewritten by gen-
erative design, in order to transform parametrically any solid. Inside the different
joints, it is proposed the application of Sumi Isuka Tsugi, which can redraw the serial
element. In digital design, by applying a morphing process, it is possible to create
stair characterized by the same form for all the steps (excluding the first and the last).

The digital model developed is useful for the structural analysis (applied with
Abaqus software) in order to define deformations and internal tensions, and also to
simulate the different behaviours, by using integrative structural support. The same
model is also useful for 3dprinting, tested by using the additive material, but also
useful for laser cutting. By using CAD-CAM technologies, it is then possible to skip
the last step, in fact, the designer himself can easily obtain the “Panneaux 2.0” or
rather he can obtain numeric codes to be supplied to CNC machines, that can easily
construct all of what the designer wants.

In this contamination of disciplines ad solutions, the purpose was reached by
letting the possibility of creating one reference step, provided of carpentry joints, into



WOOD, CAD AND AI: Digital Modelling as Place … 27

Fig. 17 Generative path for the optimization of the results: computational design for the individu-
ation of the best combinations to minimze deformations and internal tensions

a simple parallelepiped volume, then with (simplistic) the use of topological criteria
(namely, geometric transformation without cutting, overlays or gluing) the reference
geometry has been morphing into the five basic surfaces of the helical staircase.
The research represents one of the new horizons opened by digital representation
and parametric tools in the renew of descriptive geometry. Rewriting through these
instruments, based on parametrization, the logic of a process, aimed to support the
seriality of applications, to guarantee a correspondence of intents from past scopes
to the present ones.

The integration of instruments and paths becomes an intercultural instrument
able to connect different cultures and different historical results in a contemporary
language, which useful to answer to the request of optimization. The historical lesson
shows its value and role for the construction of our future (Figs. 17 and 18).
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Fig. 18 Generative trascritions: geometrical trasfromation of polyedra for the definition of tenseg-
rity structures

4.4 Wooden Tensegrity Structures and Morphological
Evolutions of Transpolyhedra

The construction of innovative structural solutions arises also from the graphic evo-
lution of simple forms. Digital representation, in the transcription of forms, helps
to understand the centrality of the medium to understand the form. It is the case of
tensegral structures, a study developed by the authors together with Margherita Stra-
maccia and Matteo Margutti (Bianconi et al. 2017g, 2018), where the geometrical
solution is originated by the movement of poles on polyhedric geometries, devel-
oped by generative paths. Without graphic support, it’s hard to understand what a
tensegrity is; it is definable as “a system in a state of stable self–balance including a
series of compressed components inside a continuum of tensed components” (Motro
2003, p. 19). Analysing this statement, it is possible to identify the “compressed
components” as the poles present inside the system, while the “tensed components”
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are made up of a net of tie–rods that connect each element and create this continuum
(Lonardo 2011, p. 5).

The term “Tensegrity” was created in the early Fifties by Richard Buckminster
Fuller, as a contraction of the two words “Tensional” and “Integrity”. The main orig-
inal studies of these structures (Lalvani 1996) was firstly developed through different
approaches by Ioganson, the protagonist of the artistic research in Russian Construc-
tivism (Gough 1998), by Emmerich, who was interested in plane and spatial tessel-
lations (Emmerich 1988, 1996), by Snelson, who started from the polyhedral artistic
reinterpretation (Snelson 1996, 2012), and Fuller, the most famous (Fuller 1963;
Marks and Buckminster Fuller 1973; McHale 1964), who realized some buildings
using this class of structures (Buckminster Fuller 1961; Calladine 1978; Krausse and
Lichtenstein 2017; Marks and Buckminster Fuller 1973; Sadao 1996) considering
the structure as physical manifestation of his theories on synergetics (Buckminster
Fuller 1975). Tensegrity is linked to polyhedron (Pugh 1976a), and it can be inserted
in the theory of reciprocal structure (Baverel and Larsen 2011; Olivier Baverel and
Pugnale 2014; Gherardini and Leali 2017; Kohlhammer and Kotnik 2011; Popovic
Larsen 2003, 2008; Thönnissen 2014; Thönnissen and Werenfels 2011), which is
just known in history as Leonardo projects show (Di Carlo 2008; Pedretti 1988) but
their codification is recent, as testified by the sort of war in patent between the pro-
tagonists of last century (Buckminster Fuller, US3203144A 1961; Emmerich Patent
1377290, 1964; Snelson Patent US3169611A, 1960).

Tensegrity structures are analysed by several researches (Burkhardt 2008; René
Motro 2003; René Motro and Raducanu 2003; Pugh 1976b; Skelton et al. 2002),
those have shown how these structures present interesting peculiarities: for example
the extreme lightness accompanied by a surprising structural rigidity, a condition
that makes them ideal for the challenge of the research of the minimum mass design
(maximum resistance with minimum mass), therefore ideal for the achievement of
a more aware eco-friendliness, which is not just focused on mere energetic saving.
Other peculiarities that characterize these structures are the capacity of redistribution
of the loads on almost the totality of the structure, or once again, the recovery of its
own balance independently from the direction of the disturbances that solicit it, all
properties that are not possible to find in the actual structural configuration, which is
characterized by a superimposition of compression. Every stable three-dimensional
structure, composed by p-planks, with a polygon of p sides connected through cables
on the top and a polygon of p-sides, when connected through elements solicited by
traction as a base, it fits the definition of tensegrity prism (Skelton and de Oliveira
2009, p. 19). For these reasons, tensegrity is subject of theoretical research (Cefalo
and Mirats Tur 2010; Chandana et al. 2005; Connelly and Back 1998; Connelly and
Whiteley 1992; Fagerström 2009; Hanaor 1992; Masic et al. 2005, 2006; Mirats Tur
and Juan 2009; Murakami 2001; Oppenheim and Williams 1997; Tibert 2008; Tran
2002; Vassart and Motro 1999; Zhang et al. 2006) but it is also applied in different
field and applications (Abdelmohsen et al. 2016; Adriaenssens and Barnes 2001;
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Bouzanjani et al. 2013; Bruce et al. 2014; Chandana et al. 2005; d’Estrée Sterk
2003; Dogra et al. 2015; Lenyra et al. 2006; Liapi 2004; Nestorovic 1987; Paronesso
and Passera 2004; Peña et al. 2010; Riether and Wit 2016; Schlaich 2004; Stephan
and Klimke 2004; Tachi 2012; Van Telgen et al. 2013; Tibert and Pellegrino 2011;
Wang 2004).

Our construction of this systems is based on the same geometric process used
for every type of polyhedron, whether it’s regular, semi-regular or Catalan. The gen-
erative path is structured by a set of rotations and translations, to which it follows
the connection between cables and poles, in order to provide the proper redistribu-
tion of the tensions. Themorphological evolution of the polyhedra passes through the
intermediate polyhedric configurations, called “transpolyhedra”. The tensegral struc-
ture, according to the geometric process previously described, is totally inscribable
inside these solids and therefore, between them there are various geometric relations:
decomposing the polyhedron in regular figures is therefore possible to recognize the
number of poles of the tensegral structure, the number of cables, the geometries to
the knot and to have a map of the connections between the same. The creation of the
algorithm for the tensegrity structures can become from both the polyhedra and the
plane tessellations. In particular, the algorithm for the polyhedra realizes translations
and rotations of the corners of the examined polyhedron. It’s easy to grasp that the
number of corners and faces modifies the dimension of the algorithm generated. The
algorithm, due to how it was developed, allows us to vary in many cases the tenseg-
rity structure from both the dimensional point of view and the configuration one;
by doing so it will be possible to adapt the polyhedron with the respective tensegral
transpolyhedra to every planning necessity, whether it’s about a small object or about
architecture (Fig. 19).

According to the geometrical correlation between tensegral structures and trans-
polyhedra, it is possible to consider the generative design of the polyhedron as a
vehicle of representation of spatial definition. The same representation, in addition to
supporting the idealization process, becomes substantial for the analysis of the form.
It’s possible to know the number of poles, the number of cables, the dimensions of
the same and their spatial disposition, identifiable (though only partially), through
the inner corner in the plane figures of the relative transpolyhedra. This abstracted
research, founded in geometry and representation, needs to a have another important
step in order to be concretized, in the definition of a digital handcraft process. For
the characteristics of the material, wood represents in the history a particular field of
application for the design, and now it is possible to underline a new development of
digital woodcraft (Tamke and Thomsen 2009).

In this connection between geometry, representation, structures and form, it is
possible to develop a series of practical applications, also connected to digital wood
design. In particular, in this case, we tested the value of this structure in design object.
A little table, lamps andmore objects inwoodwere created through the support of this
tools. Differently, from the usual condition of tensioning the cables, through wood
design,we created sleeves that allow the object to be tensioned, and then to be realized
through CNC technique. Also, in this case, the transcription of forms by generative
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Fig. 19 Heuristic of the digital drawing: medium and message for the ideation and the design

modelling has created a series of solutions and applications, exploding the operative
concept of artisan 4.0 as a result of comprehension of a geometrical path: reconnect
with materiality and craftsmanship, at the same time, through standardization and
simulation, they take away the properties of unpredictability and emergence that
were inherent in processes that were harnessing materiality (Fig. 20).
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Fig. 20 Design of wood furniture: from the idea to the realization of sleeves elements to obtain the
necessary tension of the tensegral structure

4.5 AI for Mass-Customized Housing. Multi-objective
Optimization as a Decision Support System

In the ideation process inside the architectural design, the performances required are
increasingly becoming a structural requirement of contemporary culture. Likewise,
the freedom in the formal expression, the flexibility requests and the multiple needs
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Fig. 21 Variation and evolution: the genetic population for the analysis of different combinations

connected to the relation with the context are posed as favourable conditions for
the development of a generative approach as a process for a responsive design. The
research developed by the authors together with Alessandro Buffi, it aims to define a
series of mass-customized housingmodels, which can be adapted to different context
and conditions, providing different solutions as an interaction with the surrounding
environment. Through the use of optimization tools developed in the field of AI,
namely Genetic Algorithms (GA), the study deepens the possibility of using genera-
tive models and evolutionary principles in order to inform the customization process
and to promote efficient use of energy and materials in the early stage of design, with
the aim to building up a web-based user interface that allows customers to explore
the generative potential of a model (Fig. 21).

Result of a research agreementwith the Italian start-upAbitare+ involved in timber
construction, the research proposes an integrated design and a production process for
CLT constructions, which is based on mass-customization experiences (Benros and
Duarte 2009; Bergin and Steinfeld 2012; Duarte 2005), multi-objective optimization
strategies (Aish andWoodbury 2005; Kolarevic andMalkawi 2005), and data-driven
design (Brown and Mueller 2017). In this process, natural inspired form-finding
strategies (Bergmann and Hildebrand 2015) are used to select optimal solutions from
a structural and environmental point of view, allowing the designer to visualize and
evaluate thousands of design options and variations (Self and Vercruysse 2017) of
the same product (Bianconi et al. 2017f) through the materialization of architecture’s
complexity question (Scheurer 2010).

The generative path is connected to the emerging context of Industry 4.0 (Paoletti
2018), in its contamination between design and digital fabrication (Corser 2010;
Richard 2005; Larry Sass 2006), aimed to promote timber houses (Turan 2009) by
redefining in a parametric way the traditional typology of the Italian single-family
house. The application of wood in architecture is a technique forgotten in the Italian
contemporary landscape, also because of the reconstructions needs due to the recent
earthquake, evolving from the concept of prefab to the theme of mass customization
(Anderson 2002; Dellaert and Stremersch 2005; Duray et al. 2000; Knaack et al.
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Fig. 22 Housing and mass costumization: the generative path for the optimization of results

2012; Nahmens and Bindroo 2011; Page and Norman 2014; Pine and Slessor 1999;
Salvador et al. 2009; Willis and Woodward 2010; Zipkin 2001).

This model generates a wide variety of architectural solution, and each of them
differs from the others mainly for their orientation, size, type of ceiling, roof slope
and shape of the glazing elements. In this case, the definition of rule-based design
emerges from a study of local codes and CLT construction systems; indeed, while
defining the geometrical rules of themodel, the researcher encoded constraints in such
a manner that each solution meets codes dimensioning and affordable fabrications
methods. As a result, each house in the series is unique in shape and size, even if it
shares with the others the same building system characterized by CLT panels and a
fixed number of manufacturing operations, in both the factory and the building side
(Fig. 22).

The integrated process proposed in this research is created entirely with the
Rhinoceros’s plug-in Grasshopper, introducing in each phase of the project different
add-ons for analysis, representation, and interoperability. TheGrasshopper’s add-ons
Honeybee and Ladybug (Roudsari and Pak 2013) were used to inform the process
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Fig. 23 Big data analysis for Data Driven Design: Pareto front (top right) and comparison between
energy consumption and heating loads (bottom left), cooling loads (bottom center) and lighting
loads (bottom right)

with climate data and advanced energy analysis, Octopus to perform multi-objective
optimization, TT Toolbox to record the optimization process, and Geometry Gym to
create IFC models for BIM interoperability. These tools along with the open-source
analysis software EnergyPlus, Open Studio, Radiance, and Daysim constitute the
toolset used to create the material contained in the web-based catalog. In a second
moment, web implementation and data visualizationwere realizedwith java scripting
starting from the open source project Design Explorer.

In this process, while some architectural characteristics are defined directly by
the researcher, other qualities are supposed to emerge from an optimization process
which encompasses environmental data and analysis. In this sense, Genetic Algo-
rithms (GA) are used as virtual prototyping tools to navigate the design space of
a generative model and optimize the architectural organism. In this research, the
optimization process is based on Grasshopper’s add-on Octopus (Bader and Zitzler
2011; Vierlinger and Zimmel 2015; Zitzler et al. 2001) that performs multi-objective
optimization and allows to combine more performances criteria, namely fitness, to
obtain multifunctional structures. The definition of the performance criteria started
with the study of a constructionmodel through the definition of detailed solutions and
sizing of structural elements. In this phase, the construction cost was computed with
the company through the definition of a series of parametric costs for the elements
constituting the structural system and the envelope, while, energy performances were
evaluated through advanced energy analysis by estimating building energy consump-
tion, comfort, and daylighting (Fig. 23).
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Building energy performance assessments are complex multi-criteria problems
(Asl et al. 2014) that can be effectively solved by genetic algorithms (Clune and
Lipson 2011; Jones 2009b). The goal of an environmental optimization is to ensure
a satisfactory comfort with the minimum use of energy, through the adaptation of
the architectural organism to its context and its inhabitants. Natural lighting then
becomes one of the major driving forces in this design process, which aims to rein-
force circadian rhythms and to reduce the use of electric lighting by introducing
daylight into space, and it results an effective reduction of energy consumption and
comfortable spaces. Acting with passive strategies since the initial stage of design,
it is usually the most effective solution characterized by the highest rate of return on
investment. Data-driven design can effectively support the designer in this process of
problem-solving, by comparing the performance of different design solutions. In par-
ticular, in this research, the goal is to inform the design process in order to optimize
solar gain and maximize the effectiveness of natural lighting and ventilation.

In this context, the combination of data visualization became an effective way
to enhance the decision-making process (Tsigkari et al. 2013) while design space
catalogs, which present a collection of different options for selection by a human
designer, have become a commonplace in architecture in the perspective of the design
democratisation (Kolarevic 2015). The aim is to create an open source design (Raja-
nen and Iivari 2015; Ratti and Claudel 2015; Weber 2005) as meta-project for adapt-
able and mass customized housing (Lawrence 2003). The user interface developed
in this research (https://www.algoritmi.abitarepiu.com) is based on Design Explorer,
an open source project realized by CORE Studio Thornton Tomasetti, that allows to
intuitively visualize and effectively navigate the design space of parametric models
developed in Grasshopper, Dynamo, and Catia. These tools can support the designer
in the complex problem-solving processes, through the combination of the designer’s
preferences with the great amount of information owned by modern construction
companies, thus filling the gap between technological advances and design prac-
tice. Furthermore, their usability and effectiveness will grow along with advances
in Building Information Modeling (BIM), performance simulations and parametric
design and hopefully, in the next future, a similar data-driven approach will help the
designer to deal with increasingly complex projects and achieve both performance
and aesthetic expression.

The approach developed in this research is a work in progress that is finding more
declination, as it shows, for example, the green pavilion project for Perugia Munic-
ipality (Bianconi et al. 2018f), a customized and responsive architecture (Hofman
et al. 2006; Huang 2008), unique design able to generate variable social pavilions
for more than 100 parks presented in the territory (Fig. 24).

https://www.algoritmi.abitarepiu.com


WOOD, CAD AND AI: Digital Modelling as Place … 37

Fig. 24 FromAI to the digital fabrication: details of the BIMmodel for the timber structures cutting

4.6 The Ames Room Pavilion. The Reinterpretation
of the Classical by Generative Design

As a collateral result of the previous research path, our group has designed the Ames
room pavilion, a paradigmatic architectural example that shows the flexibility of
generative. The project, coordinated by the authors with the support of all the group
of research (Alessandro Buffi, Giulia Pelliccia, Marco Seccaroni, Elisa Bettollini,
Michela Meschini, Maria Pia Calabrò, Gianmaria Angelini, Lorenzo Ciculi), is a
spatial deformation that creates an illusory image, constructed starting from the
equivalence of perspective projections between homologous spaces, application of
“perception seen as transactions between the observer and the world… The physical
world is left as mysterious ‘forms’, serving as catalysts to evoke perceptions from
rich ‘assumptive’ common sense derived from past experience, which is the seeming
reality of our perceptions” (Gregory 1987, p. 277) (Fig. 25).

The study is attributed to the American psychologist and ophthalmologist of the
last century Adelbert Ames Jr., that describes these forms, variable in function of
monocular and binocular view (Ames and Ittelson 1952), as “… a whole “family”
of distorted rooms of vastly different shapes could be built, yet all of them, if our
reasoning is correct, should be seen as “normal” instead of some other way because
our past experience has made it a “better bet” to perceive level floors, upright walls,
rectangular windows, etc.” (Ittelson and Kilpatrick 1952, p. 48). As Ernst Gombrich
explains to us, “the illusion consists … in the conviction that there is only one way
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Fig. 25 Ames room: the generation of a whole “family” of distorted shapes in function of the
correspondence of the image constraining the point of view

of interpreting the visual pattern in front of us. We are blind to other possible con-
figurations because we literally ‘cannot imagine’ these unlikely objects” (Gombrich
1960, pp. 210–211).

The morphological transformation starts from the visual pyramid that is created
in the vision of a canonically stereometric room: constraining the point of view and
starting from the same image, it is possible to find a family of deformed spaces by
varying the base of the pyramid. This creates a solid perspective defined by divergent
and inclined the horizontal and vertical surfaces, that deceives the observer in the
evaluation of spatiality, not included in its real form but as a function of the a priori
critical thought with which the image is correlated to space. The deformed space, that
appears regular, confuses the references and the evaluations on measures, making it
appear deformed in the judgment of the dimension of what is inside it, especially
in the extreme parts of the structure corresponding to the edges where objects and
people are positioned in the two extremes of the room they seem to be both bigger
and smaller at the same time. Besides, expanding the functioning of the process of
interpretation of the form related to vision and images, this expedient is also used in
cinema, for example, in Harry Potter or the Lord of the Rings, to contextually shoot
characters of really different height (Fig. 26).

Ames’ room is a classic experiment of visual perception (Ramachandran 1990),
developed in this context with the aim to analyse perception questions. In fact, as
demonstrated by Cornish, Ames’ room works well because “we instinctively regard
an object as extended in the plane at right angles to the line joining the object
to the eye” (Cornish 1935, p. 61). In this way, Ames’ room shows the invariance
hypothesis: “if two objects make images of the same size, the more distant object
must be larger, this is known as Size-distance invariance, therefore loses its status as
a powerful explanatory concept and becomes rather a description of results obtained
under conditions which have yet completely to be specified” (Kilpatrick and Ittelson
1953, p. 223). This experiment was so useful to analyse the effects of perspective
alterations on apparent size and distance scales (Vogel and Teghtsoonian 1972), on
distance and size judgments (Blessing et al. 1967; Epstein et al. 1961; Holway and
Boring 1941; McDonald and O’Hara 1964; Teghtsoonian 1965) and the importance
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Fig. 26 The illusion in theAmes room: the great professor Franco Puriniwith the professorRoberto
de Rubertis

of object recognition in size constancy (Bolles and Bailey 1956, p. 222), all themes
that show how ambiguity in itself can never be perceived (Gombrich 1960) but that
illusions are more effective when they can count on certain inveterate expectations
and assumptions on the part of the observer (Gombrich 1960). In this way, the
camera becomes the topic of confrontation between the interpretation of perception
as unconscious inference (Gregory 1970) and the theory of Direct perception (deWit
et al. 2015; Gehringer and Engel 1986; Gibson 1979; Runeson 1988) (Fig. 27).

The architectonic device developed was really firstly (Gregory 1994) guessed by
HermannHelmholtz (Cz 1896), the principal reference for the Ames’ school (Pastore
1971), and it is connected to the artistic representation of the distorted room (Van De
Geer, De Natris) designed by artists to simulate three-dimensional spaces, as the case
of Samuel Van Hoogstraten (Brusati 1995) and of his amazing peepshow (i.e. van
Hoogstraten 1655–60), but also Brunelleschi perspective machines (Arnheim 1978,
1986), the tools to realize perspective (Moscati 2012) and its poetic (Elkins 1994):
in the correspondence between medium as message, Ames’ room concretizes in the
spatial the Leon Battista Alberti conceptualization of perspective as intersection of
the visual pyramid (Leon Battista Alberti, De pictura incipit, cod. II.IV,38, f.119v),
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Fig. 27 The illusion in the Ames room: the great professor Roberto de Rubertis with the professor
Franco Purini

a geometric transcription of the optical concept of a visual cone (de Rubertis 2012),
the expression of its artificiality (Gioseffi 1957), “lo inganno de gl’occhi”, the eyes
deception (Accolti 1625). In this way, the Ames’ room is linked also to all the
architectures’ illusion, as the works of Andrea del Pozzo shows (Migliari 2000)
or Agostino Tassi (Negro 1996) with which they share the instrument (but not the
objectives): “on one hand Pozzo takes advantage of the eye’s rotation, pivoting in
the projection centre and resorting to other expedients, mitigating the effects of a
displacement of the observer; on the other hand Tassi disregards the code in order
to nullify the effects of the displacement. The perspectives painted by Tassi, thus,
behave like the Ames’ room, because it appeals to the viewer’s experience and to his
mental models, in order to hide the derogations imposed to the perspective rules and
the true shape of the space that these perspectives describe, if interpreted literally”
(Migliari and Romor 2015, p. 66). Reinterpreting the value of this approach for the
contemporary, Ames’ “perspective machine”, by using projections, is based on a
rigorous geometric path to create a wrong drawing (Koenderink et al. 2016), the
same theme of digital virtuality founded in a distort simulation (render-to-texture).
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Fig. 28 Generative model: variation in the whole family of distorted rooms

A mechanical production of vision, Ames’ room for its genesis it is not an art-
work, but our proposal aims to demonstrate that it could become a design work.
Created by ABITARE+ and designed by the research group of the Department of
Civil and Environmental Engineering of the University of Perugia, coordinated by
the author, the research is an expression of the path of optimization of wooden houses
just described. Conceived for an exposition event, where many companies were par-
ticipating, Ames’ room is born inside an iconoclast strategy, that in our imagination
was (Latour and Weibel 2002) important also for the building market. The unusual
installation wants to respond to the homo game aesthetic (Pecchinenda 2010) and to
its role in representative projection in social synthetic universes (Castronova 2007):
the objective is to produce references to move around the net and to talk to the com-
pany, a result that appears reached as it is testified from Google trend data (surely
reductive), which show that in the last year the name of the company was searched
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Fig. 29 Digital simulation: the analysis of the results and the study of the formal details

a lot after the event in which the house was installed. The success obtained with this
first manifestation leas to install the pavilion in front of the prestigious faculty of
Valle Giulia of Rome University “La Sapienza” and by Engineer pole of the Uni-
versity of Perugia; both were events that represent only a portion of the installation
series thought for the development program, a condition that granted the production
of thousands of images (Figs. 28 and 29).

The “vibration of appearances that is the genesis of things” (Merleau-Ponty 1962)
makes this space signed by divergent walls, dynamically conformed to the con-
temporary aesthetic, its form attracts people, simulacrum that transfigures the real
by killing its three-dimensionality, but at the same time it creates life in the image
(Debray 1994). The pavilion has its function in the substantial interactivity connected
to interpretation, which is intended as an opening need to a process of deconstruc-
tion and reconstruction (Neisser 1967) of what it is perceived. The design is then
reinforced, as an instrument to verify and to project, founded on geometry, that finds
in generative logics a new strength.

If conceptually Ames’ room summarizes a wealth of approaches inherent the rep-
resentation that ranges from descriptive geometry to projective through the value of
images and perception, its realization has been developed by exploiting the innova-
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Fig. 30 BIMmodel: the digital fabrication of the parts and the simulation of the construction phases

tive logics of three-dimensional modelling and BIM approach. The paradigm of the
approach used for the design of optimized buildings, in the room is developed in our
first research as the value of generative modelling (Filippucci 2010c, 2012b), useful
to represent different families of spaces and to find the best solution to respond to
spatial limitations imposed by the space where it is set up. The generative process
dialogues and comes into contact with the logic of BIM, in the definition of details of
the constructive elements of the room, which however translates the techniques used
for contemporary constructions in wood. The process thus demonstrates the value of
research for industry 4.0 and the realization of the concepts of mass customization
that are exemplified here (Fig. 30).

For its realization, it was designed a timber platform frame, inscribed in a three-
dimensional space of 4×5×3.5 m, a solid wood structure with plywood sheathing
in Pinepanels Oriented Strand Board (OSB) and interior leaning in medium-density
fibreboard (MDF) panel and external leaning in black printed canvas. Our choice
was to create a box in the panel positioned in correspondence to the point of view
constrained, with the aim of discovering the deception only through the smartphone
screen. The effect is really understood when two people in the corners of the room
change their mutual position. The realization shows as restricted sight is not an
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Fig. 31 The installation of the Ames’ room: the timber structure and the final realization

exact point, but an area, admitting an ample displacement of the observation point
(Migliari andRomor 2015), a condition that leads to an accommodation of perception
that becomes accustomed to this conformation (Mitchison and Westheimer 1984),
despite the clearest clues of stereoscopic vision (Pilewski andMartin 1991). To insert
deformed writings and logos in the deformed back wall in function of the different
events, our room doesn’t have deformed windows, but using quiconce drawn on the
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ground, the camera pushes the people to assume that the images arise from objects of
the same size (Gogel 1969), also because under reduced conditions it is demonstrated
how objects are perceived at a default distance (specific distance tendency) (Gogel
1976), related to the resting state of vergence (Gogel and Tietz 1977).

Ames’ room becomes an interesting paradigm of our culture of the image and of
our mistrusted in them. As Karl Popper asserts, “if we are uncritical we shall always
find what we want: we shall look for, and find, confirmations, and we shall look away
from, and not see, whatever might be dangerous to our pet theories. In this way, it
is only too easy to obtain what appears to be overwhelming evidence in favour of
a theory which, if approached critically, would have been refuted” (Popper 1957,
p. 124) (Fig. 31).

5 Conclusions

“Centuries ago there lived–”A king!” my little readers will say immediately. No,
children, you are mistaken. Once upon a time there was a piece of wood. It was not
an expensive piece of wood. Far from it. Just a common block of firewood, one of
those thick, solid logs that are put on the fire in winter to make cold rooms cozy and
warm. I do not know how this really happened, yet the fact remains that one fine
day this piece of wood found itself in the shop of an old carpenter” (Carlo Collodi,
Pinocchio, 1883).

As in the children novel, also “a piece of wood”, a “common block of firewood”,
if animated by the creativity of an “old” but every innovative drawing, leads to the
discovery of something vital, that is inside the material itself. Wood, by meeting
human labour, is able to generate poetry. Geppetto is not just a simple character of a
fable, but is the touching symbol and metaphor of those who work with matter and
form, and from what appears inanimate he gives birth to something that projects and
redefines its own identity.

The (digital) technical capacities, material potentialities, vitality of the creativity,
all together characterize the experiences reported, they represent just a selection of
a series of research developed and in developing. In all these studies it is possible to
mark the centrality of form, finding the approach and the connection optimization
processes in the support offered by AI in representation tool, without forgetting
wood’s natural intelligence. The focus, for the designer, moves on the laws that rule
the organization of materials, architectures and environmental relationships.

The digital environment, the rewriting of descriptive geometry law, through the
rules and the logic of the generative design, supports the construction of the perfor-
mative architectural solutions. Digital representation does not appear to be a limit,
but the instrument to theMongian “passage fromwhat is known towhat is unknown”.
AI aids designer in the morphogenesis process, also if is it represented by stereo-
metrics forms. All researches mark how the real question is the construction of the
model, founded in the value of interdisciplinarity, an open process aimed to under-
stand the weaving of themes included in the morphological results. The simulation
offered by digital processes is the means to define the ideated image, the real soul of
construction and of architecture.
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