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Limitations regarding the ornamental aspects of a shape are predominantly
related to the time it takes a designer to perform shape refinement processes,
mainly due to the complex interdependencies between structural and orna-
mental representations. An extensive body of research on Computer-Aided
Drafting (CAD)—and corresponding sub-domains—has been conducted to
facilitate complex modeling processes, ranging from rule-based to scripting-
based approaches, with the latter being much more flexible and extensive
than the former. One possible case study that stresses the inclusion of com-
plex ornamentation in structural assets is that of Gothic Architecture. Albeit
expressive, these previous studies conform to outdated, rigid, and convoluted
scripting-based approaches that contribute to a lesser degree of intelligi-
bility in a designer’s workflow. Consequently, this study aims to refer to
Gothic examples (windows and cathedrals) as a basis for developing an
approach—through a friendlier scripting-based Algorithmic Design (AD)
tool—that isolates the definition of structural and ornamental assets from
one another, such that the former incorporates the latter with no additional
changes to the structural model. This allows for the derivation of different
designs and reduces the time it takes for a designer to apply these modeling
processes. Finally, to evaluate our solution, this study contributes with a
generative solution capable of dynamically deriving multiple cathedral floor
plans incorporating various ornamental elements, suggesting a potential
application to different case studies.
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1 Introduction
Over the last decades, research and development efforts have been
conducted to further enrich technological integration in graphically
oriented environments, such as the Architectural, Design, and Engi-
neering domains [3]. Amongst many other advantages, as we can
observe in Sutherland’s seminal contribution [34], and equally rele-
vant works [16], automation and increase in productivity served as
the pivotal catalysts of notable breakthroughs resulting in the emer-
gence and development of CAD and Computational Design (CD)
technologies: two closely related and interchangeable approaches
where computational processes and algorithms, respectively, serve
as the basis of Bi-Dimensional (2D) and Three-Dimensional (3D)
modeling. As a result, the use of CAD and CD solutions extended
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to a multitude of different Areas of Knowledge—its incorporation
in Architecture being one of the most notable examples.
With an increase in use throughout the years, CAD software—

with Autodesk’s AutoCAD1 being a pinnacle—has robustly estab-
lished itself and contributed with accessible Graphical User Inter-
faces (GUIs) capable of serving the graphical needs inherent to the
previously mentioned domains. However, despite the broad range
of 3D operations that such GUIs offer, their interactive capabilities
prove burdensome, time-consuming, and insufficient when scaling
them to complex models [7]. One such example that caught our
attention pertains to architectural workflows where style variations
in already-defined models (e.g., buildings) are desired: something
that requires changes in ornamental details without directly affect-
ing their structural representations. In cases such as these, where
the complexity of a model entails a network of interconnected de-
pendencies (structural/ornamental), the aforementioned traditional
interactive capabilities do not suffice:

"as hardware graphics capabilities continue to improve,
the key limiting factor for the inclusion of rich ornamen-
tation in the built structures of computer games is the
time it takes a human artist to create such patterns" [36,
p. 2]

To mitigate this concern, one must facilitate the processes allied
to already-established modeling conventions and contribute with
appropriate abstractions that complement these requirements.
With these observations serving as our motivation, this study

aims to address these limitations on complex modeling processes
pertaining to the inclusion, variation, and combination of structural
and ornamental details in built structures, while studying, conju-
gating, and reflecting upon appropriate measures to tackle them.
In this regard, we have devised the following research questions
pertaining to the inclusion of ornamental characteristics in virtual
environments:

• Provided a standardized set of Gothic floor plan conventions,
how can one resort to a generalized AD solution as a means of
adapting to particular designs? (e.g., Cathédrale Notre-Dame
de Paris2 or Cathédrale Notre-Dame d’Amiens3);

• Provided a set of walls, how can one change a specific wall
configuration to include assorted ornamental elements? (e.g.,
windows, arches, rosettes, among others);

• Provided a set of pillars, how can one change a specific pillar
configuration to incorporate different designs? (e.g., Gothic
style or Eclectic style);

• Provided a set of windows, how can one change its orna-
mental characteristics such that various stylistic outputs are
derived with minimal effort?

1https://autodesk.com/autocad
2https://en.wikipedia.org/wiki/Notre-Dame_de_Paris
3https://en.wikipedia.org/wiki/Amiens_Cathedral
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To address these research questions, we delineated a set of hy-
potheses based on a methodology that we will delve into throughout
this document. This methodology should be capable of addressing
optimized modeling processes, conforming to use cases of structural
and ornamental variations, by employing the generalization of struc-
tural representations that later embody equally generalized shapes
capable of including different ornamental designs. With these gen-
eralizations in place, it is then possible for both these modeling
aspects to encompass a multitude of different styles by applying
accessible changes with minimal modeling efforts and little to no
impact on the model’s core structure. As such, it seems appropri-
ate to consider convoluted architectural case studies where 2D/3D
modeling procedures are heavily put to the test. Following this, and
referring back to the previously presented research questions, we
have chosen Gothic Architecture as our case study due to its intri-
cate and ornate style: encompassing a wide range of ornamental and
structural schemata that serve as complete examples of scalability
in design.
Regarding the limitations allied to CAD environments, CD fell

subject to a finer-grained partitioning encompassing different subdo-
mains. Amongstmany others, this led to two interrelated approaches
that gained prominent traction: Parametric Design (PD) and Pro-
cedural Modeling (PM). At the core of these approaches lies AD,
where modeling processes are employed via algorithmic procedures
[19]. PD and PM involve the use and conjugation of parameters to
describe designs [2], with the latter relying on sequential/procedural
applications of modeling processes that resort to elements of the
former. These approaches allow for much more flexible and scalable
means of modeling when compared to conventional procedures
[17]; thus deeming these new branches a suitable alternative.

2 Background

2.1 Parametric Design
PD is a CD approach capable of generating and manipulating com-
plex geometry by identifying and defining the parameters that
describe the relations and interdependencies between their con-
stituents [23]. To exemplify, certain building elements can be param-
eterized by defining their structural parts (e.g., floor plans, walls, and
windows), each entailing different parametric features. These fea-
tures can later be referred to as a means of controlling and changing
a model’s representation in a way that, despite its complex network
of relations, pays due respect to the corresponding constraints held
between them [20]. This allows a designer to search for alternative
variations of a given model by simply changing its parameters.

Several well-established PD conventions are recurrently applied
within modeling environments, the most remarkable ones being
Parametric Variations (PVs), Parametric Combinations (PCs), and
Parametric Hybridizations (PHs). The coming notions, based upon
Hernandez’s study [11], reflect upon parametric changes when ap-
plied to the schemata of column designs:

Parametric Variations: These perform variations on parame-
terized entities (e.g., their dimensions and scaling). Hernandez
refers to a quadrilateral with different parametric schemata:
its width/height and its vertex coordinates;

Parametric Combinations: These generate new designs based
on the different components of a geometric entity. Hernandez
refers to the structural partitioning of columns (e.g., base,
shaft, and capital) to which one can perform different design
combinations;

Parametric Hybridizations: As the name implies, PHs are a
hybrid of PVs and PCs.

Fig. 1. An example of PHs. (original from [11])

With these approaches, one can generate a variety of designs
stemming from a model’s initial parametric representation. To apply
these principles, PD procedures are often incorporated within a
myriad of modeling approaches, with PM being the most flexible
and overarching choice [12].

2.2 Procedural Modeling
Following the definitions in Smelik et al. and Krispel et al. surveys
[15, 31], PM is a generative modeling technique capable of creating
a wide gamut of generative representations. This is accomplished by
employing algorithmic procedures directly or indirectly defined via
human intervention: one can program the whole procedure or define
flexible procedures that generate content semi-automatically. Useful
methodologies following these notions have established themselves
throughout the years, with their nuclear branches being rule-based
and scripting-based approaches.

2.2.1 Rule-Based Approaches.Drawing inspiration from grammars
[24, 33], and its application to computational procedures [5], rule-
based shape generation involves incrementally transforming a shape
by applying a series of predefined rules. This is first employed
starting with initial states, followed by continuous derivations until
a terminal state is achieved.

Formally introduced by Stiny [32], Shape Grammars (SGs) allow
for the definition andmanipulation of shapes via shape sets and rules.
Once these aspects are defined, it is possible to employ succeeding
derivations, via shape combinations, that follow simple set theory-
based Boolean operations or Euclidian transformations.
This was later expanded to include the definition of 3D shapes

by elevating sets of lines and points to a higher degree of freedom.
Examples include Konig and Eizenberg’s [13] method to generate
Frank Lloyd Wright’s prairie houses.
SGs are often paired with dataflow-based environments, most

of which resort to Visual Programming Languages (VPLs), due to
their accessible and user-friendly qualities [18]. However, several
studies have made clear that despite the friendliness of VPLs as a
design tool, these constitute notorious scalability concerns when
the modeling of complex architectural projects is concerned, with
a suitable alternative for these cases being Textual Programming
Languages (TPLs) [17].
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2.2.2 Scripting-Based Approaches.Following the de�nitions in Krispel
et al. [15] survey, scripting-based approaches resort to TPLs paradigms
for shape de�nition. Consequently, generating geometric entities
becomes a matter of leveraging the set of operations and data struc-
tures inherent to a given TPL�most of which are facilitated by
external libraries speci�cally designed for geometrical representa-
tions [29]. These o�er a higher-level framework where low-level
modeling operations are abstracted away from its users; thus serving
basic and complex modeling needs through much more convenient
and approachable means. As such, shape generation can be as simple
as applying a sequence of invocations encompassing conveniently
named functions. The following is a description of a subset of pos-
sible operations via this approach (as categorized by the previous
survey):

Instantiations: These are responsible for creating, often basic,
shapes (e.g., polygons and platonic solids);

Binary Creations: These perform set theory-based operations
involving two or more shapes (e.g.,Booleanoperators, such
as union and intersection);

Deformations and Manipulations: The backbone of most com-
plex modeling operations. These are particularly useful when
performing shape morphing, displacements, and many more
(e.g., scaling, o�set, extrusion).

One of the main advantages of PM is its ability to reduce the
workload of modeling tasks. In the case of architectural assets, as
mentioned in the survey, such is particularly useful when deal-
ing with repetitive properties, since�once a shape's description is
de�ned�it is possible to reuse its de�nition and apply it to miss-
ing forms with no additional e�ort. Furthermore, one can perform
parametric modi�cations that lead to di�erent stylistic outputs by
tweaking the function's parameters.

3 Related Work

3.1 Rule-Based Solutions
Despite the slight diversion that the forthcoming solutions represent,
these are still of interest as they encompass worthy aspects related to
the modeling of buildings and corresponding constituents. Here, we
exploreCityEngine4�a system that automatically generates virtual
cities�and Computer Generated Architecture (CGA)5�an extension
to CityEnginefor building generation improvements.

3.1.1 CityEngine and CGA.Stemming from a study by Parish and
Müller [25] and later expanded by Wonka et al. [37], CityEngineis
a system capable of modeling a virtual city coupled with building
generation. It follows an approach for automatic building generation
via a combination of grammars�each resorting to an attribute-
matching system�that spatially distribute design ideas by selecting
appropriate rules and excluding unsuitable instances (for the sake
of architectural coherence). However, the authors warn that this
solution proves limited when the generation of highly complex
architectural details is required.

Later on, Müller et al. [22] contributed with an extension, by the
name ofCGA, that addresses undesirable geometrical intersections,

4https://www.esri.com/en-us/arcgis/products/arcgis-cityengine/overview
5https://doc.arcgis.com/en/cityengine/latest/help/help-cga-essential-concepts.htm

among others.CGAovercomes this by adding a set of additional
rules for coherent building subdivision (e.g., dividing a building
into di�erent levels, windows, among others), together with two im-
portant mechanisms�occlusion and snapping�that test for spatial
overlaps and search for relevant lines and planes in a shape's con�g-
uration, respectively. The snapping mechanism delimits a building's
façades by identifying its outlines and the occlusion mechanism
resorts to the former, such that an occluded surface may never
constitute doors or windows.

Fig. 2. An example of the snapping mechanism, followed by a possible
output via CGA. (original from [22])

These solutions drastically reduce modeling times, since they
allow for the automatic generation of buildings and virtual cities.
Notwithstanding, they face certain limitations, such as possible
unwanted side e�ects as the grammar's vocabulary increases, un-
derexplored architectural designs of greater complexity (e.g., Gothic
Architecture), and the lack of real-time rendering tools.

3.2 A Reflection on Rule-Based Solutions
Saldaña's study [27] resorts toCGAto implement buildings of the
Roman period. One important observation made by the author is
that, throughout the modeling process, these rules had to be rewrit-
ten multiple times as new parametric de�nitions had to be designed.
Consequently, such recurring processes may produce unwanted side
e�ects in the later stages of the modeling process. Moreover, another
observation is thatSGusability and extensibility are restrained by
the framework within which they are implemented, stressing the
fact thatCGAlacks curvilinear geometrical entity descriptions.

In a di�erent study, Müller et al. [21] also resort toCGAto model
Mayan architecture. However, this is rather simplistic compared to
the styles we wish to incorporate in our proposal.

Fig. 3. Di�erent degrees of ornamental complexity: rule-based generations,
le�most two figures, and scripting-based generations, rightmost two figures.
(originals from [9, 21, 22])

Despite research e�orts and analysis of various other studies [8,
27,30], we have not found rule-based solutions encompassing highly
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intricate ornamental details. Furthermore, to our understanding,
rule-based approaches are best suited for subdivisions and automatic
generation purposes when preconceived models are guaranteed.
Lastly, rule-based approaches mostly resort to VPLs as an interface
for design, which are much less �exible and extensible than TPLs.

3.3 Parametric-Based Solutions in Practice
Parametric-based solutions constitute the building blocks allow-
ing for design variations/combinations. Kramer and Akleman [14]
present an approach to perform di�erent variations in design fol-
lowing the American Second Empire architectural style. To develop
procedural methods that describe an architectural style, the au-
thors state that one must �rst identify the patterns responsible for
their materialization. However, one must de�ne the structural and
ornamental features that encompass them.

Several categories were identi�ed in this study (e.g., houses and
roofs), followed by their constituents (e.g., doors, windows, and
crestings). The authors organize these concepts in a hierarchical
tree structure that can individually be referred to as a means of
incorporating di�erent styles.

Fig. 4. PD in practice: di�erent stylistic outputs in fixed structures. (originals
from [14])

This study gives insight into the importance of proper identi�ca-
tion and modularization of architectural assets into di�erent sections
and features; consequently serving as additional reinforcement on
the signi�cance of PD approaches to our study.

3.4 Scripting-Based Solutions
Here, we exploreGenerative Modeling Language (GML)andKhepri:
two TPL approaches for generative modeling. Due to their breadth
and better suitability in tackling the requirements of our study, these
represent the essence of our solution.

3.4.1 GML.Havemann [9] developed a stack-based TPL (based on
PostScript), namedGML, for generative modeling. Here, shapes are
represented via function/procedure de�nitions and combinations,
just like one would declare and invoke a function in a programming
environment. Furthermore,GMLpreserves two important aspects:
(1) low-level abstraction for user-friendly purposes, and (2) para-
metric de�nitions through functions or data structures. On that
note,GMLallows for high-level shape descriptions that are later
converted to low-level representations. For this interpretation to
occur, the author designed the following libraries:

Core Library: Contains basic language-wise operations for stack-
based manipulation, �ow control, and data structures, among
others;

Geometry Library: Comprises a wide range of functions for
geometrical operations;

CB-RepLibrary: Contains the necessary components for low-
level shape representations;

Modeling Library: Encapsulates high-level modeling opera-
tions (e.g., extrusion, among others) resorting to theCB-Rep
and Geometry libraries for low-level conversion;

Interaction Library: Constitutes functionalities capable of han-
dling user input.

To implement these libraries, the author resorted toC++6 and de-
signedGML'ssyntax based on that ofAdobe's PostScript,7 which, in
our opinion, constitutesGML'smain limitation. The �gure below
showcases the generation of a simple heptagon viaGML.

Fig. 5. Polygon generation via the rightmost code snippet inGML. (original
from [9])

One can easily assert that the code snippet responsible for the hep-
tagon's generation is much less perceptible when compared to other
languages; thus reinforcing the previously mentioned limitation.

3.4.2 Khepri.An alternative approach isKhepri.8 This AD tool is
much broader and intelligible thanGML(two useful qualities that
may contribute to overcoming its limitations) and allows for the
de�nition of geometric shapes through algorithmic descriptions
that later propagate to a backend environment of choice [4, 28] (e.g.,
AutoCAD, Rhinoceros,9 Revit,10 among others). These algorithmic
descriptions are accomplished viaJulia:11 a modern TPL known for
its smooth learning curve, fast execution, and large-scale develop-
ment support [1]. Kheprialso o�ers all required low-level operations
for complete geometric modeling, since it works as an interface that
relays instructions to a backend environment that already supports
them, and encompasses a set of advantages worth considering:

Versatility and Portability: Two useful qualities when one
wishes to generate equivalent 3D models�across di�erent
backends�stemming from a single set of algorithmic proce-
dures;

Flexibility and Scalability: Two inherent properties of most
TPLs that propagate toKhepridue to its reliance onJulia;

Smooth Learning Curve and Syntactic Intelligibility: Two
factors that are preserved byKheprithanks toJulia'scharac-
teristics.

To illustrate syntactic intelligibility, compared to that ofGML, the
�gure below showcases how a previous example can be made sim-
pler.

6https://isocpp.org/
7https://www.adobe.com/products/postscript.html
8https://algorithmicdesign.github.io/tools.html
9https://www.rhino3d.com/
10https://www.autodesk.com/products/revit/architecture
11https://julialang.org/
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Fig. 6. Polygon generation viaKhepri

3.5 A Reflection on Scripting-Based Solutions
Scripting-based approaches show much more promising prospects
when �exibility and scalability are concerned, with special emphasis
on developing highly complex 3D models in a way that would
simply be unfeasible via rule-based solutions without sacri�cing
intelligibility and ease of editing. These two qualities mainly relate
to the complexity of the framework in use.

As mentioned in Krispel et al. survey [15], despite the bene�ts of
this approach, certain trade-o�s must be accounted for: the need to
learn a TPL. On a positive note, what brings weight to this factor is
the choice of TPL and the complexities it entails.

As stated by the authors, the success ofProcessingas a modeling
environment, for users that lack programming backgrounds [26],
reinforces this aspect and relates to two factors: (1) the simplicity of
the language's syntax and (2) the interactive experience it provides.
On that note, since Havemann appliedGML to the modeling of
Gothic Architecture [10], maintaining the powerful and extensible
core features ofGML, while applying them through simpler frame-
works (Khepri), inspires a fruitful research path. This would provide
modeling users with a powerful and accessible AD tool that allows
for structural, ornamental, and stylistic variations.

4 Solution
The solution presented herein aims to implement a methodology
for optimized modeling processes that allow for structural and or-
namental variations of Gothic Architecture. In our study, we de�ne
structural representations as the elements that pertain to topological
and sustaining characteristics, as opposed to ornamental represen-
tations which are the geometric elements responsible for aesthetic
purposes. The following are some examples:

Gothic Cathedral: The structural constituents of a cathedral
are pillars and walls. These can include ornamental features,
such as ornate shapes, windows, and rosettes;

Gothic Window: The structural component of a window would
be its tracery (i.e., the boundary that delimits its surface),
whilst its ornamental aspects would be rosette embellish-
ments and the tracery's 3D aspect.

Structural and ornamental representations are dependent on one
another; thus, the idea is to create algorithmic descriptions capable
of generalizing structural representations that can later embody or-
namental assets, which allow for simple parametric modi�cations�
with minimal e�ort and little to no impact on the model's structure�
that contribute to di�erent stylistic outputs. On that note, our so-
lution should be capable of e�ectively addressing the previously
presented research questions.

The coming �gure illustrates our solution's architecture.

Fig. 7. Solution architecture.

Our solution heavily resorts toKhepri as an AD tool, due to
greater �exibility, scalability, and more powerful modeling leverag-
ing compared to rule-based solutions. Finally, we resort toJulia to
establish optimized data structures, be�tting of PD conventions, for
variations and combinations in Gothic styles/designs. Additionally,
while the backend environment depicted above isAutoCAD, the idea
is for the algorithmic procedures to translate to multiple backends.

Since we wish to conceive a solution for modeling purposes, we
adaptGML'smodeling strategies, to those ofKhepri, by adjusting
them toJulia. This brings simpli�cation and optimization bene�ts
that overcome the syntactic overheads allied toGML's PostScript
dependency.

4.1 Parametric Representation of a Gothic Window
For the parametric representation of a Gothic window, we will fol-
low Havemann and Fellner's analyses [9, 10]. The authors consider
a default Gothic window as being composed of the following con-
stituents:

Pointed Arc: Standing on top of the window, it results from
an intersection between two arcs;

Sub-Windows: Standing side-by-side, below the pointed arc,
the sub-windows are also composed of pointed arcs and may,
or may not, contain inner constituents;

Rosette: Filling the gap between the main arc and the two inner
arcs, we have a rosette that may, or may not, contain inner
constituents.

Borrowing an illustration from the authors' studies, the �gure below
showcases these components and the parameters responsible for a
pointed arc.

Fig. 8. Gothic window prototype and pointed arc parameters. (originals
from [9]))

A main arch's model is accomplished by joining a pointed arc with
a quadrilateral, with this same procedure applied to the inner arches
(intermediate calculations are required for positioning purposes).

, Vol. 1, No. 1, Article . Publication date: November 2024.
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For the rosette, we are left with a geometrical problem, de�ned
in the �gure below:

Fig. 9. Rose�e parameters calculations. (original from [9])

Finally, to de�ne the planar border of a window, the authors con-
sider two parameters: the inner and outer o�sets (i.e., the distance
between inner �elds and the outer boundary, respectively). The
ensuing �gure illustrates this.

Fig. 10. Three Gothic windows with di�erent inner and outer o�sets. (origi-
nals from [9])

Resorting to all the previously de�ned parameters, it is then
possible to model a Gothic window's structure and apply variations
in design by controlling its parameters.

4.2 Modeling a Gothic Window withGML
When de�ning the ornamentation of a Gothic window, Havemann
and Fellner contain the structural de�nition in a single block of code
and isolate the ornamental de�nitions to an external dictionary
which can be transferred to the previous code block. This constrains
the window's structural representation to a static form and the
ornaments to a dynamic one, allowing a wide variety of styles to be
incorporated.

Having de�ned a style dictionary, this is then transferred to yet
another dictionary. However, this new dictionary holds a di�erent
purpose: it is responsible for storing the necessary parametric values
to be passed onto the generative function that makes up the structure
of a window. The listing below illustrates this dictionary and the
parameter that holds the style dictionary: theStyle parameter.

dict dup begin ! windowdict
/ excess 1.25 def
/ arcDown 2. 0 def
/ bdInner 0.4 def
/ bdOuter 0.5 def
/ wal lSetback 0.1 def
/ heightBott 2.0 def
/ kseg 6 def

/Style Gothic_Window .Styles .Style_1 def
end

Listing 1. Defining the parametric values of a Gothic window withGML.
(Original from [9])

Once these dictionaries are established, the code responsible for
structural computations invokes them, loads their entries, and ap-
plies them to the structural models; thus allowing for ornamental
embellishments. The ensuing �gure showcases di�erent style dic-
tionaries applied to the same structural model.

Fig. 11. Di�erent Gothic window styles viaGML. (originals from [9])

The important feature to be highlighted is how one can resort
to externally de�ned data structures as a means of transferring
ornamental features to a structure.

4.3 Implementation
4.3.1 Switching From GML to Khepri.To our understanding,GML's
approach is far from optimized: its syntax heavily inheritsPost-
Script'spost�x notation, making it less accessible; it limits a user's
work�ow, due to its stack-based paradigm; and requires additional
measures to ensure proper use of theoperand stack(i.e., one must
accommodate to applying sequential functions in such a way that
the required parameters' order matches that of those found in the
operand stack). Furthermore, the modeling operations supported by
GMLusually involve direct manipulation of half-edges12 andEuler
operators, which can be abstracted away.

Considering these limitations, we strive to develop a modeling
solution that inherits the concepts made possible byGML�isolating
structural and ornamental representations�, but through a frame-
work that mitigates these limitations. On that note, we resort to
Khepri'sinheritance ofJulia as an e�ort to circumventGML's Post-
Scriptdependency. This would allow for the following contributions:
(1) abstract stack-based operations from the user's end; (2) promote
a clear understanding of the TPL syntax, by switching fromPost-
Script'spost�x notation to Julia's in�x notation (commonly used
in mathematical contexts familiar to architects); and (3) abstract
away low-level modeling operations, through the employment of
modeling functions closer to those commonly used within the Ar-
chitectural/Design domains.

In the coming sections, we describe how we implemented these
methodologies, resorting toKheprias an AD tool, applied to the
modeling of Gothic windows and cathedrals.

12https://en.wikipedia.org/wiki/Doubly_connected_edge_list
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4.3.2 Structural Representations of Gothic Windows.We consider
a slightly modi�ed version of Havemann and Fellner's [10] repre-
sentations for the parametric representations of Gothic windows.
These parameters delineate the 2D shapes/boundaries of a window.
This is de�ned in the listing below.

mutable struct GothicWindow
bottom_left_corner
upper_right_corner
excess
vert ical_distance_to_sub_arch
outer_offset
inner_offset
window_prof i le
rosette_style
left_sub_arch_style
r ight_sub_arch_style

end

Listing 2. Gothic window parametrization via aJulia struct.

To situate the window in a 3D space, we indicate its bottom left
and upper right corner, followed by information concerning its
constituents: excess, vertical distance to sub arches, and outer/inner
o�set. This data structure will later be passed as an argument to a
modeling function that outputs the window's 3D model.

Since the structure of a Gothic window is a �xed asset, these are
meant to remain static (as opposed to ornamental geometries).

4.3.3 Ornamental Representations of Gothic Windows.First and
foremost, with the parametric de�nition of a window being closely
related to its structure, we are now left with two additional steps:
(1) develop a collection of generative functions that further re�nes/
embellishes the window's structure and corresponding constituents,
and (2) provide a set of operations that gives a 3D quality to these
shapes' layout.

To give ornamented 3D shapes to these structures, we resort
to functions that apply a 2D shape (pro�le) to beswept13 along
the 2D boundaries (paths) that compose the structure of a window.
The �gure below illustrates two di�erent 3D outputs by applying
di�erent pro�les on the same arc.

Fig. 12. Examples of di�erent arc ornaments.

A pro�le is stored in thewindow_profile parameter and the or-
namental parameters (post�xed with'style' in 2), serve as place-
holders for the ornamental factors of the window (akin toGML's
style dictionaries). Lastly, we de�ned two initializers that appropri-
ately populate thesestructs:

13In CAD work�ows, a sweepis an operation that takes two arguments�a path and a
shape�where a 2D shape is dragged along a path; thus resulting in a 3D output

function Gothic_Window (...)
function Sub_Gothic_Window (...)

Listing 3. Gothic windowstruct initializers.

The constructor for the sub-windows is de�ned di�erently from
the main window, as its parameters are retrieved via intermediate
calculations in the function responsible for the structural represen-
tation of the window.

We follow a slightly di�erent approach than that of Havemann,
given that we apply asweepthrough all 2D shapes, as opposed to
performing surface area (window boundary) extrusions followed
by asweepthat merely covers the outlines contouring these bound-
aries. To our understanding, our approach provides more expressive
ornamental qualities.

4.3.4 Combining Structural and Ornamental Representations of Gothic
Windows.To model a Gothic window, our solution makes use of a
single function(gothic_window) that receives as input the previ-
ous constructors and executes intermediate calculations forCarte-
sianpositioning of windows, together with structural and ornamen-
tal transferring.

To that end, one must resort to theGothic_Windowstructand
refer to the left and right sub-arches with theSub_Gothic_Window
struct. On that note, thegothic_windowfunction is inherently recur-
sive, in the sense that it receives aGothic_Windowstruct, comprised
of additionalSub_Gothic_Windowstructs, and is recursively applied
to the left and right sub-archesstructs.

4.3.5 Structural Representations of Gothic Cathedrals.Once again,
our approach to de�ning structural procedures for Gothic cathe-
drals is based on Havemann's study [9]. However, as opposed to
Havemann's study, our solution allows di�erent �oor plans to be
derived by tweaking the generative functions' parametric values.
Furthermore, we adopt an additional mechanism for directional axes
conformance. The listing below illustrates this.

# == WORLD DIRECTIONS == #
NORTH = vy (1)
SOUTH = -NORTH
WEST = vx ( -1)
EAST = -WEST
GROWING_HEIGHT_DIRECTION = vz (1)
DECREASING_HEIGHT_DIR = -GROWING_HEIGHT_DIRECTION
# == WORLD DIRECTIONS == #

Listing 4. The modeling environment's global variables.

The structural factors considered in our study are pillars and
walls. With that in mind, shown in the listing below, we created
two distinct data structures for object instantiation and ornamental
incorporations.

mutable struct Pil lar
model
row
column
center
orientat ion
width
depth
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height
north_wall
south_wall
west_wall
east_wall

end
mutable struct Wall

model
left_pi l lar
r ight_pi l lar

end

Listing 5. Pillar and wall parametrization via aJuliastruct.

These serve as constructors for the structure of our cathedrals and
contain pointers to one another, parameters responsible for orna-
mental aspects(model) , and additional parameters for intermediate
calculations. To that end, we de�ned three initializers: (1) an ini-
tializer concerning measurements and delimiters, (2) a pillar info
initializer, and (3) a wall info initializer. Once these initializers are
invoked, they store the previousstructsin globally accessible dictio-
naries that serve automatic modeling procedures that conform to
di�erent �oor plans.

Concerning the measurements and delimiters initializer, this is the
�rst to be initialized. This is because the remaining initializers refer
to its output for proper execution, as it contains relevant general
information regarding the distance between pillars, and row/column
ranges for each section of the cathedral, among others.

Concerning the pillar initializer, three distinct pillars were de�ned:
buttresses (pillars forming the exterior outlines of each section),
outer pillars (pillars coming right after the buttresses), and inner
pillars (all remaining pillars). All these pillars are related in their
dimensions, in the sense that we de�ned a basic pillar type�whose
parametric values (width, depth, and height) are instantiated by the
initializer�serving as a placeholder for a ratio-based system that
appropriately manages the dimensions of all pillar types. Lastly, it is
possible to adapt di�erent ornamental models for each pillar type.

The wall initializer follows a similar process to that of the pillar
initializer: walls are equally related to the sections of a cathedral
and stored in conjunction with the ranges that compose them. The
major di�erence is that walls are based on the pillars to which they
are connected, from which their dimensions are derived. We also
established di�erent types of walls: (1) �ying buttresses (albeit not
a wall, we consider it as such due to spatial positioning similarities
to walls), (2) wall blocks, (3) arch blocks, and (4) window blocks.
Finally, we resort to wall blocks as an elementary unit to build upon
the remaining wall types (�ying buttresses being the exception),
from which di�erent ornamental models can be derived.

4.3.6 Ornamental Representations of Gothic Cathedrals.For the
ornamental representations of Gothic cathedrals, we refer to each
pillar and wall (by section) of a cathedral and assign the output
of a generative modeling function to themodelparameter of their
structs. From this point forward, one can apply di�erent modeling
functions to each pillar and wall type.

For the pillars, we resort to individual generative functions re-
served for each type. These notions are equally applied to walls, but
with a slight di�erence: here we refer to the basic wall block from

which we build upon more re�ned wall types viaBooleanopera-
tions. If one wishes to model an arch or a wall with a window, we
refer to a solid block (the wall block) as the main entity from which
Boolean subtractions, unions, and intersectionsare derived (with the
remaining shape being either a solid arch, a window, or other kinds
of shapes).

4.3.7 Combining Structural and Ornamental Representations of Gothic
Cathedrals.Here, we resort to two additional functions�one for the
pillars and another for the walls�, each responsible for the instanti-
ation of pillars and walls. This instantiation accounts for multiple
factors, ranging fromCartesianpositioning to linking an ornamental
representation to the structural representations of pillars and walls.

These instantiators receive an argument(pillars) : a 2D array,
de�ned by the user, in which one speci�es the upper range of rows
and columns present in the desired cathedral. By using these, ad-
ditional procedures concerning the di�erent cathedral sections are
performed, as each section conforms to di�erent ornamental types.

What these additional procedures do is traverse the list of pillars
and populate each entity's parametric variables (except for the walls,
assigned at a later stage by the wall instantiator). The most important
parameters therein are (1) themodel, (2) thecenter , and (3) the
orientation .

Concerning themodelvariable, as depicted in the listing below,
the instantiator refers to a higher-order function that takes as input
(1) the pillar matrix(pillars) , to store the result in the globally
accessible matrix; (2) the collection of pillars of the same section
(pillar_info_collection) ; and (3) a generative function respon-
sible for ornamental models(pillar_type_instantiator) .

function instant iate_aisles_buttresses (pi l lars )
aux_instant iator (pil lars ,

get_aisles_buttresses () ,
buttress )

end

function aux_instant iator (pil lars ,
pi l lar_info_col lect ion ,
pi l lar_type_instant iator )

Listing 6. Dynamic instantiation of a pillar. (naming conventions are
modified for shortening purposes. complete definitions can be found at
https://github.com/loumourao/ornamental_modeling_khepri)

Following this, if one wishes for a collection of pillars to em-
body alternative ornamental representations, one can change the
pillar_type_instantiator with a generative function of their
liking.

Regarding the pillar'scenter andorientation , the instantiator
resorts to additional procedures to retrieve these values. The pillar's
center is retrieved via a function, shown in the listing below, and
the orientation refers to a previously initialized value (the latter
being responsible for rotating the pillar's model to �t its orientation).

function get_pi l lar_coordinates (row , column)

Listing 7. A function responsible for retrieving theCartesiancoordinates
of a given pillar. (complete definitions athttps://github.com/loumourao/
ornamental_modeling_khepri)
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This function translates the row and column ranges of the pillars
to positions in space.

Concerning the instantiation of walls, these follow the same prin-
ciples as the instantiation of pillars, but with an additional factor
that links them to the pillars that support them. Furthermore, each
wall is instantiated following a left-to-right fashion on each of the
sections within the cathedral; thus allowing to link its represen-
tation to its corresponding left and right pillars, and to assign a
pointer to the last four parameters of thePillar struct.

5 Evaluation
Here, we evaluate our solution by applying it to the modeling of
Gothic windows and cathedrals: we derive multiple Gothic window
models�similar to those found in Havemann's study�and a series of
Gothic cathedral models based on real-life examples in the European
landscape.

5.1 Modeling Gothic Windows
To model a Gothic window, one must resort to the previously shown
constructors. For this, we suggest that one implements a speci�c
function that pertains to the overall style of the window encompass-
ing these constructors.

One constituent that may encompass ornamental embellishments
is the rosette. The main function that produces a Gothic window
comprises the rosette's parameters (i.e., its center and radius). Fol-
lowing this, if one wishes to embellish the rosette, it is necessary to
develop an additionalstruct, but this time focusing on the parametric
schema of the rosette. The listing below illustrates this.

mutable struct Rosette
foi ls_instant iator
n_foi ls
start ing_foi l_or ientat ion
displacement_rat io
rosette_prof i le

end

Listing 8. Rose�estruct initializer.

This will serve therosette_style variable of the window con-
structor. Following this, generative functions responsible for or-
namental designs are referred to by an additional step that in-
tegrates these ornaments in the structure; hence the parameter
foils_instantiator in the structabove. The listing below com-
prises additional de�nitions for rosette variations.

function rosette_rounded_foi ls (...)
function rosette_pointed_foi ls (...)
function Empty_Rosette_Style (...)
function Rosette_Pointed_Style (...)
function Rosette_Rounded_Style (...)

Listing 9. Rose�e additions in the code. (complete definitions athttps:
//github.com/loumourao/ornamental_modeling_khepri)

Following this, it is then possible to apply these constructors,
and corresponding ornamental functions, to model a wide variety
of Gothic windows. The listing below showcases how to de�ne a
window, followed by a �gure with outputs derived through di�erent
de�nitions.

function Gothic_Window_First_Style (...)
profi le = ...
rosette_style = Empty_Rosette_Style (profi le )
sub_sub_sub_style = Sub_Gothic_Window (...)
sub_sub_arches_style = Sub_Gothic_Window (...)
sub_arches_style = Sub_Gothic_Window (...)
main_arch = Gothic_Window (...)

end

Listing 10. The generative function of a Gothic window with a basic
style. (complete definitions athttps://github.com/loumourao/ornamental_
modeling_khepri)

Fig. 13. Di�erent Gothic window designs viaKhepri, inspired by [9].
(each definition can be found athttps://github.com/loumourao/ornamental_
modeling_khepri)

5.2 Modeling Gothic Cathedrals
Since our solution allows for the derivation of di�erent �oor plans,
all that is left is to specify each section's row and column ranges.
The �gure below illustrates how to do this.

Inspired by a floor plan illustration in [9].

Fig. 14. Example of indexing a cathedral's sections, inspired by floor plan
indexing in [9]. (original floor plan fromhttps://commons.wikimedia.org/
wiki/Category:Plans_of_Cologne_Cathedral)

Here, we delimit the cathedral's sections by row and column
ranges, and the pillars are indexed according to the corresponding
row and column index in the pillar matrix, following a south-north
and west-east direction, respectively. All we have to do now is
feed these ranges into their corresponding sections and provide
structural information for the dimensions of the pillars.
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