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ABSTRACT

In the last decades, architecture has experienced paradigm shifts prompted by new computational
tools. Algorithmic Design (AD), a design approach based on algorithms, is one such example.
However, the architectural design practice is strongly based on visual and spatial reasoning, which
is not easy to translate onto algorithmic descriptions. Consequently, even using tailored AD tools,
AD programs are generally hard to understand and develop, independently of one’s programming
abilities. To address this problem, we propose a methodology and a design environment to support
AD in a way that is more akin to the workflow typically employed by architects, who represent
their ideas mostly through sketches and diagrams. The design environment is implemented as
a computational notebook, with the ability to intertwine code, textual descriptions, and visual
documentation in an integrated storytelling experience that helps architects read and write AD

programs.

INTRODUCTION
Architectural drawings have for centuries been done by hand (Mitchell 2004). In the last few
decades, however, representation methods have changed due to the invention of digital tools and,

more recently, due to the emergence of Algorithmic Design (AD), a design approach based on
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algorithms (Caetano et al. 2020). Using AD, architects design in a fundamentally different manner,
exploring design ideas through algorithmic descriptions, i.e., algorithmic representations of design
concepts, written as computer programs. AD not only reduces the modelling effort (Burry 2011)
but, when coupled with analysis and optimization routines (Nguyen et al. 2014), also motivates the
search for better-performing solutions.

Despite these advantages, AD has a major drawback: it imposes a translation process from
the abstract imagery in the creator’s mind into concrete, often textual, descriptions (Boshernitsan
and Downes 2004). These descriptions are not as intuitive as other representation means, such
as sketches (Victor 2012), thus hindering communication in collaborative projects, an ever more
present reality. Naturally, architectural projects also rely on multiple file formats to share informa-
tion, which can also work as comprehension support for the AD descriptions. However, this brings
about another common issue that AD must overcome: compatibility (Kensek and Noble 2014).
Furthermore, the simple exchange of data among team members, particularly when working with
different digital tools, motivates inconsistencies and version conflicts.

This research tackles three main difficulties identified in the use of AD in the industry: (1)
understanding algorithmic descriptions developed by others (Myers 1990; Davis et al. 2011); (2)
addressing design tasks that require different design tools (O’Donnell et al. 2013; Eastman et al.
2008; Martinho et al. 2020; Lopes and Leitdo 2011); and (3) ensuring a consistent view of the
design among team members (Baker 2016; Sanchez 2016). To address these problems, we propose
the AD Sketchbook, a methodology inspired by the idea of the digital visual narrative that promotes
the intertwining of code with textual and visual documentation for a storytelling experience that

helps architects read, write, and share AD programs.

METHODS

The present research aims at responding to the question: how can we improve collaborative
AD practices? The proposed answer is a methodology to support readability, compatibility, and
reproducibility in shared AD solutions. To that end, we adopt a design research focused on

the study of design processes and practices (Cross 2006). Inspired by Research through Design
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paradigms, which regard design methods and processes as generators of new knowledge (Stappers
and Giaccardi 2017; Isley and Rider 2018), this investigation encompasses the following stages:
(1) literature review, (2) methodology development, (3) project evaluation, and (4) data analysis
and discussion.

The first stage identifies the existing cognitive barriers, the limitations of current solutions, and
which strategies may lead to successful results. Based on the collected information, the second stage
focuses on developing a set of ideas and design guidelines addressing the research question. More
specifically, we develop a theoretical methodology for collaboratively developing AD programs
and implement a design environment that supports it.

The evaluation stage entails the development of an architectural project using both the proposed
methodology and design environment. Albeit subjective, the exploratory design research method
used for the evaluation is adequate to gain a better understanding of the potential improvements to
collaborative AD practices. The last stage encompasses the analysis of the results, aiming to answer
our research question. Based on the previous findings, we identify the weaknesses and strengths of

our proposal. Finally, we draw conclusions while outlining future research paths.

LITERATURE REVIEW

AD uses algorithms to develop architectural designs (Caetano et al. 2020). Since the design
entities are logically connected, changes applied to the algorithm’s parameters are automatically
propagated through the entire program (Burry 2011), allowing effortless exploration of a variety of
design ideas. Combined with architects’ innate tendency to challenge the limits of creativity, AD has
led to increasingly complex design solutions that simultaneously comply with the growing requisites
of the building industry. This scenario has been motivating the need for collaborative design
environments integrating different experts and tools (Laing 2019), where design representations

need to be easily understood and handled by all participants.

Barriers
Design thinking and computational thinking are two very distinct processes. While the former

is a nonlinear, messy, iterative process (Cross 2006), highly reliant on artistic sensibility and
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intuitive playfulness (Terzidis 2006), that typically aims to find a context-specific solution (Kelly
and Gero 2021), the latter forces designers to move from the iconic representation plane, where the
referred playfulness typically takes place, onto the analogue and symbolic planes, where designs are
abstractly represented by their properties and their potential, instead of their literal form (Mitchell
1975). In computational thinking, solutions usually have more general applications (Kelly and Gero
2021), which in the case of AD means designers can expand their ideation process from particular
design solutions towards a design space containing potentially infinite solutions (Ameireh 2007).
In trying to merge the two worlds, AD programs tend to become unstructured products (Davis
etal. 2011): the computational equivalent to the experimentation process that characterizes design
thinking (Woodbury 2010). Therefore, in addition to the already challenging task of using pro-
gramming languages to represent design concepts (Myers 1990), architects struggle to understand
AD programs developed by others or by themselves too far in the past for the memory to reach.
More specifically, in collaborative AD projects, where the same algorithmic descriptions are being
edited by different parties, the propensity for mismatches is high, more so if the parties involved
fail to understand each other’s work or fail to reproduce it faithfully (Wang et al. 2019). Although
some of these issues have already been addressed by programming environments, these are mostly
tailored to general-purpose software development and, thus, practitioners find it hard to use them

as design tools.

Programming Paradigms

Specialized design environments for AD have been developed in the past, with two main
paradigms standing out: Visual Programming (VP) and Textual Programming (TP). VP describes
programs by interconnecting elements that can be interactively manipulated (Myers 1990), whereas
TP describes them as text. As such, while TP disregards our natural inclination towards imagery
(Zhang 2007), VP explores it.

Nevertheless, the features that make VP so appealing also hinder its use at large scales (Leitao
et al. 2012; Janssen 2014): graphic representations tend to rapidly overflow the bounds of the

screen, with node relations obscuring the program’s structure (Nardi 1993). In contrast, and despite
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having a steeper learning curve, TP offers more scalability (Sammer et al. 2019; Burnett 1999),
resolving information density problems with abstraction and filtering mechanisms. Unfortunately,
independently of the programming paradigm, architects still struggle to understand AD programs,
since translating designs to/from algorithmic representations is a considerable challenge even for

the most gifted and creative ones (Boshernitsan and Downes 2004).

Program Comprehension

Literate Programming (Knuth 1984) proposes developing computer programs as literary works
for humans to read, by documenting the implementation details along with the rationale behind
them. Unfortunately, the idea is not directly applicable to architecture, because it is mostly based on
textual explanations, while architectural design thinking requires different types of visualizations
and graphic elements, such as sketches and drawings (Seitamaa-Hakkarainen and Hakkarainen
2000; Bresciani 2019).

Most architects sketch while designing and most do so as well when programming. In fact
computer scientists alike often draw to help translate abstract concepts onto a more concrete
representation such as a program (Stasko and Patterson 1992). In the architectural context, these
sketches often represent the architect’s intentions towards their AD program, explaining the logic
behind its conception and what they expect it to produce. It is then essential that they fuse with the
algorithmic description itself, taking part in the understanding process as well.

Some authors developed documentation techniques directly targeting textual AD. Illustrated
programming (Leitdo et al. 2014), for instance, proposed the inclusion of sketches, images, and
renders in textual AD programs to establish correlations between these graphical elements, the
program, and the generated model. However, these correlations had scalability problems, making
their use unviable in large-scale projects. Furthermore, the proposal lacked other useful forms of
program documentation, like formatted text and mathematical formulas. Some VP languages, such
as Grasshopper, also allow for the inclusion of imagery and formulae in midst program.

Other features that greatly contribute to the comprehension of AD programs are traceability,

1.e., the ability to relate program parts with the model parts they generate and vice versa, and
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interactivity, i.e., a fast response of the system that allows users to rapidly visualize the impact of
the changes made. One- or bi-directional traceability is supported by most VP languages used in
architecture and by some TP languages as well (Leitao et al. 2014; Castelo-Branco et al. 2020b).
Interactivity is more commonly found in the former, less so in latter (Alfaiate et al. 2017), but in

either case scalability is an issue.

DESIGN SKETCHBOOK

In a creative process, such as architectural design, the narrative of how we got to the final design
solution is just as important to comprehend it as the design itself. The sketchbook traditionally
used by architects stands as proof to this. This creative journal gathers the history of the design’s
evolution based on drawings, schemes, and textual descriptions, helping architects remember,
summarize, or even reuse design ideas. We propose carrying this concept over to AD, creating a

design environment inspired by the architect’s sketchbook.

The Computational Equivalent

Considering the above-mentioned difficulties in developing AD programs and the promising
comprehension attributes of a design sketchbook, its computational equivalent has the potential to
not only make AD more akin to the typical design process, but also facilitate later comprehension and
reuse of algorithmic descriptions. This is particularly beneficial for collaborative work scenarios,
where the person trying to decipher the AD project is rarely its creator. Finally, it should support
exploration and explanation, two fundamental aspects of the development of any architectural
project, and integrate the plethora of tools that typically take part in these projects as well.

For the computational sketchbook to function as an executable depiction of the design process, it
must track the AD program’s development history. Although there are already competent solutions
addressing this problem (e.g., Githopper for Grashopper), implementing such an idea on top of VP
languages is a troublesome task, since in the data flow paradigm it becomes harder to distinguish
between functional and esthetical changes to the program. Considering that TP languages have for
decades been the object of version control research and do not share VP’s scalability issues, our

preference lies with TP.
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Computational Notebooks

Some of the proposed ideas, namely illustration, interactivity, and reproducibility, are at the
core of the computational notebook paradigm (Rule et al. 2018). Embodied in tools such as
Mathcad, Mathematica, or Jupyter, the concept was designed to support reproducible computational
narratives, allowing for the incremental development of programs with immediate feedback on their
results, as well as the intertwining of code with textual and visual documentation.

Although computational notebooks have been around for years, only more recently have they
started to be widely used across multiple fields (Perez and Granger 2007; Randles et al. 2017).
Notebooks allow users to simultaneously execute, document, and communicate their experiments
(Rule et al. 2018), making their work reliable, reproducible, and comprehensible to others, and even
to themselves at a later date. Due to these features, the same notebook can serve multiple purposes,
such as tutorials, interactive manuals, presentations, or even scientific publications (Perkel 2018).

Given the above-mentioned advantages, we propose an adaptation of the computational note-
book workflow to the architectural practice, providing a richer, more interactive, programming
experience for architects, and an easier way for them to understand and reproduce each other’s work

in collaborative environments (Baker and Penny 2016; Wang et al. 2019).

ALGORITHMIC DESIGN SKETCHBOOK

To address program comprehension and maintenance in collaborative AD, we propose the AD
Sketchbook, a methodology and a design environment that allow for the creation of algorithmic
descriptions in an incremental and documented way. Our approach targets architects with pro-
gramming experience who, nevertheless, feel the need for more adequate design mechanisms in
collaborative AD approaches. The integration of the AD Sketchbook with the typical architec-
tural design workflow involves not only incorporating the most used graphic-based representation

methods, but also communicating and sharing information across multiple digital design tools.

Algorithmic Design Methodology
We previously identified three main issues with the use of AD in the industry: (1) understanding

algorithmic descriptions; (2) addressing design tasks that require different design tools; and (3)
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1

avoiding the inconsistencies that occur in shared AD projects. Directly responding to these prob-
lems, we propose a methodology divided in the three main principles illustrated in Figure 1: (1)
storytelling to aid the comprehension of AD program; (2) compatibility among the digital design
tools used in an AD project; and (3) reproducibility to support collaborative AD projects.
Storytelling implies preserving the history of design development, keeping the tale of the
creative process available for future reference. To promote it, the AD Sketchbook allows architects

to store the artifacts produced along the way in an organized fashion, entailing three concepts:

» Incremental development - to support the development of AD solutions piecemeal by
defining small fragments of code and testing them right after, visualizing the result in the
AD Sketchbook itself. The aim is to make the programming activity a more responsive and
comprehensible endeavor, and help track the changes made from one iteration to another.

 Interactivity - to test program fragments in a reactive manner, with interactive mechanisms
that facilitate design exploration, e.g., using sliders and toggles to more intuitively manipu-
late the design’s parameters and, thus, better understand their impact. The aim is to bestow
upon TP some of the features that make VP easier to comprehend.

* Documentation - to effectively tell the story of the design development, while guaranteeing
the program is yielding the expected results. The aim is to turn the program into a
narrative that others can follow and reproduce; thus, both textual and visual documentation
is supported. The former includes textual descriptions explaining both the program and
the images, and mathematical formulas illustrating the program’s computations. The latter
includes handmade sketches, rendered images, and other artifacts resulting from incremental

development and interactivity.

The second principle is compatibility, which allows architects to use a single AD representation
to interoperate with Computer-Aided Drafting (CAD) tools, Building Information Modelling (BIM)
tools, and analysis tools, among others. The intention is to merge the AD methodology with

the architect’s typical workflow by encompassing its multiple design stages, namely exploration,
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analysis, and optimization, and design outputs, such as the production of renders for presentation
and technical documentation for fabrication.

Finally, the AD Sketchbook methodology encourages reproducibility, which guarantees the
results are replicable at any time and by any of the parties involved in the project. To this end, the
AD Sketchbook makes all software dependencies explicit, including datasets and software versions
used. This ensures that several developers can work simultaneously in the same AD program,

overcoming many of the difficulties architects face when sharing code.

Implementation

Despite their novelty in architecture, some ideas behind the proposed AD Sketchbook are already
addressed in the computational notebooks described above. Particularly, the fact that they motivate
users to write interactive computational narratives instead of programs. Jupyter is an example of
a browser-based and open-source notebook (Perkel 2018), whose interface and exploratory style
were originally inspired on Wolfram’s, and which currently benefits from the support of a vast
community of users and developers.

Given the aforementioned characteristics, we decided to adapt the computational notebook
concept to fit AD processes by implementing the AD Sketchbook methodology on top of the
Jupyter notebook editor. To make the resulting AD Sketchbook compatible with the design tools
typically used in the field, we coupled Jupyter to Khepri (Sammer et al. 2019), an AD tool capable
of communicating with several CAD, BIM, game engine, rendering, analysis, and optimization
tools (Castelo-Branco and Leitdo 2017; Martinho et al. 2020). Khepri supports the development of
AD programs that generate equivalent models in these tools, while automating their analysis and
optimization regarding structural, thermal, and lighting performance. This equivalence is ensured
by Khepri’s frontend/backend software architecture, where the frontend provides abstract modeling
operations that have different implementations depending on the backend tool used. As an example,
the abstract operation wall generates, in a CAD backend, just the geometry of the wall; in a BIM
backend, the geometry plus the necessary construction detail encoded in a wall family; in a game

engine, the geometry plus rendering textures; and in a lighting analysis tool, just a set of surfaces
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with the corresponding lighting characteristics.

The AD Sketchbook communicates with Khepri through a bi-directional channel: evaluating
program fragments in the AD Sketchbook prompts Khepri to create the intended digital models
in the selected design or analysis tool and return the evaluation results to the AD Sketchbook in
the latter case. However, to improve the storytelling experience and make the AD Sketchbook
independent of the named tools, we embedded additional web-based visualizers that allow users to

see and keep different kinds of graphical results next to the program fragments that generate them.

EVALUATION

In this section we evaluate the AD Sketchbook methodology in a collaboratively developed
architectural project. Three of the architects among the authors of this article were involved in the
project, working remotely on the same AD Sketchbook. The project comprised an office building
facade in Lisbon, Portugal, whose design was inspired by tiling techniques. Figure 2 shows some
conceptual drawings of the project integrated in the AD Sketchbook. The complete project can be
found at https://github.com/KhepriNotebook/FacadeTiling.

Within the AD Sketchbook, the team coordinated several design tasks: the algorithmic de-
velopment of both the fagade design and the building’s pre-existing geometry and surroundings,
the analysis/optimization of the facade design in terms of indoor lighting performance, and the
generation of fabrication schemes. Since the methods chosen to evaluate the proposed solution rely
on a hands-on approach to test the AD Sketchbook methodology and implementation, the ensuing
sections describe and illustrate the development of the project from a first-person point of view.
The authors summarized their observations from the experience in three parts, corresponding to

each of the AD Sketchbook’s features.

Storytelling

The proposed methodology defends the preservation of the history of the algorithmic develop-
ment. Incremental development allowed the architects to develop the AD program by performing
small changes or additions that could be immediately tested, producing a new graphical represen-

tation each time. Each development step and corresponding tests and results were kept available
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for future consultation. Figure 3 shows two tests performed during the fagade pattern development
that were recorded in the AD Sketchbook, together with the explanation and documentation of
the design decisions made. In this case, the applied design changes resulted from the sensitivity
analysis study of the daylight performance conducted midway, which showed that some interior
spaces were below the standard metrics.

Interactivity motivates architects to explore their designs using sliders, toggles, and other
widgets, to visually manipulate parameters. In the developed project, this feature was important
to quickly explore design variants for the facade (Figure 4), assess the differences between the
obtained solutions, and understand the impact each parameter had on the design.

The AD Sketchbook provides both textual and visual documentation mechanisms to explain its
content and tell the creative story of the project. In this project, the three architects took advantage of
both types of documentation to improve the collaborative design process. On the one hand, textual
documentation was particularly important to structure the project’s development history according
to the different design stages and explain the design decisions (Figures 2 and 3), as was the use
of mathematical formulas to illustrate the algorithms in a more comprehensible notation (Figure
3). On the other hand, visual documentation was useful to ensure the algorithm was producing the
expected results: as we often introduce bugs in the program without noticing, having an image of

the intended result available for comparison was crucial in debugging (Figures 3 and 4).

Compatibility

The use of multiple tools in design projects is a common practice motivated by the tools’
different advantages (Castelo-Branco and Leitdao 2017; Martinho et al. 2020). The AD Sketchbook
allows designers to specify, in the algorithmic description itself, the tools they want to use at each
stage of the project.

In the developed project, compatibility allowed the architects involved to centralize all the
information and coordinate the entire design process from within the AD Sketchbook. In practice,
they took advantage of the integrated visualizers during the design exploration stage due to their

real-time feedback and more direct correlation between the AD program and its result; for more
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complex geometric modelling tasks they switched to a CAD tool (Rhinoceros 3D); and to integrate
construction details and produce documentation for the building structure, they transited to a BIM
tool (Revit). To produce the technical documentation for the fabrication of the facade tiles, they
once more resorted to a CAD tool (AutoCAD) as the laser-cutting process required .dwg files. They
also used a game engine (Unity) to rapidly visualize and navigate through the complete model
and a rendering tool (POV-Ray) to produce realistic films and other presentation imagery (Figure
5). Finally, they used an analysis tool (Radiance) and Khepri’s optimization module to evaluate
and optimize the daylight performance of the solution, without ever leaving the AD Sketchbook’s
environment (Figure 6). In all these cases, the exact same AD description of the design was used.

Note that the AD Sketchbook’s features frequently intertwine with one another. For instance,
in the context of performance optimization, the parametric nature of AD allows the architects to
write scripts that automate the time-consuming iterative evaluation of design variations (Aguiar
et al. 2017). However, since optimization results are frequently hard to visualize and interpret,
the AD Sketchbook also provides interactive plots to help bridge part of this comprehension gap
via storytelling. In this project, the architects benefited from such mechanisms to visualize the
results of the performed daylight optimization, creating a Parallel Coordinates plot (Figure 6 bottom
right) and an interactive Pareto front (Khazaii 2016): by clicking on a point in the Pareto front
graph (Figure 6 top right), they could visualize the corresponding 3D model (Figure 6 bottom
left). This facilitated the understanding of the trade-offs between the esthetical quality and lighting

performance of the project.

Reproducibility

The workflow motivates listing all the necessary software packages and their respective versions
in the AD Sketchbook itself, which contributes to the reproducibility of shared AD programs.
Moreover, as it is compatible with several design tools, different co-workers are free to choose their
preferred tool to generate their models. This notion is further stretched by the AD Sketchbook’s
embedded visualizers, which allow users to visualize the results in the same environment where

the algorithm is being developed.
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In the facade project, the constant testing of the developed AD solutions, promoted by the
interactive development process, and the documentation of the obtained results proved to increase
its reproducibility, enabling all team members to easily compare results. Figure 7 presents part
of the evolution of the facade design: successive versions of the algorithm were stored in the AD
Sketchbook, accompanied by explanatory images, texts, and tests, which were critical to document
the creative process and the changes each co-worker made to it. Furthermore, as this example
relies on the AD Sketchbook’s specific visualizers, the results could be easily reproduced on the

co-workers’ machines.

DISCUSSION

In this section we discuss the benefits and limitations of the AD Sketchbook. Naturally,
architectural projects and design workflows can vary significantly (Rittel and Webber 1973) since
they depend on ever-changing variables (Isley and Rider 2018), e.g., the architect’s interpretation of
the problem and both its temporality and site-dependency. Thus, we do not expect our proposal to
generically apply to all circumstances and design scenarios. Instead, the AD Sketchbook features
must be molded to each design brief and team, responding to their own issues and synergies.

Moreover, the presented evaluation was conducted through exploratory research, having three
of the authors of the article been the test subjects as well. Both the previously described experience
and the ensuing discussion correspond to their agreed opinions on the impact each feature had on
the project’s development, as well as their benefits and shortcomings. While a joint opinion may
obscure individual impressions, we believe these to be of lesser importance in a methodology that

must, in any case, abide by specific design circumstances and team workflows.

A Tale of Design Development

Storytelling has shown to promote program comprehension and increase reproducibility in
this shared programming experience. Having the design history in the AD Sketchbook can help
architects (1) comprehend how and why certain design decisions were made, (2) reproduce each
step taken, and (3) recall and revise their own past decisions. In the developed project, storytelling

was critical for those involved to understand each other’s work and to locate themselves in the
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design process: as design changes were documented in the AD Sketchbook, each architect could
easily be put up to date on the project status and, therefore, proceed with the design process in
a coherent and coordinated way. Nevertheless, there is one setback to storytelling: the verbosity
resulting from incremental development due to the accumulation of (1) tests that may no longer be
necessary; (2) repeated code pieces resulting from multiple iterations over the same design detail;
and (3) scattered code pieces that impair the organization of the sketchbook.

In this project, the architects were able to reduce some of this verbosity by using mechanisms
available in the Jupyter environment to join, hide, and summarize dispersed code (Castelo-Branco
and Leitdo 2021). This process may partially relinquish the design’s history, but it is a necessary
trade-off, since the order in which one creates a story may not necessarily correspond to the order
in which one wishes to tell it. Many users may, in fact, prefer to work with a summarized version
of the sketchbook throughout. In such cases, instead of embedding the narrative in the program
itself, the storytelling process can be managed by a version control system. More on this topic is

explored in Castelo-Branco et al. (2020a).

More Is More

To merge with the architect’s typical workflow, the AD Sketchbook is compatible with different
tools. To keep the AD Sketchbook’s consistency, the interactivity and documentation features
have the same behavior with all supported tools. The difference between tools therefore lies in the
advantages they offer to the design process, as well as on how they support incremental development.

As an example, the AD Sketchbook’s integrated visualizers allow the graphics to coexist with
the AD program: the resulting images appear right next to the program fragment that originated
it (see Figure 7). However, there is a trade-off: these visualizers do not have the capabilities of
external visualizers, such as CAD tools or game engines, and thus are only suitable for conceptual
exploration processes. In this project, the architects strived for a balance between the two extremes,
utilizing both integrated and external visualization tools throughout the entire process depending

on the design problems faced at each stage and each collaborator’s preferences.
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Remotely and Collaboratively

The third goal of the AD Sketchbook is reproducibility; a feature that is heavily dependent
on the two previous ones. On the one hand, storytelling can help architects comprehend each
other’s work and guarantee that the AD program yields the expected results. On the other hand,
compatibility allows architects to choose the tools that best fit their design requirements. Both
features contribute to reproducibility, helping anyone obtain identical results anywhere and at any
time. This is particularly important for collaborative and remote work, two increasingly common
scenarios nowadays due to the growing complexity of architectural projects and the general tendency
towards global networks.

This was also the case in the presented fagade design, where reproducibility allowed participants
to individually develop and test parts of the project and, afterwards, share them with the other
members of the design team, who could then understand, reproduce, and further develop them. The
collaboration made possible by reproducibility not only accelerated the design process, as multiple
architects were simultaneously contributing to it, but also improved the quality of the final solution,
as different minds have different perspectives on the same design problem. Notwithstanding, the
use of the AD Sketchbook in a collaborative work scenario must be coordinated among practitioners

to avoid conflicting versions or repeated work.

CONCLUSION

Architecture is experiencing paradigm shifts prompted by new computational tools, with new
design approaches emerging as a result, namely Algorithmic Design (AD). Nevertheless, architec-
tural practice is strongly based on visual and spatial reasoning, whereas AD is based on algorithms,
requiring architects to overcome the non-trivial task of translating their ideas onto algorithmic
descriptions. As such, even using tailored AD tools, AD programs are generally hard to understand
and develop. Three main problems were identified, namely (1) understanding programs developed
by others or ourselves sometime in the past, (2) using different design tools as required by different
design tasks or preferences; and (3) reproducing the resulting designs in different circumstances.

We addressed these problems by proposing the AD Sketchbook, a computational analogy
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to the architect’s creative sketchbook, which embodies a design medium where architects can
incrementally and interactively develop and document their AD descriptions in a more responsive
and comprehensible programming activity. Our proposal includes a methodology and a design
environment implemented on top of the Jupyter computational notebook and the Khepri AD tool.

To evaluate the proposal, three of the authors collaboratively and remotely developed an ex-
perimental architectural project using the AD Sketchbook. Their experience was documented in
this article. The proposed methodology allowed each of them to (1) independently develop parts
of the project in the same environment, resulting in a storytelling process that facilitated the com-
prehension of design decisions; (2) use different design tools according to the design task; and (3)
remotely execute the program parts developed by others and obtain the same results, which was
critical for keeping the coherency of the design process.

Given that our proposal primarily targets architecture professionals that intend to use AD,
it must contemplate the variety of existing design workflows and fuse with them in a suiting
manner for each professional. There will doubtfully ever be a silver bullet befitting all possible
design approaches. Nevertheless, we believe the AD Sketchbook can promote the adoption of AD
approaches, whether individually or collaboratively, improving the otherwise difficult process of
developing AD solutions. Furthermore, although the proposal focused on architectural design, the
solution can be easily adapted to other design areas.

As future work, we plan on exploring different interaction mechanisms for different types of
algorithmic parameters. Additionally, we will augment the current one-way interaction with the
CAD and BIM paradigms by integrating visual inputs mechanisms (Sammer et al. 2019), allowing
direct manipulation of geometry used as input to the AD program. Finally, we plan on conducting
user studies on the use of the AD Sketchbook methodology, comparing its performance in terms
of comprehension, compatibility, and reproducibility, with traditional means of employing AD in

collaborative architectural projects.
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4 Facade Concept
Tiling

Atiling of the plane is a family of sets - called tiles - that cover the plane without gaps
or overlaps. Tiling is also known as tessellation, paving, or mosaics; they have
appeared in human activities since prehistoric time, including architecture. This
technique has found several applications in architecture, namely, to explore both its
tectonic and visual expressiveness to generate building skins with multiple geometric
patterns and performance behaviors (e.g., shading, ventilation, lighting proprieties,
among others).

In this particular design, we use tiling to create a visually interesting/dynamic geometric
pattern, as well as to shade the interior spaces of the building: we opted for using
irregular triangular tiles, which we materialize as triangular-shaped elements that can
have different sizes and opacity levels.

Tile aperture shapes and sizes

N

AN

On site

The application of the pattern to the building's fagade intends to both create a visually
interesting/dynamic geometric effect, and to shade the interior spaces of the building
from the intense natural daylight typical of southern European countries. The pattern
creates an interesting light effect on the inside office spaces.

Hand-made drawing of the initial design intent for the location

o
P

14 2)

[
@
Ry AT

5.3 Pattern

Tile pattern conceptual sketch: left - design variables, right - design variations

Triangular tile concept with varying opacity levels

Tiling facade with triangular tiles of varying opacity levels

ANMZANYZ

Fig. 2. Design concept documentation in the AD Sketchbook.
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Multiple stains pattern distribution

Second pattern distribution choice

After some preliminary analysis we concluded the light coming into the service spaces and corner offices was not enough for
our standard metrics and we changed the distribution to accommodate the same design effect but several times along the

fagade's width. Specifically, we indented the sinusoidal wavelength to match the number of large office division inside, so that

each big room could appreciate the fading effect from the inside in its entirety.

old mathematical expression for aperture pattern:
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Px

l::apen‘ure (p) € [Fmin , max (Fmin s Sin(

@test begin

((fmin, fmax, length)->

test_facade_tiles

end

Expected result:

ANANANANANANA
NAINNZNINZNZN
ANANANANANANA
NANANAVANVANAN
L INANINANNZIN/

NZNVASVANZANVANAN
NN INANANY/
NAVANZN/NVANZN
IANANLANY/ N |/1NV/

&Zﬂ%&%&%ﬁ%&%ﬂ
A/BI/N - NAN/NA |

PIN/NZAN AN ANVA
A AN/NANA NWN
VN ANAN/N - NA
NZNZAINZAANAN
VIVINVINAN AN N/
NZNZN AN ANV
AN /N ANAN AN 4
NPINPINZN/7A NN
ANAN VAN AN7N 4

NANANANVZNVANAN
L INZN/N/IN/NZIN/
NANANANINANZN
ANANANANANANA
NANVANANVANVANAN
NN N NN

new mathematical expression for aperture pattern:

- (1 - Fmax))]

pts->random_range(fmin, max(fmin, (abs o sin)(pts[1][1].x/length*n_rooms*m)-(1-fmax))))

X Rrooms X 7T )

Px
length

sin (

Fmim max (Fmim

Faperture (p) €

((fmin, fmax, length)->

test_facade_tiles

@test begin

end

Expected result:

ANANANANANANY
NANZNANZNANZN
N%NZNZANZE&M&

QZNZNZN%EZN%
IANANANANAN AN
NANANAVAVAYAN
ANANANANANANY
N/IN/ININZNN/ZN
AN/ NN /N7 N AN
NZNZIN PR [N AN
AV R4 NN VY
M/ N/ NANANA\7N
A NANAAI/NAN/NA
NANANAN ANV AN
ANANANANANANA
NANANAVANANAN
AN AN NN AN AN 4
/NN AN NAY
VNV NIZANV NP\ P
AJZ WINVAN AND I AN
ZN/N /A4 AN
(VA NAN ANZANVANGN

ANANANANANANA
NAN/INZANZINY N AN
VINAWAVNV NN/
WV INZAA A VN
ANV NN/ NN/
NAVANAN APV
VANV N AN A VAN
NANVANVANZANANAN
ANANANANANANA
NANAN/N/N/N/N
VANV AN VANV VN W
RNANZAAZINZN/INPIN
ZNPRAY N/ N AN/
V! NANVAN /N N AN
[ANVANANVANANZIN
NANVANVANANAN AN
ANANANANANANA

Fig. 3. Facade design options: central stain effect (top) and vertical stains effect (bottom).
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6 Optimization Pareto Front Plot

Each one of the designed rooms has its own lighting conditions, meaning they should be analyzed Choose the backend to visualize the Pareto front solutions:
indivi to ideal However, for this work, we decided to optimize just one
of them. M backend(autocad)
Room selected for optimization.
Row | min_opening | n As SDA
Floates Float64 | Float64 | Floates
|
T
10 | 0.65 [15.0 [23.6 |203 |

Create interactive Pareto front plot:

M create_pfs(pfs, x=sDA, y=ASE, tpf=nothing, names=all_algorithms,
colorscale=nothing, colors=["#43a@b5", "#B5557A", "#eb9llc"],
draw_dominated=true, layout=layout_tiling)

@ =m/|
The two metrics involved in the optimization process were Spatial Daylight Autonmy (sDA) and 35
Annual Sun Exposure (ASE), and the objectives were:
minimize  ASE 00250 (X1. X2) 20
maximize  sDA 300505 (X1, X2) 2
X4 and x, are the variables for our optimization problem, representing: the min value for openings
x4 €{0.1,0.15, ..., 0.85}, and the spacing between the panels x; € {10, 11, ..., 50}. w20 -NSGA” Domin
<
Finally, we tested the NSGA-II algorithm, with 250 solutions grouped in populations of 25. 1 /_ //
Initial Population 10
the initial ion for the isti i based on the Latin Hypercube s
algorithm.
0
M unscale(value, nmin, nmax, omin=e, omax=1) = o B m 15 20 25 30 35 40 45
(value .- omin) ./ (omax - omin) .* (nmax - nmin) .+ nmin
SDA
—e+— NSGAII NonDominated NSGAII Dominated

Uncostrained:

M unconstrained_trace = parcoords(;line = attr(color=df.sDA, colorscale="Y1GnBu"),
dimensions = [
attr(range = [0.1,0.85], label = "min_opening [m]", values = df.min_opening),
attr(range = [10,50], label = "n", values = df.n),
attr(range = [0,40], label = "ASE [%]", values = df.ASE),
attr(range = [0,50], label = "sDA [%]", values = df.sDA)

/I\L/
ANINVRVNVRIAR
k‘ “u"n " L‘ " L"A;‘V‘ min,a:;;isng[m] 5no As:%J smsé%]
/ZINVINVINVAVNAN '
NN/

/A\VINN

s
unconstrained_plot = plot(unconstrained_trace)

Fig. 6. Optimization of the facade project: problem description (top left), interactive Pareto Front
(top right), generation of the selected solution in the chosen visualization tool (bottom left), and
parallel coordinates graph (bottom right).
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The function polygonal_tile creates one tile whose opacity can vary between 0% (totally
opaque) and 100% (totally transparent).

M polygonal_tile(pts) =
(; factor=0.5) ->
let p = polygon_center(pts)
ats = [intermediate loc(p,q,factor) for q in pts]
polygon(pts)
polygon(qts)
end

polygonal_tile (generic function with 1 method)

M @test begin
backend(notebook)
render_size(600, 400)

end

M @test begin
new_backend()
@manipulate for f=widget(©.1:0.1:0.9, label="Apperture factor")
delete_all_shapes()
polygonal_tile([x(8), x(1), xz(1,1), z(1)])(factor=f)
nothing

Apperture factor

The function polygonal_tile redefined to create 3D BIM elements (panel object) + in
1t for minil size

x

polygonal_tile(pts) =
(; factor=0.5) ->
let p = polygon_center(pts)
qts = [intermediate_loc(p,q,factor) for q in pts]
Khepri.distance(qts[1], p) < ©.85 ? panel(pts) : panel(pts, family=t:
end
a | 4

polygonal_tile (generic function with 1 method)

x

@test begin
backend(meshcat)
render_size (800, 400)

end

M @test begin

new_backend()

sleep(5)

@manipulate for f=widget(©.3:0.1:0.9, label="Apperture factor")
delete_all_shapes()
polygonal_tile([x(@), x(1), xy(1,1), y(1)])(factor=Ff)
nothing

end

end

B

Apperture factor

Fig. 7. Part of the development history of the polygonal tile algorithm: first (on the left) and final

version (on the right).
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