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Figure 1: Summary of MUSE-geometry main functionalities (left), including basic polygonal/polyhedra meshing, automatic forward/back
data rotation according to their position in the space, types of lateral closing surfaces, triangle-to-prism extrusion, and application-specific
transformations; some real-world scenarios in which the tool has been involved (right).

Abstract
Understanding and modeling the complex geometries of the natural world is a key challenge in the Geosciences. Representing
terrains, subsurfaces, catchments, and environmental domains requires not only accurate data acquisition but also robust
and flexible geometric modeling tools. While computer graphics and geometry processing have made significant advances in
representing and manipulating complex 2D and 3D shapes, their uptake in environmental modeling remains limited due to the
lack of geoscientific constraints and interoperability with geospatial standards.
We present MUSE-geometry, a lightweight computational geometry tool designed to bridge this gap. Our tool integrates
geometric primitives, structured and unstructured meshing, and editing operations with explicit support for geospatial data
formats and coordinate reference systems. By combining computational geometry with geospatial awareness, the tool enables
the creation of simulation-ready 2D/3D models that preserve input integrity and topological consistency. Implemented as a self-
contained command-line application in C++, our tool has been tested on real-world scenarios, including modeling topographic
surfaces or coastal water volumes, demonstrating its ability to unify data structures and geometric processing within a single
pipeline. The tool offers flexible and interoperable operations that enhance the integration of advanced geometric processing
into geoscientific workflows in compliance with geospatial standards.

CCS Concepts
• Computing methodologies → Mesh geometry models; • Applied computing → Environmental sciences;

1. Introduction

Modeling geometries of the natural world poses a challenge in
the field of geosciences. Natural domains are inherently irregular,
anisotropic, and multi-scale; they evolve under physical–chemical

processes and are affected by morphological changes over time.
Capturing these properties through geometric modeling is essen-
tial for improving our understanding of reality and generating sup-
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port for numerical simulations of complex phenomena whose spa-
tial distribution and evolution over time are unknown.

Over the last few decades, the focus on advanced digital repre-
sentation has gradually shifted towards more realistic targets, such
as modeling terrain topography, subsoils, and catchments. Applied
mathematics and computational geometry have provided powerful
techniques for shape modeling that can be suitable for environmen-
tal contexts. Scientific studies increasingly highlight the demand
for advanced, geoscientific 3D modeling technologies, demonstrat-
ing significant progress in landscape representation and surface-
based modeling through computer graphics [AGSG25, GGP∗19,
CCLCdV∗09]. These technologies are essential to analyze spatial
structures and track the temporal evolution of landscapes shaped
by environmental processes [CGEY25, CC24, HMPP19]. Combin-
ing these needs and methods has promoted a growing collaboration
between two scientific communities, i.e., Computer Graphics and
Earth Sciences, encouraging interdisciplinary approaches.

Geometric tools in Computer Graphics have surely enabled the
detailed representation of complex surface morphologies [TG07,
NLP∗13, ZBGS15]. They also support fine-scale modeling using
segmentation techniques, coupled with refinement and adaptive
meshing, which enhances pattern detection and improves computa-
tional efficiency for subsequent numerical simulations [SMP∗25].
However, integrating these methodologies into geoscientific com-
putational workflows is challenging: in some cases, they lack phys-
ical constraints, typically ignore geospatial standards, and are not
designed to manage large-scale, multivariate datasets efficiently.

Geoscientific modeling, on the other hand, is anchored to consol-
idated Geographic Information Systems (GIS) standards. GIS offer
well-established functionality for storing, visualizing, and analyz-
ing geographically located data by producing maps, digital images,
and tables [BC94]. Their strengths lie in 2D operations such as car-
tography, spatial querying, and basic geoprocessing (e.g., buffer-
ing/offsetting, clipping, intersections), which are widely used and
highly interoperable. However, most geoscientific modeling still re-
lies on regular grids or block models (i.e., pixel-based), which are
computationally efficient but poorly capture faults and discontinu-
ities. This simplification produces artifacts such as stair-stepped
surfaces, disrupted connectivity, and inadequate representation of
subsurface heterogeneity. 3D support in GIS is basic and is usually
limited to simple triangulations. Advanced mesh processing, topo-
logical consistency, or local geometry editing are generally unsup-
ported. Both open-source and proprietary GIS can generate surface
models from point clouds, commonly via Delaunay triangulation.
However, they have limited direct mesh editing functionality and
are affected by interoperability issues and weak standardization,
due to varying implementation approaches.

While exporting triangulated models to standard computer
graphics formats is partially supported, importing pre-constructed
meshes is possible but constrained by format incompatibilities and
limited support for topological editing. As a result, GIS platforms
mostly provide pseudo-3D representations, which often lead to dis-
tortions and loss of structural detail. Although some functionali-
ties to manage 3D spatial data are supported by third-party plugins,
GIS are not designed for advanced modeling and customization of
meshes. Therefore, employing external software is required.

To bridge this gap, we present MUSE-geometry, a lightweight
and self-contained computational geometry module designed to
support the needs of geoscientific modeling. It offers a set of ge-
ometric primitives and operations suited to irregular, multi-scale,
and often incomplete data that characterize geoscientific appli-
cations. Unlike general-purpose geometry libraries, it prioritizes
topological consistency and interoperability with common geodata
formats and reference systems, enabling seamless integration into
geospatial data-driven workflows. While MUSE-geometry builds
on well-established meshing and geometry processing approaches
(e.g., Delaunay triangulation, tetrahedralization, and simple extru-
sion), its novelty does not lie in the design of fundamentally new
algorithms. Instead, the contribution of this work is the integration
and adaptation of existing methods into a lightweight, easy-to-use,
geoscientifically oriented software framework. MUSE-geometry
unifies geometric processing, explicit coordinate reference systems
handling, and interoperability with geospatial formats in a single
tool, as illustrated in Figure 1. This integration fulfills the research
demand, providing domain experts with a coherent tool tailored to
their workflows.

MUSE-geometry is developed as a module of the MUSE
(Modeling Uncertainty as a Support for Environment) [Mio25,
MCPVZ22], a stochastic framework designed to model spatial un-
certainty in environmental monitoring and simulation processes,
from which it also derives its name.

The paper is organized as follows. Section 2 provides an
overview of state-of-the-art tools and frameworks in both Com-
puter Graphics and Geosciences. Section 3 introduces the defi-
nitions and terminology adopted throughout the paper. Section 4
presents MUSE-geometry, describing its features and function-
alities. Section 5 discusses the experimental results obtained by ap-
plying MUSE-geometry to real environmental scenarios of vary-
ing complexity and requirements. Finally, Section 6 concludes the
paper and outlines future research directions.

2. Related Works

In the following sections, we present an overview of the most com-
mon geometry processing tools and their implementations in geo-
scientific modeling. We categorize and discuss existing tools and
frameworks into three macro-groups: general-purpose geometry li-
braries (Section 2.1), GIS-oriented frameworks (Section 2.2), and
domain-specific geoscience tools (Section 2.3).

2.1. General-purpose geometry libraries

General-purpose geometry libraries provide robust functionalities
for mesh generation and manipulation and are widely used in com-
puter graphics, CAD, and scientific computing. Their main focus is
on simplicial structures (i.e., triangles in 2D and tetrahedra in 3D)
which form the standard primitives for most algorithms in com-
putational geometry and graphics. While this representation is well
suited for visualization and numerical simulation, it overlooks grid-
based discretizations (regular, rectilinear, or curvilinear), which are
predominant in geoscientific applications for representing fields
such as topography, climate variables, or subsurface properties. In
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recent years, however, software tools have increasingly incorpo-
rated support for alternative discretizations such as hexahedral and
polyhedral meshes, which are better suited for certain simulation
scenarios due to their improved numerical properties and flexibility
in representing complex domains.

Representative examples include CGAL [CGA24], cinolib
[Liv19], geogram [Lé25], ImatiSTL [Att17], libigl [J∗23], and
VCGlib [VCG24], which offer rich toolsets for surface and volu-
metric mesh processing and remeshing. In parallel, mesh genera-
tors such as Triangle [She96], TetGen [Si24], TetWild [HZG∗18],
and their extensions (triWild [HSG∗19], fTetWild [HSW∗20])
demonstrate the-state-of-the-art for simplicial meshes. Beyond
simplicial structures, tools such as Gmsh [GR09] and Cubit [Cor]
provide dedicated support for hexahedral and hex-dominant mesh-
ing, while frameworks like PolyMesher [TPMP12], OpenFOAM
[Ope25], and the SALOME Platform [EDF25] offer capabilities for
polyhedral meshing. However, both categories are often developed
for domain-specific purposes (Section 2.3).

Despite their maturity, the application of these libraries in geo-
sciences is not straightforward. They are designed to operate on
clean, manifold geometries and to treat models in abstract Eu-
clidean space, while geoscientific data are often noisy, incomplete,
and characterized by strong multi-scale variability. Moreover, these
tools rarely incorporate concepts of geospatial information such as
coordinate reference systems, datum transformations, or metadata
management, which are essential for integrating geometries within
real-world datasets. Only a few libraries, such as Boost.Geometry
[Dev24] and the Point Cloud Library (PCL) [Poi24], provide some
degree of geospatial awareness, but their scope is limited and in-
sufficient to cover the full complexity of geoscientific workflows.

2.2. GIS-oriented frameworks

GIS-oriented frameworks provide extensive geospatial functionali-
ties that general-purpose geometry libraries often lack. Widely used
GIS libraries and engines include desktop applications, full GIS
systems, and programming libraries, each with varying levels of
support for data management, geoprocessing, and visualization. In
the following, we mention the most popular GIS-oriented libraries
and tools, highlighting the main features and compatibility with
computer graphics.

GDAL/OGR [GDA22] is the de facto standard library for geospa-
tial data I/O and raster/vector management. It provides robust
coordinate reference system (CRS) support and integrates with
PROJ [PRO22] for coordinate transformations, but it offers no na-
tive visualization or advanced geometric processing functionalities.
Lightweight library solutions such as shapelib [OSG25] are speci-
fied for managing I/O vector data and lack both geoprocessing and
visualization capabilities. More comprehensive frameworks like
TerraLib [CVF∗08] provide core geospatial processing for raster
and vector data, including coordinate transformations, but similarly
fall short in terms of advanced visualization or general-purpose ge-
ometric operations. Integrating GDAL and PROJ is essential for
GIS engines. Open source examples include GRASS GIS [GRA22]
and QGIS [QGI24], while commercial platforms such as ArcGIS
[All11] support many GDAL-compatible formats and coordinate

systems through their internal implementations. They offer com-
prehensive geoprocessing tools, advanced management of georef-
erenced coordinate systems, and basic visualization features.

While these tools excel in managing complex geospatial work-
flows, their geometric processing capabilities are limited to simple
triangulations or basic 2D/3D rendering, and they often rely on ex-
ternal libraries for mesh generation. The MDAL [MDA20] library
is the clearest example of an attempt to integrate meshing within
GIS. Just as GDAL offers a layer of abstraction for geospatial data,
MDAL provides a data model for representing unstructured meshes,
regardless of their storage format, but lacks geometry processing
capabilities. Geospatial file support is only possible indirectly via
GDAL, making it insufficient for computer graphics requirements.

In summary, the long tradition in using GIS-oriented frameworks
demonstrates strong capabilities in geospatial data management
and geoprocessing, but rarely integrates advanced geometric oper-
ations, mesh generation, and visualization within a lightweight and
unified environment.

2.3. Domain-specific frameworks

Several domain-specific frameworks have been developed to sup-
port applications in hydrology, geology, geophysics, and envi-
ronmental modeling. Unlike generic libraries, they are designed
around the requirements of specific scientific and industrial com-
munities, and therefore provide tools tailored for representing and
simulating natural phenomena.

A notable example is Gmsh [GR09], which is widely used for
finite element simulations and appreciated for its flexible mesh-
ing capabilities and powerful scripting interface. Other frameworks
explicitly developed for geoscientific purposes include LaGriT
[GMHH25], targeting hydrological and geological simulations, and
Cubit (now commercialized as Coreform Cubit) [Cor], which pro-
vides advanced support for complex 3D meshes in geophysics and
subsurface modeling. Recent toolkits such as SimPEG [CKH∗15],
with its discretize meshing component [dev25], and the DMPlex
module in PETSc [Tea25], extend mesh handling to large-scale
geophysical simulations. More specialized research efforts include
the RINGMesh library [PCJ∗17] and PZero software [MBB∗24],
designed for 3D geological modeling workflows, as well as 3D
meshing generator–based frameworks such as [XL14] for reservoir
modeling, [MCP∗22], which integrates heterogeneous geoscientific
data into consistent 3D models, and MeshIt [CB15], a robust open-
source tool for meshing complex and fractured geological models,
although it is limited to tetrahedral meshing of convex domains.

Belonging to the same category, but aiming for broader cover-
age, are comprehensive frameworks that provide end-to-end envi-
ronments, from data import and interpretation to the generation of
models ready for numerical simulations. Notable examples include
the commercial software Leapfrog [lea], widely used in geologi-
cal and mining contexts for implicit surface and volume model-
ing via interpolation of survey data and field observations. Sim-
ilarly, GOCAD/SKUA [Mal92] has become a standard for struc-
tural geology and sedimentary basin modeling, while GeoMod-
eller [BG25] allows the construction of volumetric models includ-
ing lithologies and faults, integrating heterogeneous data such as
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cross-sections, boreholes, geophysical, and hydrogeological sur-
veys. Petrel [Sch25], developed for the oil and gas industry, offers
integrated functionalities for seismic interpretation, reservoir char-
acterization, and simulation.

Overall, domain-specific frameworks span a continuum from
research-oriented tools, offering algorithmic flexibility and open
experimentation, to industrial solutions focused on robustness and
complete workflow integration. While highly effective in their re-
spective domains, they reveal the lack of a unifying framework that
can combine advanced geometry processing, geospatial awareness,
and data heterogeneity.

3. Background and Terminology

Geoscientific data differs in many ways from the geometric data
commonly encountered in computer graphics. This section is in-
tended to provide some background knowledge and terminology
necessary to better understand the methodology proposed in this
paper. We recognize the following key aspects, i.e., (1) data alloca-
tion in the space (georeferencing), (2) data types, (3) meshing, and
(4) specialized transformations.

A first distinction between the two worlds lies in how positions
are represented. Instead of local Cartesian coordinates, geospatial
datasets are usually expressed in geographic coordinates, such as
latitude, longitude, and elevation, or in projected coordinate refer-
ence systems (CRS) that map the curved surface of the Earth onto
a plane. Overlaying different geographic datasets requires speci-
fying the EPSG (European Petroleum Survey Group) code, which
uniquely identifies a standard CRS. Transformations between these
systems are frequent and essential, since working directly with geo-
graphic coordinates can lead to numerical instabilities in geometry
processing due to the very large or highly precise values involved.

Another characteristic feature of geoscientific data is the vari-
ety of formats used to represent the environment. Raster data, for
instance, encodes information on a regular grid, where each cell
contains a value, e.g., elevation, as in the case of Digital Elevation
Models (DEM). Vector data instead represents discrete geometries,
such as points (e.g., measurement stations), lines (e.g., rivers), and
polygons (e.g., terrain boundaries). Beyond raster and vector, point
clouds acquired through laser scanning technologies or photogram-
metry are increasingly important for capturing detailed 3D infor-
mation about surfaces and vegetation, but they lack connectivity
and must often be transformed into meshes before they can be used
in simulations.

Meshing plays a fundamental role in geosciences. Following
the terminology commonly adopted by geoscientists, structured
meshes, consisting of regular grids of cells, are widely used for
numerical models where uniform discretization is sufficient. How-
ever, natural domains are rarely regular: terrains, subsurfaces, and
geological formations exhibit complex geometries that require un-
structured meshes, such as triangular or tetrahedral discretizations,
to capture their variability [MCM∗24]. Constructing such meshes
while respecting structural constraints is often a key bottleneck
[CCLCdV∗09].

Finally, certain operations are specific to geoscientific appli-
cations and have no direct counterpart in computer graphics.

One example is the stratigraphic transformation [LB22, RKCC15,
McL04], used in geostatistics modeling for faulted and folded do-
mains. The points representing the physical model, which includes
structural and geological characteristics of the actual deposit, are
re-parameterized in a coordinate system aligned with geological
layers rather than with the global Cartesian frame. A simple unfold-
ing operation of the model, acting only on points’ z-coordinate, al-
lows spatial continuity modeling to be performed while preserving
stratigraphic continuity, which would be intractable in the original
coordinates.

4. MUSE-geometry

Where general-purpose geometry libraries lack geospatial aware-
ness, and GIS frameworks provide limited geometric flexibility,
MUSE-geometry combines the strengths of both domains in a
single lightweight computational tool. Its core objective is to en-
able the generation and processing of 2D and 3D meshes directly
from geospatial datasets while preserving their reference systems
and geometric quality. Rather than introducing new meshing al-
gorithms, the contribution of MUSE-geometry lies in the inte-
gration and adaptation of established methods within a geoscien-
tifically oriented, geospatially aware framework. This integration
provides domain experts with a coherent and accessible tool that
bridges the gap between computational geometry and environmen-
tal modeling workflows. The tool is not limited to mesh generation.
It also provides a suite of functionalities for geometric editing and
manipulation, enabling users to perform common operations such
as point projection, surface interpolation, and application-specific
transformations (i.e., stratigraphic coordinates transformations for
geostatistics computation).

The complete list of functionalities, ranging from data process-
ing and meshing, is described in Section 4.1. MUSE-geometry is
implemented as a command-line tool to facilitate integration into
automated pipelines and large-scale data processing workflows. It
supports a variety of input formats commonly used in GIS and en-
vironmental modeling, and is designed to be modular, extensible,
and interoperable with existing open-source tools and GIS (Sec-
tion 4.2).

4.1. Main Functionalities

MUSE-geometry consists of a suite of geometric functionali-
ties for geospatial data processing and mesh generation. It en-
ables streamlined I/O operations with explicit CRS handling, en-
suring accurate format conversion while preserving geometry in-
tegrity and attribute consistency (Section 4.1.1). The tool supports
both structured and unstructured meshing for surface and volume
modeling, including algorithms for triangulation and, more gen-
erally, polygonal meshing, local and adaptive refinement, tetrahe-
dral meshing, as well as prism-based representation (Section 4.1.2).
Lightweight operations, such as splitting, offsets, translation, scal-
ing, and rotation, are integrated to allow geometric editing and
transformation of meshes, to generate watertight volumetric do-
mains (Section 4.1.3). Finally, application-specific operations, such
as stratigraphic transformation, enable real-time use for spatial pre-
diction in geoscientific contexts (Section 4.1.4).
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4.1.1. Input/Output and CRS management

Built on GDAL [GDA22] and PROJ [PRO22], the tool supports
I/O of common vector (e.g., Shapefile, Geopackage, GeoJSON)
and raster formats (e.g., GeoTIFF, ASCII Grid), as well as point
clouds.

Georeferencing is preserved through explicit CRS management,
allowing conversion between coordinate systems by specifying the
appropriate EPSG code. When reading geospatial data, the tool re-
ports the georeferencing information, indicating whether the coor-
dinates are geographic (latitude/longitude) or in a projected metric
system. The latter is suitable for subsequent geometric processing.
In the former case, special attention must be paid to the units of
measurement: the tool returns an error, prompting the user to con-
vert the data from degrees to metric coordinates before meshing.
Conversion can be performed directly by MUSE-geometry itself
by specifying the target EPSG code, enabling automatic transfor-
mation of geographic coordinates into a metric system suitable for
meshing.

The content of vector files is extracted according to the geometry
type, such as (multi-) points, (multi-) lines, (multi-) polygons, sup-
ported by GDAL. Associated attributes can be summarized in meta-
data or preserved in separate tabular files, such as CSV, if they are
available. Raster files, on the other hand, are approached as a point
cloud, where georeferenced points correspond to the centroids of
each pixel that builds the map.

Collecting environmental data from diverse sources requires
careful verification to ensure compatibility, validate georeferenc-
ing, and confirm that the data belong to the correct computational
domain. When MUSE-geometry checks the reference system,
the integration of heterogeneous datasets is facilitated through the
implementation of point-in-polygon functions [Fra70,J∗23], ensur-
ing proper alignment within the computational domain.

4.1.2. Structured and unstructured meshing

MUSE-geometry supports both structured grid generation (reg-
ular subdivision of a bounding box possibly constrained by ar-
bitrary boundaries) and unstructured meshing based on Delaunay
triangulation and tetrahedralization [She96, Si24]. Figure 2 shows
examples of 2D/2.5D meshing strategies implemented in MUSE-
geometry.

The code is inherently aware that geospatial and computer graph-
ics representations differ. For example, geospatial polygons are ex-
plicitly closed by duplicating the first vertex, whereas in formats
typically used in computational geometry, vertices are usually not
duplicated. To avoid compromising mesh computation due to du-
plicates, the tool handles such situations to ensure the success of
the meshing algorithm.

Structured grids are generated by a simple approach, dividing the
bounding box of a specific domain into a discrete number of 2D
equal-dimension cells (or volumetric cells in 3D) and then adding
iterative cells and vertices to compose the grid.

Unstructured meshing relies on advanced triangulation algo-
rithms that support various boundary conditions (e.g., convex hull,
concave hull [Ada19], or user-defined boundaries) and allow polyg-
onal mesh generation. MUSE-geometry enables triangulation of

any surface that can be approximated as a plane. In practice, vertical
or oblique sections (such as a geological cross-section) are handled
by first rotating the section into a horizontal plane, performing the
triangulation with standard algorithms, and then back-rotating the
resulting mesh to restore the original orientation. This process is
fully transparent to the user, as it is executed automatically through
the rotation functionality implemented in MUSE-geometry (Sec-
tion 4.1.3).

For volumetric modeling, structured meshing naturally extends
from the 2D case. Unstructured meshing, in contrast, follows the
computational pipeline introduced in [MCP∗22], with extensions to
handle heterogeneous input data, enhance algorithmic robustness,
and enforce mesh quality constraints (e.g., adaptive refinement or
application-specific geometric criteria such as minimum angles or
maximum cell areas). If a triangulated surface is provided as input,
MUSE-geometry generates the volumetric domain following the
methodology described in Section 4.1.3. If the input consists of
vector or point cloud data, the procedure is preceded by triangula-
tion via Triangle [She96]. The final tetrahedralization is then per-
formed using TetGen [Si24], possibly setting quality parameters,
producing a high-quality volumetric mesh suitable for subsequent
simulations.

4.1.3. Geometric editing and transformations

Lightweight geometric editing tools include:

• local operations on surface/volume, such as poly/edge splitting,
surface offsets (i.e., shifting vertices along surface normal) of a
constant quantity or to an absolute elevation, translations, scal-
ing, rotations, z-values filtering, extrusion to prism-based repre-
sentation (Figure 5);

• coupling surfaces, such as merging in a single model, edge
matching/boundary alignment (implicit in merging operation).

Rotation is a key feature in this context and serves a dual pur-
pose. It can be applied explicitly to align data with a specific plane
in the space, or it can be handled implicitly as a preprocessing step
before triangulation. The latter is essential in geological modeling,
where data often come from cross-sections, oriented on an arbitrary
plane (i.e., not parallel to the X-Y plane). If loaded in their original
reference system, such geometries are not compatible with standard
triangulation algorithms, which typically operate in the X-Y plane.
The tool addresses this automatically by checking the orientation
of the input data and applying a rotation when necessary to ensure
proper alignment with triangulation space (Figure 3).

The rotation angle θ is computed between the normal to the
best-plane fitting point (nnnp) and the normal to the X–Y plane
(nnnxy =(0,0,1)); the rotation axis is detected by computing the cross
product between the two normal vectors; the rotation center is set
to the center of the bounding box of points. The rotation parameters
are defined as

θ = arccos
(

nnnp ·nnnxy

∥nnnp∥∥nnnxy∥

)
, (1)

uuu =
nnnp ×nnnxy

∥nnnp ×nnnxy∥
, (2)

where θ is the rotation angle and uuu is the unit rotation axis.
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(a) (b) (c)

(d) (e) (f)

Figure 2: From vector geospatial data (GeoPackage) to 2.5D surface models under different boundary conditions: (a) input points, with
derived models (b) triangulation with convex hull and (c) triangulation with concave hull; (d) input polygon, with derived models (e)
boundary-constrained triangulation with refinement and (f) regular grid mesh. Vertex coordinates of the 2.5D models (x,y,z) are consistent
with point coordinates in the input geospatial data.

Figure 3: Stepped procedure to check the orientation of points allocation before starting triangulation: (a) best-plane fitting points and
related normal, (b) checking normal respect to the horizontal plane, computing the angle between the two normal vectors for the points’
forward rotation, (c) back rotation to restore the original reference system.

Another key feature of MUSE-geometry is the ability to gen-
erate volumetric domains from 2D surfaces using a variety of
methodologies. One approach involves creating surfaces that are
exact copies of each other but vertically offset, which is illus-
trated in Figure 4a and is particularly useful for representing lay-
ered structures. A second methodology addresses irregular surfaces
at arbitrary elevations, allowing the modeling of complex, non-
uniform geometries, as shown in Figure 4b. A third approach com-
bines an irregular surface with a plane defined by a set of points,
enabling the closure of open or incomplete surfaces, as depicted in
Figure 4c.

In addition, MUSE-geometry supports extensions for prism-
based meshes, allowing a 2D triangulation (such as a geological
cross-section) to be extruded into a 3D prism mesh by offsetting
the triangular elements along a specified direction (Figure 5).

Overall, these functionalities demonstrate how MUSE-
geometry provides a comprehensive set of lightweight geomet-
ric editing and mesh generation tools. From local operations on

surfaces and volumes, such as splitting, offsets, transformations,
and extrusion, to the coupling and alignment of multiple surfaces,
the software ensures robust handling of complex geometries.
Rotation and alignment procedures guarantee compatibility with
triangulation algorithms, while volumetric domain construction
and prism-based mesh extrusion support the creation of 3D models
suitable for subsequent numerical simulations.

4.1.4. Application-specific transformations

A distinctive feature of MUSE-geometry is its support for strati-
graphic transformations used in geostatistics. These are crucial
when dealing with spatial modeling of non-planar stratified geo-
logical bodies for accurate estimation [McL04, RKCC15, Boi10,
LB22]. This approach is an integral part of geostatistics workflows,
aiming at predicting the spatial distribution of environmental vari-
ables, collected in discrete points in the space, by a stochastic-based
algorithm [GHS21].

Firstly, we model the physical deposit by meshing, proposing
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Figure 4: Different scenarios supported for lateral closing surface
meshes into a watertight object, useful for subsequent tetrahedral
processing. The (a) scheme indicates the closure between a triangle
mesh and its shifted duplicate at an arbitrary vertical elevation; the
(b) scheme represents the coupling of multiple irregular triangular
surfaces; the (c) scheme illustrates the closure between an irreg-
ular triangle surface and the triangulation of mesh vertices on an
arbitrary plane.

Figure 5: From (a) 2D to (b) 3D model through prism generation.

the employment of triangular/tetrahedral grids. Then, we apply the
coordinate transformation on mesh vertices, which consists of re-
moving the models’ distortive effect and consistently re-allocating
sampled data in the stratigraphic coordinate system. They are pro-
jected onto reference surfaces and remapped into stratigraphic co-
ordinates, enabling coherent variogram modeling and stochastic
simulations computation.

Despite developments in the use of meshes in reservoir mod-
elling, existing approaches remain anchored to the use of traditional
block grids [BCBC08, PD14, LB22] . Although existing software,
such as GOCAD [Mal92], supports stratigraphic grid generation
or deformation handling, it does not provide an open-source and
ready-to-use implementation that performs explicit stratigraphic
coordinate transformations on both 2D/3D structured and unstruc-
tured meshes. MUSE-geometry addresses this gap by offering a
unified, open-source framework for such transformations, to enable
direct geostatistics modeling.

The tool currently supports three transformation types, cor-
responding to typical reservoir scenarios: proportional, trunca-
tion, and onlap [PD14]. In the proportional case (Figure 6-1a),
the coordinate zp of a generic point P is scaled relative to
the bounding surfaces and mapped to a stratigraphic coordinate
zs = (zp − zb)/(zt − zb) ·δT , where zt and zb denote the top and
bottom of the stratigraphic interval, and δT is the average thickness
of the interval, computed across all points or along a reference pro-
file. This parameter normalizes the stratigraphic coordinate so that
variations in interval thickness across the domain do not distort the
transformed coordinates.

For truncation, the transformation references the lower bounding
surface, which remains intact, with respect to the eroded top layer
(i.e., the orange top layer in Figure 6-1b) as zs = zp − zb.

For onlap, the upper bounding surface serves as a reference, hav-
ing a filling at the bottom (i.e., the orange bottom layer in Figure
6-1c) as zs = zt − zp.

Figure 6: Examples of (1) different stratigraphic scenarios derived
from reservoir modeling and the (2) relative transformation into the
stratigraphic coordinate system: (a) proportional, (b) truncation,
and (c) onlap.

4.2. Principles in Practice

MUSE-geometry has been designed from the ground up to em-
body its three guiding principles in every aspect of its functionali-
ties.

Numerical robustness. Environmental and geospatial data often
involve coordinates with values near machine precision, which can
easily destabilize standard meshing algorithms. To ensure stabil-
ity, all meshing operations in MUSE-geometry are performed in
local Cartesian frames, and coordinates are restored to their orig-
inal georeferenced system after processing. This approach is con-
sistently applied across both structured and unstructured meshing
routines, enabling robust handling of large and complex datasets
without requiring user intervention.

Flexibility. The framework supports multiple mesh types, adaptive
refinement, prism-based meshes, and a variety of geometric edit-
ing operations, such as splitting, offsetting, translations, scaling,
rotations, and enabling watertight volumetric domains. Similarly,

© 2025 The Author(s).
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Figure 7: From a raster DTM with an original resolution of 10×10 m (GeoTiff standard format) in (a) GIS project to (b) data processing by
MUSE-geometry: Delaunay-based triangulation of points and gridding with down-sampling (i.e., final resolution of 100×100 m).

application-specific transformations such as stratigraphic mappings
are supported. By providing multiple options for mesh generation,
editing, and transformation, MUSE-geometry can be adapted to
a wide range of geoscientific modeling scenarios. Additionally, its
remarkable flexibility makes it suitable for generic, non-geological
domains, extending its applicability beyond geoscientific use cases.

Interoperability. MUSE-geometry integrates seamlessly with
widely adopted geospatial formats through GDAL and PROJ, pre-
serving both geometric and attribute information. Exports can be
directed to geoscientific workflows, computer graphics applica-
tions, or simplified tabular formats for attribute-only use. More-
over, application-specific transformations and meshing operations
are designed to work directly with existing mesh structures and
geospatial datasets, enabling the framework to fit naturally into
broader workflows without additional preprocessing or conversion.

By consistently applying these principles across all functionali-
ties, MUSE-geometry ensures that geospatial meshing and trans-
formations are robust, adaptable, and compatible with real-world
applications.

5. Results & Discussion

MUSE-geometry is released as an open-source standalone soft-
ware, designed for a large community of users, from those with
low programming expertise to expert developers. It is developed in
C++ and it is available in a GitHub public repository (https://
github.com/mariannamiola/MUSEgeom.git) under the
GPLv3 licence. It has been tested on Windows, Linux, and macOS.
Specific instructions for cloning, external dependencies, building
the source code, and using the tool are provided in the repository.

In the following Section 5.1, we illustrate the application of
MUSE-geometry to real case studies, selected to cover a range

of complexities. Each example is identified by specific keywords
that represent the geometry processing operations involved, while
the limitations of the current version of MUSE-geometry are dis-
cussed in Section 5.2.

5.1. Real Case Studies

To evaluate the effectiveness of MUSE-geometry, we conducted
a series of experiments on real-world geoscientific datasets. The se-
lected use cases span a variety of domains, including terrain mod-
eling and subsurface or water-body representation, each posing dif-
ferent requirements on the resulting geometric models. In some
cases, the focus is on accurately capturing surface morphology and
boundaries, while in others the objective is to generate volumet-
ric meshes suitable for numerical simulation. By applying MUSE-
geometry across these heterogeneous scenarios, we demonstrate
both the versatility of our approach and its ability to integrate seam-
lessly into geoscientific workflows. In the following paragraphs,
we present examples of geoscientific workflows in which MUSE-
geometry has been employed to generate 2D and 3D meshes.
The results were validated by experts from different geoscientific
domains, who confirmed that MUSE-geometry simplifies mesh
generation and simulation activities effectively benefit from the
meshes produced by MUSE-geometry.

Raster to mesh This application involves the pure application of
geometry processing techniques on standard raster data, preserving
georeferencing and its native features. We process a publicly avail-
able real-world Digital Terrain Model (DTM) from the Tuscany
Region portal [ope], covering the province of Pisa. The dataset,
originally in ASCII-Grid format in Gauss-Boaga coordinate refer-
ence system (EPSG:3003), was preliminarily processed in QGIS to
extract a smaller, more easily manageable area. The selected por-
tion covers the Monte Pisano site and maintains the original pixel

© 2025 The Author(s).
Proceedings published by Eurographics - The European Association for Computer Graphics.

https://github.com/mariannamiola/MUSEgeom.git
https://github.com/mariannamiola/MUSEgeom.git


M. Miola et al. / A lightweight open-source tool for Meshing within Geosciences 9 of 13

size (resolution) of 10×10 meters. This dataset is used to evaluate
raster loading (Geotiff format) and geometric processing, includ-
ing Delaunay-based triangulation (Figure 7a) and gridding based
on original pixel size and varying resolution with down-sampling
(Figure 7b-c). The DTM is remapped by choosing a lower reso-
lution (larger pixel size). A new elevation value will be associated
with the resized pixels, equal to the average elevation of the original
cells that fall within the new cell.

Vector to mesh This application involves the pure application of
geometry processing techniques on standard vector data, preserv-
ing georeferencing and its native features, and automatically solv-
ing the inconsistency between GIS-based formats and Computer
Graphics. As an example, Figure 8 shows the result obtained by
processing a vector file covering the Liguria region and dividing
it into slope units, i.e., polygons that delimit areas with homoge-
neous geomorphological properties (i.e slope). These slope units
are publicly available from the IRPI-CNR Geomorphology Re-
search Group [AGM20], which provides a dataset and tools for
generating slope units across Italy. In this case, the vector file is
converted into a polygon mesh, where each cell corresponds to a
detected slope unit and retains its original, potentially irregular,
shape.

Figure 8: Example of a polygonal mesh obtained by processing a
vector standard file, composed of a series of polygons representing
units with homogeneous geological properties.

Geological section modeling This application represents a tradi-
tional geological workflow, based on the reconstruction of a hetero-
geneous vertical geological section from a sampled dataset (e.g.,
lithology, porosity, permeability). First, the example tests the auto-
matic detection of the spatial arrangement of points and their rota-
tion onto the X–Y plane to satisfy the requirements of the triangu-
lation algorithm. The resulting 2D model is then used for stochas-
tic simulation, with an example output shown in Figure 9a. When
combined with heterogeneity information, this model can be used
to perform flow and transport simulations, such as tracer dispersion
in a heterogeneous porous medium. Extensions for prism-based
meshes is applied to satisfy constraints on mesh structure, such as
cell type or orientation, required by external tools. In particular,
the 2D triangular input mesh is extruded into a 3D prism mesh by
offsetting the triangular elements along a specified direction (Fig-
ure 9b), enabling geochemical modeling in PFLOTRAN [LHL∗20]
(Figure 9c).

Figure 9: Stochastic modeling of a heterogeneous porous medium
on a high-resolution unstructured mesh support, varying from (a)
triangulation to (b) prism-based representation for PFLOTRAN
software compatibility, aiming at (c) flow and transport numeri-
cal modeling of a tracer dispersion.

Water volume modeling This application compares geometry
processing techniques (structured vs. unstructured meshes) for
modeling coastal surface water volumes, with the final aim to pro-
vide a 3D mesh to support real-time monitoring activities. Two
datasets are employed, representing the harbors of Genoa and
Portofino (Liguria, Italy). Each dataset includes (1) high-density
bathymetric data and (2) the boundary delineating a portion of the
corresponding water volume. The 3D volume meshing workflow
involves several computational steps, including the 2.5D triangula-
tion of the bathymetry, offsetting to represent the water surface, lat-
eral closure (see Figure 4b), and final tetrahedralization in the case
of unstructured meshing. Figure 10 illustrates the results obtained
for the Portofino harbor, comparing structured meshing (regular
gridding with a 20× 20× 20 resolution) and unstructured mesh-
ing (tetrahedralization), both constrained by the harbor boundary
defining the modeled water volume.

Geostatistics application This application demonstrates how ge-
ometry processing tools are integrated into computational work-
flows to support geostatistical and stochastic modeling. Figure 11
illustrates the volume tetrahedral model of the Polcevera river basin
(Liguria, Italy), starting from the triangulation of a Digital Ele-
vation Model constrained to the basin boundary, which is highly
anisotropic. The model is built by combining DEM-constrained tri-
angulation with the projection of mesh vertices onto an arbitrary
plane, following the scheme presented in Figure 4c. The resulting
mesh serves as a geometrical framework for stochastic simulations
to estimate the spatial distribution of sparsely sampled lithologies
(e.g., filling, rock, and sediment), while accounting for spatial co-
variance laws. In this context, the correctness of spatial covariance
is ensured by applying a stratigraphic coordinates transformation.
Figure 11b shows the tetrahedral mesh before (gray) and after (yel-
low, “flat”) the stratigraphic transformation. Figure 11c presents the
results of stochastic simulations, highlighting the utility of this ap-
proach for geological analyses, such as identifying interfaces be-
tween rock and sediment.

© 2025 The Author(s).
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Figure 10: An illustrative example of the results obtained modeling coastal surface water volume coupling bathymetry and harbor domain
boundary. Two different meshing techniques are tested and compared, including tetrahedral (i.e., details marked by blue boxes) and hexahe-
dral meshing with a (20×20×20) grid resolution (i.e., details marked by green boxes).

Figure 11: Injecting geometry processing in a geostatistic modeling workflow: the case study of Polcevera basin (Genoa, Italy). The (a)
volume tetrahedral mesh becomes the geometric support for (c) spatial prediction and (d) detecting the interface between sediment and rock
(i.e., the line marked in magenta), including (b) stratigraphic coordinate transformation for coherent estimation of spatial covariance laws.

© 2025 The Author(s).
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5.2. Limitations

While MUSE-geometry successfully bridges a significant gap
between computational geometry and geoscientific applications,
the current implementation has several limitations that present op-
portunities for future development.

First, as a command-line tool, it requires a certain level of tech-
nical proficiency, which may present a barrier to adoption for geo-
scientists and GIS analysts accustomed to graphical user interfaces.
The lack of real-time visual feedback during mesh generation and
editing operations can make the process of parameter tuning and
debugging iterative and less intuitive. Second, the tool’s perfor-
mance is constrained when processing exceptionally large datasets,
such as continent-scale digital elevation models or high-resolution
LiDAR point clouds. While the underlying libraries are efficient,
the current architecture of MUSE-geometry does not yet sup-
port out-of-core processing or distributed computing, limiting the
scale of models that can be handled on standard workstations.
Third, while MUSE-geometry supports a wide range of standard
geospatial and mesh formats, its internal data model is primarily
geometry-focused. The handling of rich, heterogeneous attribute
data linked to geometric elements is currently basic. Attributes are
preserved through operations but lack dedicated, optimized stor-
age or advanced querying capabilities within the tool itself. Fourth,
currently MUSE-geometry is not able to manage geographi-
cal coordinates and thus cannot be used to work directly on the
Earth’s spheroid. Finally, the current meshing algorithms in MUSE-
geometry, while robust, are primarily focused on Delaunay-
based methods and simple extrusions. The tool does not yet in-
clude more advanced techniques such as anisotropic meshing tai-
lored to directional physical phenomena, boundary layer genera-
tion for computational fluid dynamics, or hex-dominant meshing
for improved numerical performance in certain simulations.

6. Conclusions

We have presented MUSE-geometry, a lightweight open-source
tool designed to bridge the gap between advanced computational
geometry and the specific needs of geoscientific modeling. By in-
tegrating geospatial awareness with robust mesh generation and
editing capabilities, the tool provides the possibility to create
simulation-ready 2D and 3D models from real-world environmen-
tal data. Our experiments demonstrate its versatility in handling di-
verse scenarios, from terrain modeling to volumetric mesh genera-
tion for surface and subsurface simulations.

MUSE-geometry is intended to serve as a solid founda-
tion upon which new methodologies for geospatially-aware mesh
generation and processing can be developed. While the current
command-line implementation ensures interoperability and script-
ing, the next step is developing a graphical user interface (GUI)
to make these tools more accessible to domain experts without a
programming background. Furthermore, to address the increasing
volume and heterogeneity of geoscientific data, we plan to inves-
tigate optimized data storage solutions, including the integration
with spatial databases to enhance performance and support com-
plex geometric and attribute queries.

We believe these future developments will greatly ease access

to advanced geometric processing in the geosciences and promote
stronger collaboration between the computer graphics and earth
science communities. The MUSE-geometry source code is pub-
licly available to encourage community involvement and further
innovation in this interdisciplinary field.
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