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We present a tool intended to enable non-expert users to apply and manipulate a
shape grammar, SMUG, which encodes the urban design of informal settlements
such as favelas. Such tool, the Interpreter, was developed considering that
students would be its main users, and therefore we consider this grammar
implementation to potentially be a multipurpose pedagogical tool since it
supports conveying knowledge about urban design, shape grammars and
parametric modeling using Grasshopper. This paper focuses on the development
of the Interpreter and discusses the results of its use in a design studio, which can
better inform subsequent iteration as well as other courses and schools.
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CONTEXT
Globally, cities are experiencing significant growth
in population coupled with fast urbanization pro-
cesses (Davis, 2006) - most notably in the global
south. These trends of migration towards cities ex-
ert enormous pressure on cities giving rise to nu-
merous social, infrastructural, ecological, and urban
problems (United Nations, 2015). The formal sector
is unable or unwilling to provide enough appropri-
ate dwellings to this growing population, which then
resorts to self-build processes, giving rise to informal
settlements (Maricato, 2001). These settlements are
spatially rich and adjusted to the site, but lack infras-
tructure and public spaces.

This paper is part of a larger research that ex-
plores theuseofdigital technology toovercomesuch
limitations and promote social integration. Tech-

nology is used in two ways: first; to map, analyze,
and explain the genesis and morphology of informal
settlements. Second; to devise alternative planning
and design methodologies to generate planned set-
tlements with the qualities found in informal settle-
ments while avoiding its shortcomings.

The research is supported by a design studio
where students are asked to design proposals for
planned settlements. The studio aims to takeaproac-
tive approach in designing infrastructure systems for
settlements or social housing. This presents a host
of problems and questions for the participants in the
design studio that reflect the complex relationship
between residents in informal housing settlements
and conventional planning structures that put these
peoples and their homes at risk alongwith associated
conflicts with social and political structure in the “for-
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mal city.” As a design tool and studio, emphasis is be-
ingplacedonunderstanding the spatial complexities
of informal settlements using shape grammars.

The design studio context comprises five main
tasks: (1) To understand the morphology of a case
study, favela Santa Marta in Rio de Janeiro; (2) To in-
fer a shape grammar that explains the generation of
the case study’s morphology; (3) To develop a com-
puter program that implements the shape grammar;
(4) To discuss what are the qualities and shortcom-
ings of the informal settlement used as a case study;
(5) To manipulate the design parameters in the com-
puter program to generate the desired planned set-
tlements. Steps 1, 2, and 3 are relatedwith the prepa-
ration of the studio, while steps 4 and 5 are related
with the work done with the students in class.

This paper is focusedon thedevelopment of step
3, presenting the methodology to implement the
SantaMartaUrbanGrammar (SMUG),whichhasbeen
previously published (Verniz & Duarte, 2017).

RELATEDWORK
Computer implementation of shape grammars has
naturally followed the development of shape gram-
mar theory. While at a certain point the imple-
mentation of shape grammar interpreters was disap-
pointing to the shape grammar community (Knight,
2000; Chase, 2002; A. I.-K. Li, 2005), currently, we
can find a number of tools that can be considered
proper shape grammar interpreters (Stouffs, 2016;
Grasl & Economou, 2018; A. I. -kang Li, 2018; Ligler
& Economou, 2019). In common, these tools enable
users to design shape grammar rules and apply them
to designs, waiving the need for coding skills. How-
ever, these interpreters are constrained to compute
linear geometries, rendering them unable to deal
with meshes or surfaces, which becomes a limitation
when working with three-dimensional models.

Such toolswere considered inappropriate for im-
plementing the Santa Marta Urban Grammar, not so
much due to their limitations on computingmeshes,
but because there is a fair amount of implicit infor-
mation in the SMUG rules. For example, in rules re-

sponsible for positioning a newbuilding based on an
existing one, such buildings are represented by their
corresponding plans. However, the implementation
of such rules will operate on a 3Dmodel of the favela,
implying some interpretation of the rule on the part
of the interpreter’s developers.

In fact, such implicitness is an important aspect
of this experiment, as will be discussed along this pa-
per. The implementation process helped reducing it,
and thusmaking the grammar less ambiguous. How-
ever, as analytical methods for design research, it is
important that shape grammars are allowed to have
some implicitness and flexibility, since eliminating it
completely to thepointwhere it canbe implemented
using the aforementioned interpreters can become
cumbersome, and typically falls beyond the scope of
the research it serves.

In order to accommodate for such flexibility, it
is justifiable to produce custom implementations of
particular grammars. We find a similar approach in a
number of studies applying shape grammars to ur-
ban design (Duarte, Rocha, & Soares, 2007; Beirão,
Duarte, & Stouffs, 2011; Mendes, Celani, & Beirão,
2014). In these studies, a custom implementation of
the grammar allowed researchers to explore and im-
prove the shape grammar in their own terms. The
main difference from these previous approaches is
that the SMUG implementation was designed to-
wards an easy process of performing transformations
to the original grammar (Knight, 1994) in order to
better describe other favelas or to explore better
ways of developing informal settlements.

THE INTERPRETER
The main objective of implementing the grammar
is for students to use it for developing urban de-
sign solutions, corresponding to 3d models devel-
oped in in Rhinoceros . The grammar was converted
into a parametric model whose definition comprises
both Grasshopper (GH) components and GHPython
scripts (Figure 1). The resulting parametric model
was dubbed “the Interpreter”, although this term is
used loosely. In fact, the Interpreter is not consid-
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Figure 1
The SMUG
Interpreter is built
on Rhino,
Grasshopper and
GHPython

ered a proper implementation of a shape grammar
since it does not perform automatic shape recogni-
tion (Chau, Chen, McKay, & Pennington, 2004). Nev-
ertheless, converting the grammar into a paramet-
ric model allows extending its accessibility to wider
audiences that are non-specialists in shape gram-
mars (Barros, 2015), such as students. Consequently,
the presented implementation of SMUG consisted in
translating the Grammar’s rules, in an effort to repli-
cate such rules with the greatest possible fidelity to
the grammar, following an approach used in pre-
vious similar exercises (Figueiredo, Castro e Costa,
Duarte, & Krüger, 2013; Castro e Costa, Jorge, &
Duarte, 2019).

Moreover, since SMUG adopts a bottom-up ap-
proach for modeling the growth of a favela, the cor-
responding GH definition models the behavior of a
cellular automaton (CA). According to Clarke (2014,
p. 1220):

“a CA has four elements: (i) a grid of cells, each
of which can assume a finite number of states; (ii)
a neighborhood, over which a change operator ap-

plies, usually the Moore (8-cell) neighborhood sur-
rounding a cell in the grid; (iii) a set of initial condi-
tions, that is, an instance of the states for each and
every cell in the system; and (iv) one or more rules,
which when applied change the state of a cell based
on properties or states of the neighborhood cells.”

Although the Santa Marta favela does not corre-
spond to a regular grid of cells, we can consider that
each cell corresponds to a building. Each building
can be surrounded by other neighboring buildings.
Each new building is generated from a previously ex-
isting building, which is inherently its neighbor, as
well as taking into account the remaining neighbors.
Moreover, the new building is generated according
to a set of rules that are common to all the buildings
- namely, SMUG.

Therefore, the Interpreter defines the behavior
of the automaton. It operates on one building at
a time. A newly generated building can be subse-
quently used for the next building, featuring a recur-
sive behavior that can be implemented for example
using the Hoopsnake plugin for GH. Naturally, such

Design - SHAPE GRAMMARS AND RULED BASED SYSTEMS - Volume 2 - eCAADe 37 / SIGraDi 23 | 351



operation can be automatized for generating multi-
ple building geometries. The behavior itself corre-
sponds to an algorithm that follows the rule applica-
tionorder defined in SMUG (), although in somecases
such order had to be changed, as explained further
below.

Although Buildings are themain elements of the
favela, there are two other types of inputs for the
Interpreter. The second element type is the Street.
Even though favela streets are informal and implicit
as the spaces in-between buildings, the implemen-
tation of the SMUG implies formalizing streets, since
such spaces influence the generation of new build-
ings. The third and final element it the Terrain, which
isparticularly steep inSantaMarta andnaturallyplays
an important role in determining the geometry of
newbuildings. Therefore, as in the grammar, the nec-
essary elements to generate the favela are Buildings,
Streets and the Terrain. In the Interpreter, the geom-
etry of these elements acts as inputs for the Inter-
preter’s parametric model.

LEVELS OF DETAIL
While implementing the grammar, special attention
was paid to how to present the tool to students, tak-
ing into account their different skill levels. As a re-
sult, the parametric model develops along four lev-
els of increasing complexity: the main program, the
grammar, the rules, and the module. Level One cor-
responds to themain program, containing a GH clus-
tered component comprising the actual grammar
implementation, for which users can specify input
parameter values, or define these as random values,
for automatic generation of buildings for example
(Figure 2). This level includes additional functional-
ities related to user interface, and targets non-expert
users of a parametric model.

Level Two corresponds to the SantaMarta Shape
Grammar itself, encapsulated in the clustered com-
ponent exposed in Level One (Figure 3). This level
contains a set of GHPython components contain-
ing the definition of the Grammar’s rules. Moreover,
this level contains remapping structures that enable
users to easily define parameter intervals for each

Figure 2
Interpreter Level 1:
Main program
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Figure 3
Interpreter Level 2:
Grammar

rule. The purpose of this level is not only to better
organize the grammar implementation, but to allow
manipulating the grammar by adding or removing
rules and defining parameter intervals. Such opera-
tion is possible for novice Grasshopper users.

Level Three corresponds to the Grammar’s rules.
Each rule has been encoded into a GHPython script
component. By default, operating at this level is rec-
ommended for students that know Python. Finally,
Level Four corresponds to a Python module (riostu-
dio.py) that is used by the Rule scripts in Level Three.
Thismodule includes functions that either areused in
more thanone rule, or thatwere considered too com-
plex for students to deal with. Operating at this level
is recommended for more proficient Python users.

Being a pedagogical tool, applying levels for in-
creasing expertise was an early and deliberate deci-
sion in designing the implementation, so that stu-
dents with less programming skills could still manip-
ulate the grammar, while students with more skills
would still be challenged to explore deeper into the
program. Moreover, such hierarchy allowed that at
least one of the levels could be adapted to different

skills. Indeed, the Python scripts in Level Three can
be translated into GH definitions. Therefore, users
with intermediate skills in GH could also change the
behavior of the Grammar’s rules. In order to accom-
modate for an unknown number of Python users, the
teamdecided that a good exercise for teachingGH to
studentswould be to translate the Rules fromPython
to GH.

STAKEHOLDERS
An interesting aspect of the implementation of
SMUG was the interplay among stakeholders dur-
ing the implementation process. We can consider
four distinct types of stakeholders: a) researchers,
who created the grammar; b) developers, who im-
plemented the grammar; c) faculty, who will use the
grammar and its implementation for teaching; and
d) students, who will use the grammar and its imple-
mentation for learning.

In the case of this implementation, students are
represented by a student who attended a previous
edition of the course, and thus could provide in-
sights on the skills and expectations of his former col-
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leagues. Such input allowed, for example, balancing
the researchers’ drive towards grammar fidelity.

The input of faculty is also especially relevant.
Less concerned with the technical aspects or the im-
plementation’s fidelity, faculty are interested in how
the implementation can bemost effective as a peda-
gogical tool for teaching about shape grammars, GH
and eventually programming in general. And con-
sequently, how can it illustrate - or negate - the po-
tential of such approaches in the real world of design
practices. For example, itwas a facultymember’s idea
to constrain how shape rules were implemented, so
that they could be translatable to GH, and therefore
used to teach about GH.

The interaction between researchers and devel-
opers is perhaps the most impactful. Naturally, the
researchers’ inputs about the grammar define its im-
plementation, but therewere a considerable number
of times in which the implementation sparked fur-
ther detailing of the grammar. Such happened be-
cause the act of encoding grammar rules into algo-
rithms implies an exact definition of those rules. In
fact, the intentional effort towards grammar fidelity
actually led to identifying ambiguities in the gram-
mar rules, leading todebate that allowed to fine-tune
the rules, as well as their implementation.

In a number of occasions, the developers raised
questions about a particular rule that had not been
considered when such rule had been defined by the
researchers. This attests to the existence of aspects of
the shape grammar that are implicit, and while such
implicit aspectsmight be easy to identify by humans,
they should be made explicit if they are to be en-
coded into a computer program (Knight, 2000).

IMPLEMENTING RULES
SMUG infers the implicit rules to generate the shape
of specific Brazilian informal settlements that are
highly dense, located within the urban area, and that
develop on steep terrains. The rules express the de-
cisions that residents must make in order to build
within the settlement. The set includes rules to: lo-
cate the house according to the geographical and so-

cial context; orient and shape the house considering
the optimized use of available resources and the im-
mediate physical context; provide proper access to
the houses, reshape the house considering changes
in its functional organization; andgradually formalize
the circulation network (Figure 4) (Verniz & Duarte,
(forthcoming)).

In this section, we analyze in more detail the
translation of the shape grammar rules into its im-
plementation as Grasshopper clusters, referring to
them as Grammar Rules (GR) and Implemented Rules
(IR) respectively. Please note that the Interpreter is a
work in progress, and thus someGRs are yet to be im-
plemented.

BEFORE THE RULES
The first GR is applied to a building. However, such
building needs to be selected, as illustrated in Fig-
ure 4, step 1. According to SMUG, the new building
should be placed at the end of the street with the
shortest distance to the favela’s entrance, at the bot-
tom of the hill. On the other hand, in the Interpreter,
for the sake of versatility, every existing building can
be considered for extending the favela, by being se-
lected randomly or by the user. The selected build-
ing will therefore be used as the left hand side of the
first GRs, or as input of the GH cluster corresponding
to the respective IRs. Since streets are also used as
inputs for generating new buildings, the Interpreter
searches for the street segment that is closest to the
selected existing building. Note that the Interpreter
operates on a 3D model of the favela. Therefore, the
streets correspond to line segments on the terrain.

POSITIONING RULES
The first four rules of the grammar locate a newbuild-
ing according to the geographical and social context
(Figure 4, step 2). Each of the four rules places the
new building in a different quadrant, whose origin is
one of the vertices of an existing building’s plan. Al-
though implicit in GR1-4, such origin needs to be de-
termined by the Interpreter. In IR1-4, the origin cor-
responds to a vertex of the building’s main facade,
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which in turn is determined as its vertical surface that
is best aligned with the input street. The origin and
the main facade determine a plane that will be used
as a referential for the remainder of the generation
procedure. IR1-4 output not only a new building but
also a new street segment, as well as the referential.

This example illustrates situations in which as-

pects of building generation are implicit in the shape
grammar but need to be made explicit for its imple-
mentation. As we will later discuss, these situations
provide the grammar creators with valuable insights
for further developing the grammar.

Besides usingdifferent quadrants, each IR adapts
the position of the new building according to the ex-

Figure 4
Derivation of the
Santa Marta Urban
Grammar

Design - SHAPE GRAMMARS AND RULED BASED SYSTEMS - Volume 2 - eCAADe 37 / SIGraDi 23 | 355



isting conditions. For example, a building produced
by Rule 2 would overlap with the selected existing
building. Therefore, the new building is placed ad-
jacent to the existing one. Although, in the current
implementation, the quadrant is defined by the user,
the Interpreter provides information about overlap-
ping between the new building and existing build-
ings other than the one selected (Figure 5).

Figure 5
Figure 5 - Buildings
overlapping
signaled with
different colors

In theGrammar, GR1 throughGR4 correspond to four
distinct rules. Moreover, rules GR1, GR2 and GR4 are
divided into sub-rules a) and b), the latter enabling
space for circulation. However, due to the similar-
ity among all these GRs, the corresponding Imple-
mented Rules IR1-4 were implemented as one clus-
ter, in which the quadrant is a parameter that can
be either selected by the user or determined by the
Interpreter according to particular criteria. An addi-
tional Boolean parameter determineswhether or not
space for circulation should be added, thus imple-
menting version b of the mentioned GRs.

TRANSFORMATION RULES
Rules 5 through 7 apply affine transformations to
the new building generated by the preceding rules,
namely translation, rotation and scaling.

Rule 5 (GR5: Figure 4, step 3) is used for ap-
plying a translation to according to a particular in-
put. While implementing the Interpreter, however,
we verified that translation of the new building re-
sults from a number of different components, such
as a) avoiding overlapping with the existing build-
ing, b) allowing space for circulation according to

Rules 1-4b, and finally, c) accommodating for user in-
put. Moreover, some of the translation components
might result from applying subsequent rules. For
example, rotating the new building (Rule 6) might
cause it to overlap with the existing building. There-
fore, in the Interpreter, Rule 5 is applied at the end
of the generation procedure (Figure 3). In the Gram-
mar, this would mean that Rule 5 would be applied
at the end of the derivation, potentially justifying its
renumbering.

In SMUG, Rule 6 (GR6: Figure 4, step 4) is used
for applying a horizontally planar rotation to the new
building, deriving from topography, when a build-
ing is aligned with a line of least steepness, or from
theurbancontext, aligning itwithneighboringbuild-
ings. In the Interpreter, an angle provided by the user
is added as a possible input. Finally, Rule 7 (GR7: Fig-
ure 4, step 5) scales the building non-uniformly in
the threedimensions according touser input, namely
needed square footage. One action that is not con-
templated in the grammar is the placement of the
building vertically. Similarly to Rule 5, such place-
ment depends on the result of additional rules, and
is therefore left for the end of the generation proce-
dure.

MODIFICATION RULES
Two additional rules were implemented. Rule 9 (GR9:
Figure 4, step 6) changes the shape of the building by
adding a point to its plan. Note that the first seven
rules operate on rectangles, and therefore this rule
potentially provides morphological richness to the
generated favela by enabling the generation of non-
rectangular buildings. An interesting aspect of rule 8
is that it was developed by request from one of the
students, during the period in which they were ex-
ploring the Interpreter. The student’s main purpose
was to allow a new rotated building to seamlessly at-
tach to the original building (Figure 6). Therefore, in
its intent, this canbe interpreted as a variation of Rule
9. However, the implemented IR9 can be later gener-
alized for accommodating themoregeneric behavior
of GR9.
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Rule 10 (GR10: Figure 4, step 7) adds an annex to
the newbuilding. The implementation of its counter-
part in the Interpreter (IR10) was drafted in the Inter-
preter as a scaled-downcopyof thenewbuilding and
attached to the latter, and only for quadrant 1. Later
on, IR10 was improved by one of the students, who
generalized it for all four quadrants.

Figure 6
Figure 6 -
Implemented Rule
9

Implementation of these two rules illustrates that
there is much space for improvement in the Inter-
preter implementation, but also that such improve-
ment can gain much from being informed by their
actual users. Moreover, the Interpreter can be further
completed with implementation of subsequent GRs.

DISCUSSIONON RESULTS
As planned, the Interpreter was presented andmade
available to about a dozen students in the scope
of the design studio during the spring semester
of 2019. Using the Interpreter was recommended
rather than mandatory, given the various levels of
expertise among students on the different technolo-
gies in which the Interpreter is based, namely Rhino,
Grasshopper and Python.

The results fell short of our expectations. None
of the students actually used the Interpreter for the
project for their final presentation, although there
were some students who explored it during the
semester. User feedbackwas also extremely reduced:
only two people responded to a survey held at the
end of the semester about the experience of using
the Interpreter.

Wehypothesize anumberof reasons for such low
usage of the Interpreter. The first potential reason
is that most students in the design studio in ques-
tion were not proficient in Grasshopper at the begin-
ning of the semester. Although they had GH training
during the semester, they have not reached a level
of proficiency that would have them use GH in that
same semester. Since the most approachable level
of the Interpreter requires GH knowledge, such fact
might have deterred students of using the tool.

The second potential reason is that the Inter-
preter was not yet complete. In fact, the Inter-
preter was admittedly a work in progress during the
semester when it was available to students. More-
over, one of the points of having students use an
incomplete Interpreter was for understanding what
would be more important to develop, in a user-
centered approach. However, the fact that the tool
still had bug to be correctedmight have discouraged
students from relying on it for pushing their designs
forward.

In spite of the shortcomings of this experiment,
they provide important feedback on how to move
forward. First of all, it raises the discussion ofwhether
or not the effort of implementing a grammar is by
itself justifiable. From the low acceptance of the In-
terpreter, we conclude that it is not, which raises the
subsequent question of how to determine its neces-
sity. In our case, although the Interpreter was not as
successful as expected for its use in class, it proved to
be considerably useful for clarifying issues in SMUG
during its implementation.

Another aspect that seems determinant for as-
sessing the relevanceof implementing a shapegram-
mar is the preceding knowledge of its users. The ex-
periment presented in this paper was the first experi-
ence most of the students in the design studio had
with both shape grammars and Grasshopper. This
experiment can be used as an argument for requir-
ing these skills as precedent for attending such de-
sign studio courses.
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CONCLUSION
In this paper we presented a tool intended to enable
non-expert users to apply and manipulate a shape
grammar, SMUG, which encodes the urban design of
informal settlements such as favelas. Such tool, the
Interpreter, was developed considering that students
would be its main users, and therefore such devel-
opment took pedagogical aspects into account. In
fact, despite its low usage by the students, we con-
sider this grammar implementation to potentially be
a multipurpose pedagogical tool since it supports
conveying knowledge about urban design, shape
grammars and parametricmodeling usingGrasshop-
per. However, in order to fulfill that potential, the hy-
pothesized reasons should be addressed. First, addi-
tional training on the technologies used by the Inter-
preter should be provided prior to its use. Also, the
Interpreter should be completed before being made
available to students again.

Therefore, we believe that if such measures are
addressed, the Interpreter will prove a valuable tool
in the next iteration of this design studio.
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