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Abstract: Recent advances in 3D modelling have greatly improved the digital reconstruc-
tion of historic buildings. Traditional 3D modelling methods, while accurate, are very
time-consuming and require a detailed focus on complex architectural features. The use
of Building Information Modelling (BIM) technology, adapted to historic buildings as
Historic Building Information Modelling (HBIM), has made the modelling process easier.
However, HBIM still struggles with a lack of detailed object libraries that truly represent
the diverse architectural heritage, due to the unique designs of these ancient structures.
This article presents a new method using Blender software, focusing on Geometry Nodes
and modifier tools for parametric modelling. This method aims to efficiently reconstruct
the Rhine region’s castles, which are part of Europe’s most heavily fortified areas with a
history that goes back to the XI" century. Many of these castles, over 500 years old, are
now ruins. Our method allows for quick changes and detailed customization to meet the
specific needs of archaeologists and heritage researchers. Developed as part of the Chiteaux
Rhénans-Burgen am Oberrhein project, funded by the European Interreg VI programme, this
approach focuses on digitizing and promoting the Rhine castles” heritage. The project aims
to fill some gaps in parametric modelling by providing a flexible and dynamic toolset for
heritage conservation.

Keywords: parametric modelling; Blender; Rhine castles; 3D/4D modelling; medieval
heritage; HBIM; dynamic adjustment

1. Introduction

The Rhine originates in the Swiss Alps and flows north through Switzerland, forming
a natural border with Austria and Liechtenstein before entering Germany. Over a stretch of
approximately 180 km, it serves as the boundary between France and Germany. Finally, it
flows into the Netherlands, where it splits into several branches before discharging into the
North Sea. The Rhine is a significant waterway for Europe, and its banks preserve remnants
of the cultural and historical heritage of the nations it traverses. Numerous castles and
fortresses along its course reflect the region’s rich medieval architectural tradition.

1.1. Historical and Heritage Context of Rhine Castles

These castles are characterised by towers and thick walls, with most occupying strate-
gic positions atop hills. Initially built for defence and control, they later became symbols of
power and nobility. Each castle represented the social standing and military strength of its
inhabitants. Today, these castles continue to hold significant importance in the architectural
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history of the regions along the Rhine. They attract not only historians and archaeologists
but also tourists, drawn by the beauty of the buildings and the legends surrounding them.
Despite their robust construction, these castles have suffered the effects of time and con-
flict. While some have been rebuilt or restored, many remain in ruins, contributing to the
diversity of the structures still visible today.

Seeing the importance of these castles for the region, the last few decades have seen
numerous works aimed at preserving them, but also at understanding them. This task can
be very complicated, especially due to the limited number of period documents that remain.
However, recent years have seen the emergence of 3D modelling techniques, including His-
torical Building Information Modelling (HBIM) and parametric modelling, which enhance
the digitization and preservation of this rich heritage. The Rhine castles, rich in history
and architectural varieties, are excellent examples of how to apply these new modelling
and visualization methods. These tools make it possible to better study and understand
the medieval structures of the region, while also enabling the diffusion of knowledge and
representations to the general public through modelling and rendering software.

These studies also have a tourist purpose, enhancing the attractiveness of the region.
It explores how parametric 3D modelling can be used to recreate, analyse, and visualise
these castles with a high level of detail, contributing to the preservation and understanding
of the region’s past.

1.2. Challenges in 3D Modelling of Medieval Heritage

Due to its architectural diversity, medieval heritage brings several challenges in the
3D modelling process. These difficulties arise from the complex and varied styles of these
ancient castles, as well as their uniqueness. Each castle may feature unique elements, not
found on other sites. These elements require the creation of a parametric object library. This
is already in place when discussing modern structures with BIM, but it is generally not
the case when working on heritage with HBIM [1]. These challenges include, but are not
limited to, the following:

*  Unique architectural features: Modern buildings generally follow conventions in
shape and size, while medieval structures are unique. Each castle thus has its own
architectural details influenced by the era and location of construction, but also by the
master builder in charge of the project.

*  Complexity in meaning and shape: Rhine castles are complex in their architecture,
but also in their meaning. Understanding the architecture of each castle is important
for creating 3D models, but also to understand the reasons behind creating specific
architectural details or particular defensive or offensive structures. BIM libraries
related to current buildings are thus not really suitable because they do not take into
account the historical and geographical context for object creation.

*  Making custom parametric libraries: To successfully manage these architectural com-
plexities, it is necessary to create parametric object libraries specifically for these
buildings, taking historical and geographical considerations into account as factors
influencing the various structures. These libraries must enable the easy and quick
creation of new 3D models, while ensuring that the historical aspects unique to each
castle are respected and preserved. This can be even more complicated, as castles often
underwent several construction phases, resulting in mixes of materials and styles
within the same building, which must still be taken into account and represented.

These elements clearly show that traditional 3D object and BIM libraries cannot meet
the expectations of this project. It is necessary to propose a new modelling method that
takes into account historical discoveries, current acquisition and modelling techniques to
allow for the representation of these castles.
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1.3. Objectives and Scope of the Study

The goal of this study is to demonstrate the capabilities of the Blender modelling
software to create a parametric, detailed, and realistic model of the Birkenfels castle,
presented in Figure 1. Starting from a few manually modelled elements, which are used as
the initial objects for parametric modelling, this study utilises tools like Blender’s Geometry
Nodes and modifiers. This method makes it possible to create various objects that can be
adapted in size, shape and number of duplications. In this way, it is possible to quickly and
easily propose multiple possible reconstruction scenarios, based on historical resources
and archaeological discoveries. It is also important to note that this method is not designed
to create 3D models for accurate stone-by-stone documentation [2], but rather to support
visualisation and broader analysis aimed at understanding the historical context and
providing a comprehensive interpretation of the site while addressing the archaeological
reliability of the reconstructions [3].

The parametric nature of the objects is crucial to propose new reconstructions if new
historical data come to light (for example, following new excavation campaigns that have
uncovered new findings). The Birkenfels castle is used as a case study, but this method
is intended to be applied to other castles. Moreover, this study shows the potential of
modelling software in the conservation of medieval heritage, which can be extended to other
structures and architectural types. In sum, this study combines traditional 3D modelling
methods with new, innovative methods that contribute to the digital reconstruction and
preservation of historical monuments.

Figure 1. Aerial view of the current state of the Birkenfels castle [4].
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2. Related Work
2.1. Literature Review on HBIM and Parametric Modelling

Parametric modelling and HBIM are essential tools for the conservation and modelling
of heritage components. These structures were usually created with complex styles and
details that vary across periods and locations, requiring an analysis and representation that
are semantic, rich in details and sources. This enables not only the representation of the
geometry of each element but also highlights and explains the historical aspect associated
with it. The creation of object libraries and modelling through geometric primitives has
shown its benefits, yet a complete understanding of the geometry and history of the objects
or buildings under study is required beforehand [5,6].

To acquire such a level of knowledge, the data capture and processing tools must
be suitably adapted. Photogrammetry and terrestrial laser scanning then become part
of the acquisition and processing workflow [7,8]. The precision of the data allows for a
faithful restitution of the studied object in its actual state, as well as an understanding of
the historical context and the most accurate modelling of associated elements from the
same period.

Furthermore, one of the advantages of parametric modelling is that it facilitates the
creation of complex shapes, often necessary for significant buildings requiring conservation
efforts. It is then possible to combine 3D acquisition techniques with parametric mod-
elling [9,10]. This method is particularly effective for using objects that are adaptable over
time, to continuously update the digital reconstruction based on possible new discoveries
that may occur, thus facilitating conservation and restoration efforts. There are many
parametric modelling methods. When selecting an approach, it is essential to consider
the desired level of detail for the model as well as the additional functionalities that may
be leveraged. Ref. [11] suggest using the MEL scripting language to have access to many
parameters, while [12] utilise parametric techniques with NURBS curves to create complex
surfaces from point clouds. A more comprehensive study of parametric modelling methods
for heritage conservation is presented by [13].

In addition to the level of knowledge that can be linked to HBIM models, these can be
integrated into a GIS workflow to add semantic data. The understanding of elements is
thus enhanced [14,15]. Models enriched with data from various sources are then highly
useful in the management and analysis of data related to a site.

Thanks to the combination of these elements, the monitoring and study of sites are
improved. The use of 3D models allows simulating the temporal evolution of buildings
and thus ensuring their integrity over the years. This is crucial for the safeguarding and
security of heritage, regardless of the field. The literature then shows a convergence in
ideas and opinions. It is necessary to establish processing chains that allow for an efficient
acquisition of the geometry of historical buildings in order to put in place conservation and
study methods. This ensures the preservation of the object’s geometry, as well as its history,
influence and genealogy.

2.2. Existing 3D Modelling Techniques for Heritage

Over the last few decades, the development of 3D acquisition methods had a significant
impact on the preservation and modelling of heritage. These methods allow for the
collection of precise and comprehensive data of the buildings studied. It is still important
that the acquisition methods be adapted to meet the expectations of each project, to avoid
overloading with data and processing time when it is not necessary. It can then be beneficial
to combine different modes of acquisition and processing on the same site, depending
on the importance and the level of detail of each element it consists of [10]. The data
gathered in the field must then be sufficient, but not excessive, to convert these raw data
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into parametric models. These models must then remain faithful to the historical reality
and context [16,17].

Regarding the Rhine castles, several studies using different modelling software
have already been carried out, such as Trimble SketchUp [18], Autodesk Maya [19], and
Blender [20]. While these studies provide valuable insights, they primarily relied on manual
modelling techniques, which required between 2 and 5 months to complete, depending on
the prior 3D modelling expertise of the students involved in these projects as part of their
master’s thesis. The software packages all deliver satisfactory results. They all have points
in common, but they also have differences and unique tools [21].

2.3. Gaps and Opportunities in Current Methods

HBIM and parametric modelling have been central research focuses in recent years.
They have highlighted the importance as well as the difficulties of heritage modelling
due to the variety of styles that exist. The methods have then shown the possibilities
of combining geometric data with historical data. The complex shapes, the variety of
materials, and the different structures therefore bring specific challenges, characteristic of
historic buildings [22]. Automatic segmentation of elements into subgroups could automate
and improve the already established modelling processes to more easily extract geometric
primitives [15], which is difficult because of the complexity of the architecture of historic
buildings [23].

Using these methods would make it possible to set up a more standardised and
reusable processing chain. It would be easier to obtain similar results from different insti-
tutes and laboratories. In fact, there are always disparities in the acquisition and processing
methods depending on the teams, which can lead to significantly different results [24].
The complexity of historical objects or buildings requires acquiring a large amount of data
to represent them faithfully. It can then have different objectives: preservation in case of
destruction or potential future deterioration [25], visualisation in virtual reality [26-28],
or even 3D printing [29]. In all cases, the 3D models must be edited and adapted to have
geometry detailed enough to meet the study’s needs, while remaining lightweight to be
manipulated and visualised correctly [30-32].

On the one hand, it is clear that the literature highlights many difficulties in the field
of HBIM and parametric modelling, but also proposes several answers. On the other hand,
3D modelling software such as Blender or Maya, which are not initially intended to be
used in HBIM, are gaining in popularity in the heritage conservation sector. These software
packages are powerful, easy to use, and contribute to the conservation and visualisation of
heritage, whether for scientific, tourist, or educational purposes. In any case, many gaps
in terms of heritage modelling have not yet been filled. It is therefore necessary to try to
obtain the best points from each method to arrive at conclusive results in the most efficient
way possible.

3. History of the Birkenfels Castle

The history of the Birkenfels castle is difficult to recount due to divergent sources.
Although its timeline and master builder are known, the reasons for its incomplete state
remain uncertain. Bernhard Metz, a medievalist and historian who has carried out several
studies on the history of Rhine castles, and the Association for the Preservation of Medieval
Architecture (Association de Sauvegarde de I’ Architecture Médiévale) conducted excavations
in the 1970s under the access tower, providing insightful reports on material traces. No
excavations have occurred since the 1980s.

Historians agree that the first documented reference dates back to 1289 [33], when
Emperor Rodolphe de Habsbourg granted “Bergfels in the ban of Oberehnheim” to Burck-
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hard Beger, compensating the city of Obernai for unjustly taken lands [34]. This indicates
the castle was initially illegitimate, built on lands belonging to Obernai and the imperial
crown. Burckhard Beger, supported by the bishop of Strasbourg, held a ministerial position
starting with Henri de Stahleck and continuing with Walter de Geroldseck in 1260. After
the bishop’s defeat at the Battle of Hausbergen in 1262, Strasbourg retaliated by destroying
bastions loyal to the bishop, possibly including Bergfels castle. Its abandon in the XIIT™"
century is agreed upon, but its construction period is still debated.

The first theory suggests that the construction began in 1246 under bishop Henri de
Stahleck, who demolished the Hohenstaufen castle (near the city of Obernai) and rebuilt
city fortifications [33]. This supports Rodolphe de Habsbourg’s 1289 action to regularize
the situation, considering Birkenfels castle illegal. The second theory is that construction
began in 1260 when Walter de Geroldseck became bishop of Strasbourg. This was a time of
rising tensions and he asserted control over imperial territories. Bernhard Metz suggests
the Beger, after losing their urban residence, wanted to establish themselves outside the
city [35]. The castle’s incompletion by the XIIT™
lacked time to finish from 1260 to 1262.

Two main elements suggest the castle was incomplete in the XII

century supports this, as the Beger likely
I™ century. Metz’s
1970s excavations found no human occupation traces before the XV century [36]. Addi-
tionally, some courtyard stones, prepared for use, showed no lifting holes [37] or mortar [38],
unlike those in the dungeon. This indicates construction halted after two years due to
1262 events and partial fire destruction.

The castle’s ruin timeline is unclear. While XV century activity suggests the Beger
received the castle as an imperial fief [34], interpretations vary. The term “die zarge
Birkenveltz” could mean “ruined” or “abandoned”, not final abandonment. Metz’s research
showed the access tower dates to the early XV century, possibly indicating the Beger’s
peak [39]. However, the 1441 castellany peace, not mentioning Birkenfels, suggests a
decline. The Beger likely never resided there in the XIII'" century. The castle was sold
and abandoned after the Beger line died in 1532, when Emperor Charles V sold it to Vice-
Chancellor Mathias Held. Archaeological data confirm gradual abandonment starting in
the early XVI" century, coinciding with 1532 events.

Thus, Birkenfels castle’s history reflects the ministerial family’s noble aspirations,
halted by their protector’s downfall, leading to the abandonment of their partially de-
stroyed castle.

4. Introducing Blender

Blender is a powerful 3D modelling software capable of creating complete scenes
thanks to its integrated toolset. It is a free and open-source software, boasting a very large
user community, ranging from individuals using it as a hobby to professional animators,
game developers, and visual effects artists. The software comes equipped with a compre-
hensive suite of modelling, rigging, animation, simulation, rendering and compositing
creation tools. Its open-source nature makes it accessible to everyone, allowing users to
develop and distribute their own plugins. The community plays a significant role in the
continuous development of the software, by reporting or fixing bugs, creating online tutori-
als, sharing modelling methods, or even directly sharing modelled objects. The decision to
use Blender for this study is based on its all-in-one, free aspect, compatibility with a wide
majority of 3D object and mesh formats (.obj, .fbx, etc.), and its use by a vast international
community. Its parametric modelling tools and rendering options offer methods well suited
to meet the expectations of this project.
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4.1. Description of Geometry Nodes

Geometry Nodes [40] are a relatively recent system in Blender, introduced in version 2.92,
which was released in February 2021 (for context, the latest stable version is 4.2 at the time
of writing in November 2024). Geometry Nodes are based on a parametric and procedural
system to create various geometries through a network of nodes that are interconnected.
These nodes can be of various types: geometry, integer or float number, vector, string, etc.,
to name the most common ones. Figure 2 shows how a Geometry Nodes setup looks in the
Blender environment.

Return to scale 1
v Separate X2 v Divide

Delete instances after the end of the curve

Selection of the last instance
Equal

Integer

Equal

Figure 2. Example of a Geometry Nodes setup to delete some instances and scale others.

As for the geometries, the most frequent actions include deformation, duplication,
translation, rotation, and scaling. By correctly connecting the nodes, it is possible to create
complex and varied geometries from a simple base object. Thanks to the interconnection of
nodes, modifying a parameter will automatically affect the entire structure, allowing for the
quick creation of variations of the same object. Moreover, a specific Geometry Nodes setup
can easily be created in one project and imported into another, significantly simplifying
data management.

4.2. Description of Modifiers

In addition to Geometry Nodes, parametric modelling can also be achieved through
the integrated modifiers in Blender [41]. These are non-destructive operations that can
be applied to objects to alter their geometry in ways that would not be feasible manually.
These tools enable the creation of complex shapes with precision while ensuring a correct
topology. These features are therefore perfectly suited for modelling complex architectures
in the context of heritage conservation.

5. Parametric Modelling Workflow

This paper aims to develop an efficient and reusable methodology for creating complex
medieval architectural elements from a limited set of manually modelled objects. This
approach requires only a few manual operations, resulting in significant time savings and
reduced dependence on advanced modelling expertise. Particular emphasis is placed on
the parametric modelling workflow, which allows castle models to be easily updated and
adjusted as archaeological analyses evolve. This adaptability is especially important in
collaboration with archaeologists, where new interpretations may necessitate the addition,
modification, or removal of elements to ensure the models remain accurate and reflective
of expert opinions. Additionally, the workflow is designed to be reusable across multiple
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projects, enabling the efficient modelling of features unique to individual castles, while
considering the shared architectural characteristics often dictated by similar construction
periods. Some structures characteristic of Rhine castles will be presented, demonstrating
how collaboration and multiple iterations have produced the most plausible and historically
consistent models.

5.1. Creation of a Random Stone Wall

A significant feature of some Rhine castles is the appearance of the stones used to
build the walls. Made from Vosges sandstone, these stones are referred to as “bossage
stones” because the center of the stone is left uncut. This method offers several advantages:

e  Time-saving, as there is no need to work on the central part of the stone.
* A demonstration of strength and power to opponents who would like to attack the castle.

These stones were typically used for walls that were most vulnerable to attack. Birken-
fels castle has a wall made of this type of bossage stone, facing south, which was most likely
to encounter enemies or projectiles due to the natural terrain. These stones are generally
drilled with a hole, known as “lifting hole” (trou de louve in French), allowing for the use of
a lifting clamp to raise the stone to the top of the wall during construction.

The stones making up the wall do not have a predefined size. In width, they generally
range from 30 to 80 cm. As for the height, it is crucial to ensure that each stone in a row has
the same height so that each stone level can be laid flat. One level may not necessarily have
the same height as the next one.

A first method involves using a single manually modelled cube with sides measuring
1 m. A “Bevel” modifier is applied to slightly smooth the edges (which cannot be perfectly
straight due to wear and tear), and a “Boolean” modifier is used to create the lifting hole.
Next, a random value (between 30 and 80 cm) is assigned to each stone to determine its
width. An “Accumulate Field” node is then used to sum each random value, placing
the stones consecutively. Once a sufficient number of stones have been created, a second
random value (between 30 and 60 cm) is assigned to the row to set its height. Similarly,
another “Accumulate Field” node is used to stack the rows on top of each other.

By repeating this operation multiple times, a straight wall is obtained, as shown in
Figure 3. Using a specific setup of Geometry Nodes, this wall can be deformed to follow a
curve representing the castle’s ground plan.

Figure 3. Input stone and automatic stone wall created using a specific Geometry Nodes setup.

In Blender, each random value node has a seed value. This seed controls the distribu-
tion of random values for a given parameter. Figure 3 illustrates one possible version of the
wall, and changing a single seed value would automatically generate a completely different
version from the first. By adjusting this seed value, it is possible to create an infinite number
of variations, all using the same initial stone and Geometry Nodes setup.
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This method still has several drawbacks. Since the geometry is deformed along the
entire curve, it is, for example, impossible to place specific stones at the castle’s corners, as
would be done in reality. Additionally, because each stone is first positioned along a single
wall section and then deformed along the curve, individual access to each stone is lost, mak-
ing it impossible to create openings, such as arrow slits. The most significant disadvantage
of this approach is that it does not allow for the use of Blender’s instancing system.

Instancing allows for duplicating objects while maintaining minimal memory usage, as
each instance is merely a reference to the original object, rather than multiple unique objects.
Regardless of how many instances are created, the face count of the scene remains constant.
Typically, in Blender, one begins by creating a “master” object to be duplicated. Then,
Geometry Nodes are used to handle the duplication according to the desired parameters and
methods. This process not only saves time by avoiding manual placement of each element
but also ensures realistic and random variation in the distribution of objects. Instances
can be individually manipulated in terms of position, rotation, and scale, allowing for
precise adjustments. Furthermore, Blender allows random variations to be applied to these
parameters, resulting in a more natural and less uniform outcome.

In this case, instancing cannot be applied because deforming along a curve requires
modifying the initial object’s geometry.

To address these limitations, a second method was developed, showcasing the ongoing
evolution and improvements in Blender. The previous method was designed before Blender
version 4.0 (released in November 2023), which introduced the Repeat Zone within Geometry
Nodes. The Repeat Zone functions like a for-loop in programming: performing a series of
operations for a set number of iterations. Moreover, multiple Repeat Zones can be nested
within others. This second method utilizes this feature by separating each segment of the
curve that outlines the castle’s ground plan. It operates as follows:

e Inputs: A curve representing the castle’s ground plan and a cube representing the stones.

¢ Iteration on each curve segment, representing a wall section: A minimum and max-
imum stone width value is set. Since the While condition does not exist in Geometry
Nodes, a condition must be found to generate enough stones along the segment. The
segment length is divided by the minimum value to ensure that there are enough
stones along the segment. At this stage, a row of stones is created, whose total length
exceeds the segment length. This row is positioned at the center and created along the
X-axis. Each stone’s position can then be compared to the segment, allowing for the
removal of those that exceed the segment’s length. As this involves instance deletion
rather than a Boolean geometry operation, it is executed almost instantly (under 0.1 ms
according to Blender’s built-in timer). The instancing system significantly reduces the
computational complexity of the model, resulting in a structure with only 63,520 faces
(corresponding to the quoin stones, located at the corners and deformed, which can-
not be instantiated), compared to 1,067,040 faces when the instancing system is not
utilised. These values are based on Figure 4, which contains a total of 1847 instances,
further demonstrating the efficiency and scalability of the workflow. To leave space for
quoin stones, 20 or 40 cm is subtracted from the curve length. This operation will be
explained further in this paper. Among the remaining stones, the last one is selected,
and its scale is adjusted to match the exact required length to complete the curve.

*  Creating the wall section: Once a row of stones is obtained, a random value is
assigned to determine the height of the row. Using the Repeat Zone, this operation can
be repeated as many times as needed to achieve the desired wall height.

*  Orientation to match the segment: At this point, the wall section is positioned at
the center, oriented along the X-axis, with a total length that matches the length
of the segment. This wall section is then translated to the first vertex of the pre-
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served segment, and its orientation must be adjusted. The angle between the X-axis
(i direction) and the segment (7 direction) is calculated using Equation (1):

iU
i - |

cos(0) = 1

g
It does not cover all cases within [0; 27z]. Different cases must be considered. Let
(X1, Y1) be the coordinates of the first point of the segment and (X», Y») be the coordi-
nates of the second point, then:

( X7 > Xs and Y7 < Y, : Use arcsine instead of arccosine (because of the
orientation of the angle) and add 7r/2
X1 < Xp : Use arccosine and multiply by the sign of Y, — Y to obtain the
angle within [—7/2; 71/2]
X1,Y1 > X,Y, : Use arccosine and add 7 to cover the opposite side of the
unit circle

\
This separation ensures correct orientation for all possible configurations.

Therefore, this is a method to create a wall section for each curve segment using
instances. This approach is optimal but does not yet consider the curve vertices where
quoin stones must be placed, as is done in reality. These stones need to be deformed
according to the angle formed by two segments, meaning the instance system cannot be
used (since the transformation involves more than simple translation, rotation, or scaling).
Space must also be left to insert these quoin stones between wall sections, as, for now, wall
section n ends or begins where section 7 + 1 starts. Furthermore, quoin stones must be
staggered with those on the next level to ensure the structure’s stability. This is why 20 or
40 cm is subtracted from the total curve length when creating each row, alternating between
levels. For each vertex, a column of quoin stones is created, each with a height matching

the associated stone row, and deformed to follow the orientation of the segments connected
by that vertex. The final wall is illustrated by Figure 5.

T

2 meters

Figure 4. Arrow slits integrated directly into a parametric wall.
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\
2 Meterg

Figure 5. Automatic stone wall using the instance system.

5.2. Integration of Arrow Slits

Arrow slits are narrow openings made in the walls of medieval castles that allow
defenders to shoot arrows or crossbow bolts while remaining protected from enemy attacks.
Their narrow exterior and wider interior design provides defenders with a wide shooting
angle, while minimizing the chances for attackers to strike those inside. This was a crucial
feature of medieval defence, enabling defenders to repel attacks while staying shielded.

In this context, focused on the exterior of castles, these arrow slits are represented as
thin slits. Within the established parametric modelling system, they are directly generated
during the creation of the wall sections, as previously described. When creating the rows of
stones, to be able to place an arrow slit, the segment in question is divided into several parts.
For example, to place two arrow slits, the segment must be divided into three sections, as
proposed in Figure 4. Each segment is then processed individually, leaving a gap at the
beginning and end to match the width of the arrow slit. Additionally, a distinction is made
to apply an offset of 20 or 40 cm for the quoin stones, but only at the two vertices of the
initial segment. The position and size of each arrow slit can then be adjusted by adding a
Boolean condition based on the index of the stone row being processed and the index of
the segment of the original curve.

5.3. Parameterising the Parapet Walkway with Adaptive Sizing of Merlons and Crenels

The previous two sections propose methods for creating castle walls and integrating
elements by directly influencing the position of the stones. These defensive structures are
generally accompanied by a parapet walkway, located at the top of the castles, allowing
guards to move around and have an unobstructed view of the surroundings. Moreover,
this elevated position provided a significant advantage over potential attackers positioned
below. Since this parapet walkway is situated at the top of the walls, it seemed logical to
reuse the same ground footprint curve as the castle itself for the parameterisation. Typically,
a parapet walkway consists of a floor on which guards can walk and a stone parapet
approximately 1 m high, featuring an alternation of the following two elements:

*  Merlons: Stone structures providing full protection.
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*  Crenels: Empty spaces between merlons, allowing for an unobstructed view down-
wards while protecting the lower body.

For Rhine castles, crenels were generally accompanied by small wooden shields, known as
huchette in French, which could rotate to protect against arched arrows shot from below
that might fall on soldiers from above their position.

To enable continuous and precise adjustment of the individual sizes of the merlons and
crenels while maintaining an integer number of each element, a specific adjustment method
was implemented. This method ensures that, regardless of the actual value assigned to the
size of each merlon and crenel, these dimensions are automatically adjusted so that the
entire curve segment under consideration can accommodate an integer number of these
elements. Thus, the total length of the segment is considered to adapt the dimensions
of the merlons and crenels, ensuring a coherent distribution and that each element fits
perfectly without segmenting the curve. This approach preserves visual harmony while
providing the necessary flexibility for customizing the structure. The method implemented
is as follows:

o S=L—-2« o

. L = Total length of the curve between two control points;

* & = Length of half a quoin structure (the other half is on the neighbouring segment);
* 5= L —2ua = Length of the segment on which the merlons and crenels will be placed.
The following values are also defined:

e M = Width of a merlon;

e  C = Width of a crenel;

¢ 1, = Number of merlons;
e ¢ = Number of crenels.

Thus:

S=L—-2a=M-n,+C-nc
=M-n,+C(ny+1)

=M+C)ny+C
=L-20a—C=(M+C)ny
L—2x—C
M+c ™
Since n,, must be an integer:
L—2x—-C
“Mmic el

L, 2a, and C are fixed, so only M can vary to satisfy the condition n,, € N.
Let T be the truncated value of n,,. Thus, T represents the integer value corresponding to
the number of merlons.
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The aim is to obtain:

L—-2ax—-C
— =T ith A R
(M+An)+C € Nwi m €

=L-20—-C=TM+Ap,)+T.C
=TM+TA,+T.C
=L-20—C—-TM-T.C=T.Ay,

> lan=""22C Mo @

This value Ay, given by (2), is then added to the input value M to ensure n,, € N.
It is important to note that the above method of placing merlons and crenels is only
possible if the segment length is sufficient, which means if condition (3) is respected:

L>2C+M+2u ®)

If this condition is not met, a single crenel with one huchette is placed between the two
quoin stones, with a length equal to L — 2a.

This method, illustrated with Figure 6, offers the advantage of allowing dynamic
adjustment of the structure while remaining consistent with the rest of the castle, as the
same ground footprint curve is utilised. The figure highlights that the two structures
are different, adhere to the specifications outlined above, and were obtained by merely
modifying numerical values. The merlons and crenels are wider in Figure 6b (resulting in a
lower number of them), and the orientation of the huchettes can also be adjusted (according
to the terrain surrounding the castle, ensuring the model’s compatibility with all possible
configurations). Furthermore, as in the previous cases, the instancing system was employed,
ensuring optimal management of computational resources.

() (b)

Figure 6. Adjustment of the size of merlons and crenels. (a) Small crenels. (b) Big crenels.

5.4. Adding a Roof to the Castle Structure

Once the elements of the previous sections have been added, the overall structure of
the castle can be considered complete. The structure remains open, as the elements were
created along the edges of a curve. The logical next step is to add a roof, thereby achieving
a complete global structure. Following the same approach previously presented, the goal
is to create a parametric model that can be adapted quickly for use in a wide range of
configurations. To achieve this, it starts with a polygon composed as follows:



Heritage 2025, 8, 31

14 of 29

e A first set of vertices at an altitude Z;.
* A second set of vertices at an altitude Z, with Z, > Z;j, all positioned within the
surface formed by the first set of points when projected onto the same plane.

By connecting the vertices of these two sets, as shown in Figure 7, a 3D object can be

created where each face is an inclined plane representing a roof slope.

P r—

Figure 7. Input polygon giving the roof shape.

This object is then used as an input for the Geometry Nodes to create the roof. The
process is divided into two key steps; the first is to place tiles on the roof slopes, and the
second is to place ridge tiles.

For the roof slopes, following discussions with our archaeological partner, the medieval
tiles look like those found on the towers of the covered bridges in Strasbourg. These tiles
are regular, placed side by side, with a regular alternation between two successive rows.
This structure is relatively easy to create using adapted Geometry Nodes, but the challenge
lies in adapting it to each roof slope to ensure the correct orientation and dimensions.

To iterate over each roof slope, a Repeat Zone is used, allowing each slope to be
processed separately. Each slope can have two configurations; it can either be triangular or
trapezoidal. In both cases, the two lower vertices (referred to as A and B hereafter) form
a segment on which the orthogonal projections of the upper vertex are located, either as
a single point C for a triangle or two vertices for a trapezoid. The idea is then to analyse
the surface to correctly place the roof tiles. For simplicity, the method is discussed in the
context of a triangular face, but the same approach can be applied to a trapezoidal face by
considering one of its vertices with altitude Z5.

First, the tiles must be placed at the beginning of the roof slope. Because of the three-
dimensional context, the notion of “beginning” can be interpreted in various ways. It
is essential to define it precisely. Here, the “beginning” of the roof slope is defined as
the vertex with the smallest local X coordinate in a local orthonormal coordinate system
composed as follows:

*  Local X-axis: The axis formed by the two vertices A and B.
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*  Local Y-axis: The axis formed by the segment between the third point of the triangle
and its orthogonal projection on segment AB.

*  Local Z-axis: Formed by the normal vector to the face oriented positively with respect
to the global Z-axis, meaning the dot product between these two axes is positive.

To determine these axes, vectors 1@ and R are firstly calculated with relation (4):

XB— XA XCc — XA
AB = yB—Ya |, AC = Yc—ya 4)
ZB —ZA ZC—ZA

The normal vector 7 to the triangle’s plane is obtained via # = AB A AC.

Next, the normal vector is normalized. To ensure that the local Z-axis is correctly
oriented relative to the global Z-axis, 7inorm is multiplied by the sign of its dot product with
the global Z-axis. This ensures that the face’s normal vector is directed outward.

The height of the triangle is calculated by projecting point C onto line AB using

ﬁ = ’FA"% 1@ Then, the projected point P is given by (5):

XA XB — XA
AC. AB
P=A+AD= |y, Ml R 5)

2
9 B V- TEN e

The triangle’s height £, calculated with (6), is the distance between C and P:

h=ICP|| = /(xc — xp)? + (yc — yp)? + (¢ — 2p)? ©)

A local orthonormal coordinate system is then constructed, with the origin at point
P, the Y-axis aligned with 1%, the Z-axis adjusted as described, and the X-axis obtained
via ¥ = i AZ. Local coordinates for points A and B are calculated using dot products
with the local X-axis. Consequently, the point identified as “leftmost” is the one with the
smallest xj,c,) coordinate. This method can then be visualised graphically using two cases
summarised in Tables 1 and 2, represented by Figure 8:

«J | ; -
X o

"0
0\_,_/{_’,_,’—————'—1 %87, -1
5 6 7 > 2 10
X

4
4 X T3 4 3
Y 10 7 6 5 ¥

(a) (b)

Figure 8. Triangles illustrating the 2 possible configurations. (a) Leftmost point: A. (b) Leftmost
point: B.
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Table 1. Summary of triangle 1.

Property Value
Coordinates A [1,1,0]
Coordinates B [8,6,0]
Coordinates C [5,6,5]
Normal vector [0.55, —0.77, 0.33]

A in local frame [—6.16, 0, 0]
B in local frame [2.44,0, 0]
Leftmost Point A

Table 2. Summary of triangle 2.

Property Value
Coordinates A [1,1,0]
Coordinates B [8,6,0]
Coordinates C [7,2,5]
Normal vector [—0.51,0.72, 0.47]

A in local frame [5.46, 0, 0]
B in local frame [—3.14,0, 0]
Leftmost Point B

Using this method, the roof tiles are placed at the determined “left” vertex and oriented
towards the second vertex following the same approach described in Section 5.1. A length
equal to the distance AB and a height equal to the triangle’s previously calculated height
are assigned to the global tiling. Each tile is then rotated around this segment to ensure its
normal aligns with the roof slope’s normal.

A raycasting technique is used to filter out unnecessary tiles; a ray is cast upward in
the +Z direction from each tile instance. If the ray intersects with the roof surface, the tile
instance is retained; otherwise, it is removed. This method is more efficient than performing
geometric intersection operations.

Finally, ridge tiles are placed along the roof’s edges using instances along the polygon’s
edges. The geometry is converted into curve segments and sampled regularly, capturing
attributes such as tangents and normals to ensure correct alignment. Figure 9 shows the
effect of raycasting on the structure, allowing only the tiles corresponding to the size of the
input geometry to be retained. It also shows the final result of the roof.

Zieters”

(a) (b)

Figure 9. Tiles before raycasting and final roof model. (a) Tiling before raycasting. (b) Instance
deletion by raycasting.
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5.5. Creation of a Dynamic Hoarding Structure

Hoarding structures are defensive wooden constructs used starting from the XIIth
century. They are typically placed on the walls of castles and have two main functionalities:
*  Shooting arrows while being protected from enemy arrows by a roof.

¢ Dropping stones or boiling oil on assailants located below.

Depending on the region and country, numerous types of hoardings have emerged. A
very well-known and visited model of hoarding can be found in Carcassonne, a fortified
medieval city in the south of France. Figure 10 presents this model.

Figure 10. Example of hoarding structures in Carcassonne, France [42].

It is important to note that even if the period is similar, it does not mean that the
types of hoardings are the same in the south of France as for the Rhine castles. At this
point, discussion with specialists in Rhine medieval architecture becomes interesting and
necessary. The parametric modelling of hoardings must align with what was actually done
in the region. The creation process of these models is as follows:

1.  Manual modelling of a minimum number of objects that will serve as inputs.

2. Parameterisation of several models, based on basic knowledge and the few elements
modelled previously.

3. Presentation of the models to the specialized archaeologist for confirmation and
modification.

4. Adjustment of the models according to the archaeologist’s advice.

This workflow ensures efficient work with the specialist. Afterwards, the model is
parameterized to be adaptable in number and dimension, while allowing it to be deformed
along a curve that represents the footprint of the studied castle. Figure 11 presents the
structure before and after modification, with major changes including;:

1. Offset of the arrow slits: These must be located between two planks and not in the
middle of one.

2. The planks that serve as the floor should not be visible; they should be concealed by
the vertical planks.

3. The support beam for the roof above the planks should not be visible; it must be
hidden by the vertical planks.
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Figure 11. Orthographic front view of hoardings before and after consultation with the specialist.

Other minor changes, such as the size and overlap of the tiles with each other, as well
as dimensions, have been corrected. The structure inside (thus not visible from the outside)
has also been corrected.

6. Procedural Texturing

The models created through this workflow are intended to be used in tourist me-
diation and education. They are partly intended for a non-professional audience, and
the visual aspect is therefore of great importance. The previously presented models
(Figures 3-6, 9 and 11) are only geometries whose visualisation is intended to aid modelling.
The applied grey colour does not match the colours found in reality. This is where texturing
is important; it involves applying colours and light effects to the faces of a mesh in order to
produce a colour render, enhancing the sense of realism and immersion.

Generally, there are two types of textures: photorealistic textures, derived from pho-
tographs of real elements, and textures entirely generated by algorithms using materials
and physical light properties. The focus here is on the second method, also know as
procedural texturing. It has several advantages:

*  They are fully parametric and dynamic, meaning they can be adjusted at any time.

*  They do not require the UV projection of the object. Thus, the duplication or deforma-
tion of a parametric structure is not a problem when applying textures.

e Unlike textures derived from photographs, these are not repeating images. This
ensures diversity in the representation of an object, thereby improving the effect
of realism.

*  There is no resolution limit in the quality of the texture; whether one is close to an
object or viewing it from a distance, the rendering will always be of high quality.

6.1. Procedural Textures Applied on a Stone Wall

A specific procedural texture, illustrated with Figure 12, has been developed to be
applied to the stone wall created using Geometry Nodes. It combines noise textures and
Voronoi textures to simulate the intrinsic differences in the type of stone used in reality. To
this, parameters for ambient occlusion are added, simulating, for example, an impact on
the stone, and some white spots caused by erosion. Finally, a combination of normal maps
is used to simulate the micro-details that make up the stones. These elements result in a
complex texture, which adds several visual details to the object while ensuring a geometry
that remains very light and thus manageable.
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Figure 12. Application of procedural textures on a random stone wall.

6.2. Procedural Wood Textures

Creating a procedural texture that simulates wood is much more complex than creating

the stone texture mentioned in the previous paragraph. Indeed, the wood characterising a

plank includes many characteristic elements that need to be recreated:

Knots: These are circular or oval marks left by the branches that were attached to the
main trunk of the tree.

Fibers: They are aligned in the direction of the tree’s growth and define the
wood grain.

Wood grain: This is the pattern of wood fibers that naturally forms as the tree grows.
The grain can be straight, wavy, or swirling.

Growth rings: These indicate the age of the tree and the annual growth conditions.
Colour: It can vary from very light to very dark, and can also change over time and
under the effect of sunlight.

Texture: The texture of the wood can be smooth or rough, depending on the type of
wood used.

Imperfections: Knots, cracks, resin inclusions, or other natural imperfections add
uniqueness to each piece of wood.

Shine: Some types of wood have a shinier or more matte appearance.

To properly parameterise the texture, each of these elements must be individually

adjustable, while ensuring that the others are adjusted accordingly. The whole must be

interconnected to ensure a texture applicable to all encountered geometries and to all forms

of duplication or deformation. Generally, the textures used are:

Wave texture: Creates bands with distortion, here used to give nuances in the texture.
Noise texture with Fractal Brownian Motion: Allows combining multiple levels of
noise to create details, here combined with the wave texture.

Voronoi texture: It is the distance to the closest feature point as well as its position
and colour. Here, it is combined with a wave texture to create the knots in the wood.
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*  Musgrave texture: It generates so-called organic textures, but they are very variable
and can adapt to many uses. Here, this texture is used to control the roughness of
the material.

* Noise texture: This is a completely random noise, different from Perlin Noise [43]. It
is used to add randomness to the various textures mentioned above.

These textures are then combined to produce the desired result. They are associated
with a colour ramp, which gives the colour nuances that appear in the wood, but they
are also linked to a normal map and a roughness map to parameterise how the material
reacts to light sources. Figure 13 shows how the texture can be modified by changing just
one parameter related to the wood knots and the colours of the colour ramp. The camera
position for rendering and the light settings are exactly the same. These changes can be

made in a few seconds, and allow for a completely different result.

() (b)

Figure 13. Comparison of two different settings of the same wood texture. (a) Light wood texture.
(b) Dark wood texture with variations in the knots.

This method thus allows for extensive reuse of this texture, even within the same
project, while ensuring that there will be no repetitiveness in the scene. This texture can
then be applied to the hoardings, as shown in Figure 11, to achieve a realistic result of the
structure, as depicted in Figure 14. This approach allows for easy and rapid adaptation to
various reconstruction scenarios.

Figure 14. Textured hoarding structure.
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7. Integration of the Model into Its Natural Environment

Once the castle modelling is complete, it is necessary to integrate the model into
its actual environment. A Digital Terrain Model (DTM) could be created using LiDAR
mounted on a drone, but this method is very costly, requires time on-site, and can also be
restrictive due to flight permissions depending on the castle’s location. (In France, some
castles are close to a military airbase, making flight permissions difficult to obtain). Instead,
it was chosen to use High-Density LiDAR data made available for free by the National
Institute of Geographic and Forest Information (IGN) [44]. Measurements are still ongoing
across the French territory, but Alsace is a region that has already been mapped.

Point clouds can then be retrieved for free in the form of tiles with a ground coverage
of 1 square kilometre. CloudCompare [45], a free and open-source software, has a plugin
using the CSF algorithm [46] that allows for the extraction of ground points. However, for
Alsace, the cloud classification has already been performed by IGN. The classified ground
points can therefore be directly retrieved.

The ground points are then separated into two different clouds: the environment near
the castle, and the distant environment. It is then possible to resample the two clouds
differently, depending on the details necessary for visualisation. The nearby cloud has been
resampled to keep a point every 50 cm, while the distant cloud has been resampled to have a
point every 2 m. Subsequently, a mesh was created from the two clouds using CloudCompare
through the plugin utilising the Poisson algorithm [47]. Each mesh is then translated to be
brought close to the origin of the coordinate system and ensure smaller coordinates for
better management of graphical resources. The meshes thus allow for a good modelling of
the terrain, but to integrate them into Blender and ensure good optimization, the mesh must
be regular, closed, and topologically correct. For this purpose, the open-source algorithm
Instant Field-Aligned Meshes was used [48]. The differences between the two meshes are
shown with Figure 15.

Figure 15. Top: initial mesh; bottom: remeshing with Instant Field-Aligned Meshes.

To populate the terrain with natural elements such as trees and ground elements, the
instancing system was used. Figure 16 shows how the natural environment can be quickly
created in this manner, ensuring a visually satisfying render that is adjustable in density
and position.
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Figure 16. DTM around the castle with its natural environment.

8. Analysis of the Final Results

Once all the individual elements have been configured, they can be assembled to
create the final model of the castle within its environment. Using the IGN’s High-Density
LiDAR data, it is possible to retrieve the points corresponding to the castle ruins. These
points are used to define the footprint of the walls, and therefore to create the curve on
which the stones will be automatically generated using the associated Geometry Nodes (as
shown in Figure 5). Elements of the castle such as hoardings, arrow slits, battlements, etc.,
can be placed using the point cloud. It is rare for the details of the structures to still be
present on the ruins. To obtain the details of the elements to be added, it is necessary to
consult specialists. Changes can then be made quickly thanks to the parametric nature of
the model. It is also important to correctly adhere to the coordinate shift that was made to
create the DTM, to ensure that the model of the castle is accurately positioned in relation to
its environment.

8.1. Proposals for Restoring the Historical State of the Castle

Cycles, the ray tracing engine integrated into Blender, is specifically designed to de-
liver photorealistic renderings through its path tracing algorithm. This advanced engine
accurately simulates how light interacts with objects in a virtual environment, capturing
complex effects such as reflections, refractions, and soft shadows. Cycles is highly optimized
for GPU rendering, although it also supports CPU rendering, thus providing increased
flexibility depending on the available hardware resources. Furthermore, Cycles benefits
from deep integration with Blender’s node-based material system, facilitating the creation
of complex textures and fine-tuning the optical properties of materials. This ability to
replicate realistic light interactions makes Cycles particularly effective for scientific visuali-
sations, architectural animations, and film productions that require a high degree of realism.
The number of iterations and noise reduction can be adjusted to obtain the right balance
between rendering time per image and the desired final quality. Since this project aims
to enhance the site for non-specialists, the visual aspect plays a crucial role. Therefore, a
significant number of iterations are necessary for image calculations to ensure an attractive
render, as illustrated by Figure 17.
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Figure 17. Proposition of reconstruction of the Birkenfels castle.

8.2. Analysis of Flexibility in Restoration Proposals

Since the project aims to enhance Rhine castles while ensuring the accuracy of the
results, it is necessary to present several renderings with the same quality in the final
output, which will have been validated by archaeologists. Each parameterisation must
then ensure the correct topology of the created objects, as well as a good application of
textures. Since all the objects are parametric and have been designed as such, procedural
textures are applied and do not require UV mapping. The models have been configured so
that the modelling time is not dependent on the final size of the castle, as the dimensions
and heights are determined only by curves and numerical values, allowing each object to
be automatically modelled. For example, a model such as the one shown in Figure 17 can
be produced in around 1 to 2 weeks, which is considerably shorter than the 2 to 5 months
generally required for manual modelling that has already been carried out on this type
of castle. In general, the main elements present in this model and their parameterisation
methods are as follows:

e Tiling: The tiles are generated automatically using a Geometry Nodes setup. From
a simple object representing the roof (a roof section is represented by a face), each
face is separated according to its slope to determine the faces on which tiles are to
be placed. Then, a bevelled cube is instantiated on each face to create the tiles. Since
the object is instantiated, the number of triangles in the scene remains the same, and
the computer resources can easily handle this model regardless of the number of tiles.
Additionally, if the roof shape changes or if additional faces are added, the tiles are
added or removed in real time. If a particular type of tile is to be applied, for example,
following archaeological discoveries, it is sufficient to replace the input cube with a
single hand-modelled tile. A random colour is assigned to each tile from a pre-selected
set of colours to add realism to the scene.

¢ Tiles on the roof joints: The edges between each face of the surface used for the
roofing are analysed to determine if the faces are concave or convex. If they are convex
and have a slope, then linear tiles are applied on the edge to join the different sections
of the roof. The initial tile model is instantiated along each selected edge, and each
instance is oriented according to the normal and tangent of each edge to ensure proper
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alignment. The modification of the input mesh and its impact on the tiling is shown in
Figure 18, with the changes taking only a few seconds.

Castle stone walls: Created automatically from a single hand-modelled stone, then
applied to each edge of the curve, giving the castle’s footprint.

Hoards: Modifiable in number and dimension from a few manually modelled objects,
and duplicated along a curve.

Vegetation density: The vegetation models, their distribution, and their density are
entirely parametric.

Windows: Created with a specific Geometry Nodes setup, allowing their duplication
and scaling.

Arrow slits: They are integrated directly into the parametric structure of the wall, and
can be modified in height, width, number and position.

Rock under the castle: Created with Geometry Nodes, allowing noise to be applied to
the input mesh that defines the approximate size of the rock.

Battlements: Modifiable in width, height, and number of stones, always adjusting the
size of the merlon.

(b)

Figure 18. Two different versions of automatic roof tiling. (a) Tiling inside the parapet. (b) Tiling over

the merlons.
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9. Conclusions

To conclude, this paper proposes a parametric modelling method using the Blender
free and open-source software to create virtual environments representing Rhine castles
from the Middle Ages. The presented methods allow for quick modifications of elements in
size, number, and position, requiring only a limited number of manually modelled objects.
In the context of Rhine castles, which are now in ruins, this method has the advantage
of facilitating exchanges with archaeologists specialising in this period, whose role is to
validate the models. Similarly, if the models are not historically accurate and contradict
archaeological findings from the site, the established method allows for rapid modifications
of the digital reconstruction proposals.

One of the major advantages of this approach is the significant time saving it offers
compared to manual modelling techniques. This time is saved not only during the initial
modelling process but also during subsequent modifications that arise from discussions
with archaeologists, which can often be numerous. The time efficiency is achieved through
the use of Geometry Nodes, which allow the same base structure to generate multiple
elements that differ based on parameter adjustments. Furthermore, additional time is
saved in the application of textures, as the method relies on procedural textures rather than
requiring extensive preparatory work on UV mapping for each modification.

Additionally, since this project aims to promote the sites and share them with the pub-
lic, visual rendering plays an important role. Applying textures to the created models adds
colour, details to objects, and reflection to materials, thanks to the rendering capabilities of
the software, while ensuring that the geometry remains light and manageable.

10. Implications and Future Prospects

The library of parametric objects used for this castle will need to be expanded to
allow for modelling other castles from different periods or using different materials. The
castles will be selected based on their historical importance and their need for promotion
to encourage public visits. These parametric objects can only be used and duplicated for
structures that share a minimum set of common features and rules. For more specific
elements, a distinction must be made. Some unique elements, like certain sculptures, can
be generated from simple geometries and parameterised. On the other hand, more complex
geometries, such as those representing historical figures, events, or intricate coats of arms,
are more challenging to integrate into a parametric workflow due to their complexity
and the need to faithfully reflect real elements that do not conform to a general scheme.
In such cases, parametric environments could be complemented by elements modelled
directly from reality, particularly using photogrammetry, to ensure high-quality textures
and accurate representation. Ref. [49] present unique elements found in the context of
Rhine castles. Some of them, such as sculpted stones, cannot be parameterised, as they
depict complex human figures that do not conform to specific criteria. On the other hand,
other elements, such as lamps, can be recreated parametrically.

The method proposed here allows for the use of the actual DTM around the castle to
integrate it into its environment. However, the DTM must be limited to avoid overloading
the computer’s resources. This creates a border in the environment during rendering in
certain directions. Work is ongoing to solve this issue by proposing parametric modelling
of an environment around the actual DTM to give a sense of a complete environment,
combined with atmospheric and lighting renders.

Additionally, for the finished models, the transfer to virtual or mixed reality systems
has to be carried out. The study will need to analyse the different existing systems, compare
them, and determine which methods are most suitable for meeting the visualisation and
promotion needs of the sites. One issue that has already arisen is the transition of procedural
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textures from Blender to other software. To solve it, texture baking works well for objects
with a low number of faces. Texture baking converts a procedural texture, generated
algorithmically, into a texture from a fixed image file. In this way, the texture file can
be exported as a conventional image file (PNG or .JPEG, for example) for use in other
software without any compatibility problems. In addition to the diffuse map, Blender also
enables light effects such as reflections or specularity of materials to be baked in. This saves
a considerable amount of time in rendering, since the lighting effects are pre-calculated,
which is useful, for example, for VR rendering, but it also limits the variations in light in the
scene once the baking has been completed. The choice therefore has to be made on a case-
by-case basis, depending on the specifications and the methods used to enhance the project.
For objects with a larger number of faces, one idea is to break them down into multiple
elements to create several texture files, being careful not to process the same face multiple
times. This method is currently in development. The baking of procedural textures can only
be performed on a specific and fixed geometry. As such, prior validation by archaeologists
is essential to ensure that the geometry accurately reflects their interpretations and does not
require further modifications. This validation step is crucial to avoid the need for repeated
baking processes, which would significantly increase the workload and processing time.
This parametric modelling process then raises an important question relating to
the valuation and diffusion of these models. The people targeted by this study do not
necessarily have 3D modelling skills, so it is important to simplify access for them as much
as possible. Ref. [50] proposes several possibilities for presenting models, parametric or
not, in different environments. The importance of contextualisation is presented, in order
to easily make the link between the past and what is visible today. In addition, the use
of different sharing methods is important. Determining the most appropriate ones for
enabling the public to easily understand how the models were created is a major challenge,
whether using virtual reality or more traditional 3D renderings such as images or videos.
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Abbreviations

The following abbreviations are used in this manuscript:

BIM Building Information Modelling

DTM Digital Terrain Model

GIS Geographic Information System

HBIM Historic Building Information Modelling

IGN Institut National de I'Information Géographique et Forestiere

INSA Institut National des Sciences Appliquées
LiDAR  Light Detection and Ranging

MEL Maya Embedded Language

NURBS Non-Uniform Rational Basis Splines
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