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Abstract.  Algorithmic design processes have enormous potential
for architecture. Even though some large design offices have already
incorporated such processes in their workflow, so far, these have not
been seriously considered by the large majority of traditional small-scale
studios. Nevertheless, as the integration of algorithmic techniques
inside architectural studios does not require mastering programming
skills, but rather taking advantage of a collaborative design process,
small design studios are therefore able of using such strategies within
their workflow. This paper discusses a series of challenges presented
by one of these studios, where we had to integrate algorithmic design
processes with the studio’s traditional workflow.
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1. Introduction

The algorithmic revolution is changing the way architecture is practiced (Imbert
et al. 2013; Heijden et al. 2015). This revolution was quickly adopted by several
large-scale design studios, promoting a collaborative environment composed by
multidisciplinary teams with different know-how. However, it has not yet spread
to the majority of small-scale studios. Fortunately, this does not mean that they
cannot benefit from the advantages of algorithmic approaches in productivity,
cost/time reduction, and experimental freedom, among others benefits (Santos
et al. 2012). To that end, it is important to combine traditional architectural
design processes with modern, algorithmic-based ones. In this paper, we describe
a series of practical case studies where this combination was followed, and we
discuss the results, obstacles, advantages, disadvantages, and lessons learned from
a collaborative design process involving a small-scale studio.

2. Algorithmic Design Integration and Collaborative Work

Collaboration in design is a practice introduced in the eighteen century, resulting
from the divorce between the field of architecture and engineering (Giedion 1941),
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prompting architects to work collaboratively with other experts. Nowadays, to
face the emerging paradigms, such as algorithmic design, it became necessary to
also collaborate with specialists with advanced programming skills.

A new reality of collaborative architectural-engineering-mathematics practice
- which combines experts from different fields, including mathematics, robotics,
and software engineering, among others - is present in some recent design teams,
namely the Advanced Geometry Unit (AGU) of Arup, the Advanced Modelling
Group (AMG) and the Computational Design & Research (CDR) of Aedas, the
Specialist Modelling Group (SMG) of Foster and Partners, among others. These
design studios demonstrate how, within the complex reality of parametric design
and algorithmic techniques nowadays, collaborative work can promote a better and
more efficient design process, in which the support of programming specialists is
becoming increasingly important.

Our goal is to explore a collaborative design approach that allows small-scale
design studios to take advantage of algorithmic processes. Previously, Caetano
and Leitdo (2017) explored the collaboration between two small-scale design
studios and two algorithmic design specialists in the development of an
algorithmic-based BIM fagade for a residential building. In this paper, we follow
a similar perspective, but we go much further: the collaboration also includes
the algorithmic analysis and optimization of the algorithmically-generated design
solutions.

In the next sections, we present three different examples developed
collaboratively between a small-scale design studio and a small external team of
algorithmic design specialists. The team’s intervention was manifolded, focusing
on geometrical, aesthetical, thermal, lighting, and structural issues. In the end,
the case studies demonstrated that, even for small-scale studios and projects, the
collaboration with algorithmic design experts can bring several advantages to the
studio’s design process.

3. Case Study 1 - Lighting Optimization

The first case study faced a complex situation of sun incidence control on a fagade
of an isolated private house facing the Atlantic sea. The aim of using algorithmic
design was to generate a set of fagade shading panels based on the concept
of randomness that, at the same time, achieved a good daylight illumination
performance.

The panels’ geometrical pattern evolved considerably throughout the design
process, resulting from the inherent capabilities of the algorithmic design approach,
particularly, the quick visualization of the impact of changes, and the ability
to simultaneously explore different conceptual directions. In the final design
iteration, the architects decided on a geometrical pattern based on horizontal wood
bars of different sizes, alternating between one full-length bar and a set of smaller
bars (Figure 1.A). The size of the latter should be random, as also their position
along the panel’s width. To increase the architects’ control over the panels’ pattern,
some restrictions on this random behaviour were set, namely the maximum and
minimum sizes of the bars (L-min and L-max), the number of different possible
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sizes (4/), and the maximum distance between bars (D-max) (Figure 1.B-C).

Initially, several design variations were produced by assigning different
values to the design variables, allowing the architects to visualize and analyse
a collection of results, and to then suggest improvements to be applied
on the following iterations. As a result, this collaborative process of
generation-visualization-regeneration helped the architects with the selection of
the best values, from an aesthetic point of view, to be assigned to the design
parameters.
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Figure 1. A conceptual representation of the shading panels’ geometric pattern: A. alternation
between bigger and smaller bars, which size and placement varies randomly. B. the pattern’s
geometric restrictions: bars’ size (maximum and minimum length) and bars’ maximum
distance variables; C. size increment variable (the range of possible length sizes).

Since the architects’ intent was to achieve a solution for the shading panels
that was also optimized in terms of its lighting performance, in a second stage, we
optimised the design regarding the Spatial Useful Daylight Illumination (sUDI)
metric (Nabil and Mardaljevic 2006). To this end, we considered not only the set
of design instances resulting from the architects’ suggestions for the parameters,
but also a larger design space that resulted from the assignment of values that
deviated from those premises. Traditionally, this optimization would require
manually changing the model and executing the corresponding analysis, repeating
this time-consuming process until an acceptable solution was achieved. By using
algorithmic processes, we can automate and speed-up this task.

We started by identifying the key rooms to be considered in the optimization
process - i.e., the rooms where natural lighting was directly affected by the shading
panels to be optimized - which helped significantly to reduce the time taken
by each analysis. Then, different sampling techniques were used to generate
different designs. Initially, Monte Carlo Sampling (MCS) (Shapiro 2003) was
used, allowing us to test the optimization workflow. However, MCS requires
a large number of samples to produce valuable results and, due to the costly
evaluations required by lighting analysis, this is not time-efficient. To overcome
this problem, Latin Hypercube Sampling (LHS) was then used to reduce the
number of candidates, while improving the coverage and variance of the design
space (McKay et al. 1979). In a first stage, it allowed us to obtain a design
solution with 100% of sUDI, but with a high daylight glare probability (DGP),
thus reducing the inside spaces’ comfort.
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The optimization process was then repeated, but this time considering the
constraint set by the architects of using stripes of 5, 10, 15, 20, or 25 cm length.
Only the distance between each stripe (the variable D-max) was dictating the light
entering the room. We started by setting the D-max value as 20 cm, like the
architects had suggested, and we generated 50 samples, obtaining a maximum
sUDI value of around 45%, which was far from being optimum. Consequently,
the optimization process was redone using, this time, a D-max value of 100 cm,
generating 200 samples. The scatter plot in Figure 2 organizes the obtained sample,
demonstrating that, until reaching a maximum distance of 50cm, the sUDI rapidly
increases to 80%, whereas after that it slowly converges to 100%. Nevertheless,
most of the solutions corresponding to higher sUDI values resulted from input
values that deviated from the ones proposed by the architects.
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Figure 2. The scatter plot with the samples obtained during the optimization process. The
models a. to g. correspond to the set of the examples presented to the architects.

The challenge at this stage was selecting a solution that not only had good
lighting performance, but also matched the architects’ design intent. To address
this, we decided to evaluate how much an architect’s initial suggestion restricts his
final choice, i.e., the ease with which he accepts other design options that deviate
from his initial idea. Therefore, we presented seven samples to the architects
without informing them about the values of the variables and the corresponding
sUDI levels. The samples were carefully selected in order to be heterogeneous
(see Figure 2): option « fits all the constraints proposed by the architects; options
b-f match all the constraints except the distance between bars (D-max), which
increases from solution b to f’; on the contrary, option g does not consider most of
the constraints. After analysing the samples, the architects chose option ¢ as the
best option, option d as the second best option, and option a as the worst option.

In general, the options with a more balanced set of characteristics, i.e., with
an acceptable sUDI value (higher than 80%) and, simultaneously, not deviating
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too much from the architects’ original intent, were the ones that most pleased
the architects. In contrast, none of the options with the highest sUDI values
(options e, f, and g) were selected, which means that, regarding the architects’
visual intent, these were not considered as good as the other options (options b
and c). Nevertheless, neither were the former considered as the worst options,
demonstrating that, even when the design deviates from the initial concept (option
2), it may still be considered by the architect as a possible solution.

Regarding the worst option, even though it corresponded to the worst sUDI
value, surprisingly, it was also the solution fitting all the constraints proposed by
the design studio. The architects justified this choice as a result of the panels’
pattern being excessively dense, suggesting that an additional design constraint
should be added - the percentage of opening area should be at least 50%. This
constraint can be easily implemented, and the whole analysis and optimization
process can be automatically repeated, thus further illustrating the advantages
of (1) the use of algorithmic design, analysis, and optimization, and (2) the
collaboration between the members of the team and the design studio.

4. Case Study 2 - Structural Optimization

The second example considered is a two floor service building, located in an urban
context, to work as a museum. The architects wanted to create an articulated truss
structure to support the entire span of the building’s roof slab. It was desired
to minimize the depth of the truss solution adopted. To solve this problem, the
structure had to be first designed to then be evaluated regarding the structural
requirements of a service building. Using an algorithmic approach, the task of
creating a model with the complexity of a truss structure is facilitated. Moreover,
it allows us to easily produce different truss solutions, a fundamental step in the
search for a truss design that meets the structural requirements. In this case,
we selected the maximum vertical displacement as the metric to be studied and
evaluated by using a structural analysis tool, in this case, Robot (Marsh 2014). We
created an algorithm that generates different types of trusses to be tested, namely
Warren, Howe, Warren with verticals, and Pratt, and, in this paper, we discuss
the last two. We opted for spatial truss solutions where we can vary the number
of the modular truss typology between supports, obtaining truss solutions with 6,
8, and 10 modules. Figure 3 shows a side and a plan view of a spatial Warren
with verticals with 8 modules between supports, as well as a rendered image of
the solution.

The different truss types were evaluated according to the regulation
EN1993-1-1, adopted by European countries (CEN 2005). The national annex for
the vertical deflections defines that, in the case of a multi-story service building,
a limit of L/250 can be adopted, in which L is the smallest horizontal span of the
building at the floor level of about 6,4 m. This is translated into a limit of 2,56 cm.
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Figure 3. (A) shows a side and plan views of the spatial Warren with verticals truss type
solution with 8 modules between supports, and (B) shows a rendered image of the truss type
solution.

To automate the generation and evaluation of trusses, we used an iterative
optimization process aiming at finding trusses with the minimum possible depth
and the maximum displacement below the acceptable limit. Initially, the algorithm
produced a set of samples covering a large design space of several depth values.
Then, the algorithm narrowed the design space by focusing on a fraction of that
space, which yielded the best results. It then produced the same number of samples,
but, this time, on the sub-space. The algorithm continued searching until it reached
a value close enough to the acceptable limit of maximum displacement. Similarly
to Case Study 1, the algorithmic design team used MCS to test the optimization
process’ workflow at a first stage, later switching to LHS to better explore the
design space. Figure 4 shows the maximum displacement results obtained.
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Figure 4. The displacements of the evaluated truss designs considering different depths and
number of truss modules.

Observing the results, we can quickly conclude that the solutions with more
truss modules have better performance in terms of deflection. The Warren with
verticals solution with 10 modules achieves the smallest depth of 1.03 m with an
acceptable maximum displacement of 2.51 cm.
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The ability to assess the performance of the proposed solution allowed the
architects to immediately acknowledge whether opting for a certain truss solution
in the support of the building’s roof is a feasible solution or not. As before, it was
the capacity to automate the generation and analysis of several truss solutions that
allowed architects to understand the impact of their design choices in the search
for a better performing solution.

5. Case Study 3 - Automatic Furniture Layout

The third case study considers the generation of bedroom design configurations
for a hotel being developed by the design studio. The project involved the
rehabilitation and repurpose of an old XIX century residential building into a
fully functional hotel with all the facilities and equipment required for this type
of program.

One of the architects’ challenges came from the necessity to furnish all
the rooms with the necessary facilities and equipment to function as bedrooms.
Given the building’s original spatial organization, all the rooms had different
configurations, shapes, and dimensions, as well as door and window positions.
As such, the room equipment had to be specifically adapted to each room. In
addition to that, the architects aimed at exploring variations for the placement
of these elements. Unfortunately, given the large number of rooms to be
furnished, manually adapting the room equipment to each room would have been
a time-consuming task, limiting the exploration of different alternatives.

To address this problem, we developed an algorithm that generates different
room solutions by placing the room equipment differently - i.e., bed, wardrobe,
work table, shower, sink, and toilet. The algorithm considers as input the
dimensions of the rooms, the positions of the door and windows, the dimensions
of each element of the room equipment, as well as the circulation space needed
to properly use them. With this information, the elements were stochastically
placed and oriented within the boundaries of each room, while following a
set of constraints that ensured the generated solutions would comply with both
the constructability requirements and the architects’ intent. The result of this
implementation is a set of different design solutions for each room (Figure 5).

The algorithm evolved naturally from an open and constant dialogue between
our team and the design studio. Initially, a set of solutions was generated and
presented to the architects to be evaluated regarding their feasibility and suitability
to the project. The feedback obtained allowed us to define new rules for the design,
which were then translated into new constraints in the algorithm. This process
of generation-visualization-regeneration was repeated iteratively, allowing us to
shape the solutions based on the architects’ feedback.

In addition to these constraints, the architects presented a set of preferences
that the design should consider, e.g., the sink should preferably be placed next
to the window. In practical terms, these preferences constitute soft constraints
to the algorithm that, although not preventing the generation of solutions not
fitting the preferences, are used to rank them. It is important to consider this
type of constraints because, sometimes, the solutions that do not comply with the
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architects’ preferences, are the only ones that are feasible.

This project is still ongoing: we are currently defining new constraints and
preferences according to the architects’ feedback in order to guide the algorithm
towards better solutions.
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Figure 5. Solutions obtained for two different rooms. The filled rectangles represent the
dimensions of the room elements, which were fixed by the designers, and the outlined
rectangles represent the circulation space required for their use.

6. Conclusion

Despite the recognized advantages of algorithmic design techniques, traditional
small-scale architectural offices still struggle to adopt them, mainly due to lack of
time and resources. In these cases, the collaboration with digital design specialists
and/or computation experts is a good alternative, which can bring the intended
benefits without incurring dramatic changes in the studios’ workflow and methods.
In this paper, we discussed three different examples of such collaboration in which
we were recently involved. Each example described a challenge that was presented
to us by a traditional small-scale design studio.

Our goal was to use algorithmic methods to solve the studio’s limitations and,
then, to deliver a solution (or set of solutions) that could be used by them as a
starting point for the following phases of their workflow. The challenges included
(1) generating a set of fagade shading panels with a degree of randomness and
optimized regarding their lighting qualities, (2) creating a truss structure with
the minimum acceptable depth for supporting the roof slab of a building, and
(3) generating different possible solutions for furnishing a large number of hotel
rooms.

In all cases, algorithmic-based design was used to produce the parametric
versions of the intended designs. Then, sampling methods were used to drive
the generation of design solutions until different fitness criteria were met. In all
stages, a frequent interaction between the algorithmic design specialists and the
design studio was critical: the generated solutions were presented and discussed
with the architects, who then suggested additional constraints to be satisfied and
preferences to be taken into account. This process was done through weekly
meetings between the architects and the team of specialists, and it was repeated
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until optimal solutions, regarding their aesthetics and function, were achieved. The
final solutions were then generated according to the architects’ medium of choice
so that they could simply import them into their work.

This approach allows the use of algorithmic-based design in a
traditional/small-scale design studio without disturbing its working methods,
thus representing an interesting solution for those studios that do not have the
resources to create, in-house, their own algorithmic design team. Our approach
follows the mixed-initiative proposal of Chaszar and Joyce (2016) of continuously
involving the architects in the requirements elicitation and analysis, elaboration
and implementation of prototype solutions, evaluation of the solutions by the
combined team, and subsequent iterations of the process. The goal is for the
studio to maintain control of the design process but, given the multitude of actors
involved in the complexity of the tasks, it is inevitable that some control is lost
(Chaszar 2016).

One important limitation of the process is that the algorithmic knowledge
remains with the algorithmic design specialists. For large studios with sufficient
resources, it is preferable to have that knowledge influencing the studio’s practice.
To that end, the studio should participate in the algorithmic developments with its
own members, increasingly promoting in-house development (Sharples 2010).

Finally, in every work produced by a combined team, there is an important
question that deserves to be discussed: who owns the intellectual property? Given
the small scale of the projects we discussed, this was not a primary concern but
we expect that, for larger projects, with considerably larger investments, it might
become critical (Noble 2010). We do not have yet a solution for this problem but
we hope our community will be a valuable source of ideas.
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