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Figure 1: Left to right: Voxel model in rest pose space. Tetrahedral cage animated with linear blend skinning. Voxel model implicitly animated
using our method (3.2 ms at 1920x1080). Complex SDF animated by our method (13.8 ms - see supplementary video). For visualization

purposes, we use coarse voxels and tetrahedra.

Abstract

Meshless representations, such as implicit representations (Signed Distance Fields, procedural density fields, etc.) and 3D
textures, are important representations in Computer Graphics. Implicit representation allows the representation of geometry
with an infinite resolution and a low memory cost. 3D textures are an explicit representation that can store shape information in
a regular 3D grid of voxels, allowing for simple anti-aliasing, mipmapping, and dynamic editing. Recent works have improved
both representations’ rendering performances, making them viable for real-time rendering. However, their animation remains a
tedious task, limiting their adoption. In this work, we propose a data structure and a rendering pipeline that allows for animating
meshless geometric representations. To achieve that, we encase the meshless representations into a coarse tetrahedral mesh,
rigged as we would have for a typical articulated character. At rendering time, we apply the deformation of the rest pose to the
Sfull volume using interval shading [Tri24]. Our method can be directly integrated into a classical rasterization-based rendering
pipeline, allowing for the real-time animation of meshless representations using pre-existing animation software.

CCS Concepts
* Computing methodologies — Animation; Rasterization;

1. Introduction

Shape representations and design tools are important topics in com-
puter graphics, and many approaches are available. However, for
usability in production workflows, they have to be compatible with
animation. In practice, surfaces are generally represented as or con-
verted to triangular meshes, which are compatible with most anima-
tion methods (e.g., linear blend skinning, free form deformation).

Other shape representations, such as implicit geometry and voxel
grids (i.e., 3D texture), have gained popularity for real-time appli-
cations due to increased GPU performance and improved rendering
algorithms. Despite this popularity, these meshless representations
remain extremely difficult to animate, limiting their adoption.
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Animating meshless representations presents a significant chal-
lenge due to the fundamental nature of their representation. Unlike
traditional surface-based models, implicit geometry defines shapes
using functions of space (typically, iso-value) that, once deformed,
can not be expressed with the same family of functions (e.g., an
arbitrarily deformed sphere is not a sphere). Thus, the sampling of
the deformed implicit has to be done via a rest pose.

In the case of 3D textures (i.e., volumetric data), there is no triv-
ial way to attach bones or control points, which makes traditional
rigging-based animation techniques inapplicable. Deforming a vol-
ume requires altering the internal structure of the data field itself,
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often in a non-rigid and spatially complex way, making intuitive
control extremely challenging and manipulation extremely costly.

A standard solution to animate meshless representations is to
use Cage-based deformation [STH*24]. Cage-based deformation
is a geometric modeling technique that enables the deformation
of an object by embedding it within a deformation cage (a coarse
triangle mesh that encloses the object). In this case, the deforma-
tion is defined by the offset of the cage’s control vertices, and the
object inside is deformed according to an interpolation of these
displacements. Unfortunately, the expressivity of the deformation
depends on the design and complexity of the cage, and this com-
plexity directly impacts the computational cost of the deformation.
Furthermore, if the deformation created by the cage is not a bi-
jection (space overlap i.e. self-intersection), it cannot be rendered
correctly. Thus limiting their applicability.

To solve these issues, we propose to deform meshless represen-
tations using the juxtaposition of Tetrahedral cages (close to FFD
Lattices [Coq90; CJ91]) to limit the deformation cost while main-
taining the expressivity: It is easy to control element size, density,
and subdivision level in a tet-mesh, and local linear interpolation is
a lot cheaper. Plus, with a high enough tetrahedron count, we can
closely approximate a given deformation while keeping the ben-
efit of using linear elements. Moreover, tetrahedra are linear ele-
ments; thus, their deformation cannot self-intersecte, however ad-
jacent tetrahedra can intersect without creating issues.

At run time, we render the tetrahedral mesh using interval shad-
ing [Tri24] using the classical rasterization pipeline to propagate
the animation of each tetrahedron to the meshless shape indepen-
dently (See Figure 2). Doing so allows us to handle each tetrahe-
dron separately, compute all ray-shape intersections in parallel, and
rely on the raster operations pipeline to keep only the ones that con-
tribute. This approach mimics the way opaque triangle surfaces are
usually rendered and is embarrassingly parallel, thus taking full ad-
vantage of the parallel nature of modern GPUs.

Our contributions are:

e A pipeline that allows for the animation of meshless represen-
tations in real time, that supports self-intersection, which can
directly be integrated into the classical rasterization-based ren-
dering pipeline (See Section 3.1).

e An extension of the interval shading method [Tri24] that allows
interpolation of vertex attributes, plus a low-level optimization
improving its performance (See Section 3.4.2).

Our representation is animation-controlled similarly to classical
characters, real-time, and interoperable with classical scene graphs
(including intersections and self-intersections) and scene opera-
tions (e.g., casting and receiving shadows). Still, it can engulf any
kind of meshless representations or details. We demonstrate our
results and detail the performance in Section 5 and in the supple-
mentary video.

2. Related Work

In this section, we detail the previous work on animating meshless
representations and the methods we build upon.

Figure 2: Visualisation of how the deformation is applied to the
path of a single ray. Left: In world space where the shape is de-
formed, the ray path is a straight line. Right: The ray is curved in
rest-pose space. We assume it is linear by part, while remaining c°
continuous.

2.1. Direct deformation of implicit geometry

In some cases, an implicit shape can be a function that uses user-
defined handles such as control points (e.g.,skeletons) or scalar pa-
rameters (e.g., a sphere defined by a position and a radius). Doing
so allows the user to create a complex shape by combining multiple
simple ones (Constructive Solid Geometry and its smooth exten-
sion [Ini13]). In this case, the animation can be designed by manip-
ulating the user-defined handles, positions, and rotations of those
simpler shapes. Examples can be found on platforms like Shader-
toy [Ini]. However, this kind of animation is difficult to control,
and the animation strategy for animated handles is based on fine-
tuning from the artist and is different for each implicit shape. An
approach to homogenize the animation of SDF is to define them
with a handle that is close to traditional rigs, such as skeleton-based
implicit [AZ21; CD97]. Unfortunately, as this kind of approach is
only compatible with a subset of implicit surfaces, the range of
shapes available is also limited. Recently, a method has been pro-
posed to differentiate the parameters of an SDF to find the param-
eters that produce a specific deformation [RMP*24], allowing an
artist to directly control the animation.

These types of methods all have an identical downside: when
used for animation, the range of possible deformation is limited by
the expressivity of the latent parameter defining the SDF.

2.2. Tesselation and Sampling

Of course, a simple method to animate implicit surfaces is to con-
vert them into a triangle mesh [LC87; JLSW02] and to animate
it traditionally. However, using these methods forces the user to
choose a sampling resolution; a high resolution will conserve the
expressivity of the meshless shape but will create a heavy output
mesh , a smaller resolution will result in a loss of detail and might
create artifacts when dealing with thin shapes [SINJ19]. Similarly,
3D texture can be explicitly animated iteratively [Kap02] similarly
to what is done for fluid simulation. However, it is very costly and
not suited for character animation.

© 2025 The Author(s).
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Figure 3: Summary of the different steps of our rendering pipeline and of the task they perform. Animation Stage: Compute the deformation
of the animation on each tetrahedron vertex as well as the Jacobian of the deformation 3.3. Clipping Stage: Clip the tetrahedron according
to the nearest plane and cull the tetrahedron outside the frustum. Mesh shading stage: Generate triangle proxies with vertex attributes that
encode the entry and the exit point of a ray coming from the camera 3.4.2. Rasterizer: Computes the entry and exit point for each ray that
goes through each tetrahedron and produces a fragment containing these informations. Fragment Stage: Propagate the animation of the

tetrahedron to the meshless shape 3.4.3.

2.3. Deforming space around the shape

Another approach to animating meshless shapes is to deform the
space in which the shape is defined. In this case, the deformation is
done using a Cage-based Deformation [STH*24], where the shape
is encased in a coarse triangle mesh that can be easily manipu-
lated vertex by vertex. Then the deformation of the cage is used to
deform the space inside it, thus propagating the animation of the
cage to the meshless shape. Doing so allows for the deformation of
any shape but requires adapting the rendering algorithm, those ap-
proaches can even be adapted to deform NeRFs [XH22; PYL*22].

An example of this is the curved ray tracing approaches [KK89;
Fab96; SINJ19], which propose to ray march the shape in its rest
pose and to curve the ray according to the Jacobian of the deforma-
tion of the space. This allows the animation of SDF as long as the
deformation of the space is a bijection (i.e., invertible), which lim-
its the range of animation available. Furthermore, computing the
deformation of space at rendering time is often too costly, and the
deformed meshless representation is tessellated or stored in a 3D
texture (See 2.2).

This kind of approach can solely be used to deform a shell
around the surface, as is done for shell map-like approaches
[PBFJO5; IMWO07; Oga23; Rit06]. That limits the deformation to
a meshed subset of the volume. Shell maps are more suited for
real-time rendering, as part of the calculation can be done using
the rasterization pipeline. However, Shell maps remain limited to
creating effects near the surface.

Recently, an approach was proposed to animate implicit func-
tions using Articulated Distance Fields [TTT*17]. This approach
proposes the construction of a coarse tetrahedral mesh that allows
implicit deformation of the underlying SDF. This method can de-
form a shape bounded by a small number of tetrahedra by deform-
ing the tetrahedral mesh. This approach then proposes to ray-march
the deformed shape by querying the deformation of every tetrahe-
dron at every marching step. While interesting, this approach does
not scale well for a high number of tetrahedra, limiting the expres-
sivity of the depicted animation.

2.4. Interval Shading

Recently, the interval shading [Tri24] proposed an approach to
compute ray intersections with a set of tetrahedra at rendering time
in the scope of a regular rasterization pipeline. The method achieves

© 2025 The Author(s).
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this by encoding tetrahedra such that the front and back faces emit
a single fragment containing both depths, allowing for recomputing
their exact position in world space, which is close to what we need.
Unfortunately, this approach does not support vertex attributes, pre-
venting us from accessing information about the deformation of the
tetrahedra in the fragment shader.

Our work proposes to use an approach similar to Articulated Dis-
tance Fields [TTT*17] by using a tetrahedral cage to deform the
space around a shape and proposes to extend the interval shading
[Tri24] method to be able to propagate the rest pose position and
the Jacobian of the deformation to the fragment shader in order to
apply the deformation of the tetrahedral cage to a given meshless
shape in real-time.

3. Method
3.1. Overview

Our goal is to allow artists to animate meshless shapes using
the classical animation workflow so that the shapes can be inte-
grated into a traditional scene graph. In this section, we describe an
overview of our method and indicate how it can be integrated into
an animation workflow and a real-time rendering workflow.

3.1.1. Creating an animation

To animate a meshless shape with our method, we must define a
tetrahedral cage with baked animation weights, a rig, and key poses,
much like the regular skinning workflow.

In an ideal workflow, an artist could define the meshless shape,
the tetrahedral cage, the rig, and the animation weights in a sin-
gle software as one would do for a triangle mesh. As tetrahedral
meshes are not yet supported in skinning software, we propose a
method to generate the tetrahedral cage and the animation weights
in Section 4.1.

Once the animation weights are baked into the vertices of the
tetrahedral cage, the meshless shape, the cage, and the animation
can be passed to our rendering pipeline.

3.1.2. Rendering pipeline

At the render time of each frame, our rendering pipeline is sepa-
rated into five stages (figure 3):
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o The animation stage: Apply the current frame animation on each
vertex of our coarse tetrahedral mesh in a compute shader (See
Section 3.3).

o The clipping stage: Apply a frustum culling and a near-plane
clipping on tetrahedra.

o The mesh shading stage: Encodes each tetrahedron as a set of tri-
angles as it was proposed in interval shading [Tri24], and bakes
the position in rest pose space as well as the Jacobian of the de-
formation of each vertex as attributes (See Section 3.4.2).

e Rasterizer: Decodes the triangles produced by the previous state
and generates, for each tetrahedron, fragments with attributes
containing the entry and exit point of the ray that goes through
the tetrahedron, their positions in the rest pose space, and the
Jacobian of deformation at these coordinates.

o The fragment shader stage: Marches the meshless shape in its
rest pose space within the bounds of the entry and exit point
given by the interval shading, and uses the Jacobian of the de-
formation to reconstruct the normal of the surface with respect
to the deformation (see Section 3.4.3).

3.2. Notation

Symbol  Description

Dxyzw coordinate x,y,z and w of the point p
pR coordinate in rest pose space
pW coordinate in world space
p homogenous coordinate in clip space
pP normalize device coordinate in clip space
Aa screen space interpolation coefficient

A(p®)  animation function apply on a point p®
Jp Jacobian of A at point p

We introduce the following notation to distinguish the space in
which we express the coordinates of our points. First, we have the
point position in the rest pose space pR . Then we can define the
animation function of a given frame A( pR) and its Jacobian at point
Jp at point p.

‘We note the coordinates of a point in world space:

PV =Model-A(p")
And the homogenous coordinate of the point in clip space:
pH = Projection - View - pW
And the normalized device coordinate in clip space:

H
P DPxyz
- H
p w

3.3. Animation Stage

The animation is applied to the vertices of the tetrahedral cage in
a compute shader (Figure 3). In this compute shader, we apply the
deformation given by the function A(z,v) of each vertex v at the
time ¢ and store their position in the rest pose space: VR and the
Jacobian of the deformation J, as vertex attributes.

Figure 4: A vertex v and its projection on the back faces v'.

3.4. Rendering pipeline
3.4.1. Propagating the deformation

By applying the interval shading method [Tri24], We use a mesh
shader to encode the tetrahedra as a set of triangles, with each frag-
ment generated by their rasterization having attributes encoding the
entry and exit points of the camera ray in the tetrahedron.

To achieve this, the method proposes to encode each tetrahedron
as a set of triangles where each triangle encodes a front and a back
face. Bach vertex of given triangle v is encoded as {vf , vﬁ.) ,0,1}

. . . P .
with the following vector as an attribute {vf V2 } where vf is the

depth of the vertex, and v’f is the depth of the vertex projected on
the back faces (see Figure 4).

Once rasterized, these triangles generate fragments with at-
tributes encoding the coordinates of the entry and exit points in
the projected space. However, to correctly compute the intersection
of the camera ray with the shape representation contained by our
tetrahedron, we need to find the entry and exit points in the rest
pose space, as well as the Jacobian of the deformation, to be able
to reconstruct the normals of the deformed shape.

These attributes arrive baked as vertex attributes of the input
tetrahedra; unfortunately, in the formulation presented above, set-
ting w to 1 is necessary to encode the front and back faces together.
Unfortunately, this prevents vertex attributes from being interpo-
lated correctly by the rasterizer as it requires the w component to
interpret the perspective correctly [Khr]. To correct this issue, we
propose in Section 3.4.2 a extension of interval shading to encode
vertex attributes that allow us to send the information we need to
access in the rendering to the fragment stage.

3.4.2. Interpolation of attribute with Interval Shading

In the rasterization pipeline, for a point p in the triangle (abc) such
that:
Py = diyha + biyhy + cyhe M

‘We know, by definition [Khr], that for any attribute f defined on the
vertex of the triangle, we can interpolate linearly (in view space)
from information in screen space :

fr=5"p" @)
where:
H_ Ja So fe
fp :a*{_lea+b7{g7bb+7{zxc (3)
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With interval shading, we know we can coerce the rasterizer into
computing Equation 3 and 4.

To do so, given a vertex attribute f, we need to add the following
vertex attributes to the triangle generated by the method:

e 1/ vg and f,// v/fvl that encode the attributes for the vertex v and
its value at v/ projection of v on the back faces of the tetrahedron.

o1/ val and 1/ v'l‘j that encode the deformation of the tetrahedron
created by the perspective for the vertex v and its value at v/
projection of v on the back faces of the tetrahedron.

Then, in the fragment stage, we receive the result of Equation 3
and 4 for the front and back faces, and we can use Equation 2 to get
the perspective accurate interpolation of the attributes f.

In our context, we want to know the position of the entry and exit
points in the rest-pose space and the Jacobian of the deformation at
those points. Thus, we need to encode them as described above.
Which gives us, for each vertex v, the following list of attributes:

R /R
{VP v/P 14 v Jv Sy 1 1 } (5)
Fan 9y H» H>® H> H® H?>* H
Ve Vi Ve Vi v VY

and we decode each attribute using Equation 2.

In practice, the result of Equation 4 can be derived from the frag-
ment coordinate and the inverse of the projection matrix in the frag-
ment shader to limit the number of vertex parameters. Thus, using
FP32 precision, we have 104 bytes attributes per vertex, represent-
ing less than one-quarter of the available fragment input compo-
nents on modern GPUs.

. P 3 TR
Attribute name || 2 | v'; | v VJTt, VJ,”;,
Size (octet) 4 4 12 12 36 36

3.4.3. Rendering in rest pose space

Following the explanation in Section 3.4.2, we can access the entry
a® and exit point bR in the rest pose space of the ray intersecting
the tetrahedron. From there, we can apply a marching algorithm in
rest pose space to render the shape that intersects a ray R defined
as:

R(s)=(1— s)aR 1+ sbR (6)
fors € [0,1].

If a hit is found for a given s, to do accurate shading, we need
to re-express the position of the hit pR and the normal 7 in world
space. As the deformation created by a tetrahedron is linear, we can
get the position of the hit in world space using:

P =(1-5)d" +sb" %)

Then, we compute the Jacobian of the deformation at the hit posi-
tion in the rest position pR with:

Ty = (1=5)Ja+sT, (8)

With J, and Jj, being the Jacobian at the entry and exit points that

© 2025 The Author(s).
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came as vertex attributes (see Section 3.4.2). Finally, we can com-
pute the normal at the hit point with:

n" = inverse(M()del~J,,)T~nR )

from there, we can use the position pW and the normal n" to com-
pute our shading.

Smooth normal: The reason why we interpolate the Jacobian of
the transformation within each tetrahedron instead of having a sin-
gle Jacobian matrix per tetrahedron is to ensure a c® continuity of
the normal [Pho98] in world space as visible in Figure 5.

3.4.4. Alternative approaches to fetch the Jacobian

Multiple alternative solutions exist to get the Jacobian of the trans-
formation in the fragment shader.

e Per tetrahedra: For each tetrahedron, we can store the Jacobian of
the deformation in a buffer and read it when needed in the frag-
ment shader. This would reduce the number of vertex attributes
but lead to a discontinuity of the normal, creating visual artifacts.

e Per vertex: Similarly, we can store a Jacobian by vertex in a sep-
arate buffer, then fetch and interpolate the required Jacobian in
the fragment shader. This would reduce the number of vertex at-
tributes but requires four noncontiguous memory fetches of a 3
by 3 matrix and will increase the interpolation cost.

o In voxels: Finally, the Jacobian of the deformation can be stored
in voxels in the rest pose of the shape and be sampled using the
rest pose coordinates. Doing this would enable bilinear interpo-
lation of the Jacobian to get €' normal. However, it will drasti-
cally increase the memory cost and add multiple texture fetches.

In comparison, our approach increases the number of vertex at-
tributes but uses the rasterizer to compute a large part of the Jaco-
bian interpolation, which spares us potentially expensive memory
fetch in the fragment shader.

4. Implementation

In this section, we describe how we implemented the approach pre-
sented in Section 3

4.1. Animation

Our method is compatible with all animation methods as long as the
deformation can be defined for each vertex of a tetrahedral mesh at
all times. We used two animation methods in our examples: implicit
deformation function and rigging animation.

Linear blend skinning: To achieve linear blend skinning, we start
by defining a rig. We do so in Blender using the boundary of the
tetrahedral mesh as a previsualization proxy. Then, to compute the
animation weight on the tetrahedral mesh, we use the libigl im-
plementation[JP*18] of the bounded biharmonic weights (BBW)
method [JBPS11]. We resolve the animation at rendering time as
described in Section 3.1 and in Figure 3.

Implicit deformation: Our methods also support implicit defor-
mation functions. Given an animation function A(p, ), which for a
time ¢ gives the movement of any point p, we can apply this defor-
mation to the vertices of our tetrahedra to create an animation. To
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Figure 5: Visual quality depends on the number of tetrahedra. In the three examples, we deform the geometry defined by the SDF [Inil5]
with the deformation A(x,y,z,t) = (x,y+0.1sin(10x+1),z). The varying parameter is the number of tetrahedra in the tetrahedral mesh, from
left to right, 692, 10245, and 59171, respectively. The color of the shape is normal on the surface. Here, we can see that normals are CO even

when the number of tetrahedra is low.

apply this in our pipeline, we also need to calculate the inverse of
the Jacobian J of the deformation A for every point of our tetrahe-
dral mesh. Figure 5 shows an example of this.

4.2. Creating a coarse tetrahedral mesh

In our example, we build a coarse triangle mesh that tightly en-
closes our geometry while being conservative. To do so, we used
the same conservative marching cube algorithm as presented in
NSLT [SINJ19]. Then, we compute the coarse tetrahedral mesh
by tet meshing the coarse triangle mesh with the TetGen Library
[Si15], allowing us to choose the size of the tetrahedra. We manu-
ally choose this parameter for our test scenes to limit visual artifacts
in the worst case. In our examples, 26k tetrahedra were enough to
avoid visual artifacts at any time. Figure 5 demonstrates how the
number of tetrahedra affects the rendering quality. The deformed
geometry is €% on the border of each tetrahedron but keeps the
same level of detail and continuity inside each tetrahedron. In prac-
tice, reconstructing the normal using Jacobian interpolation allows
the number of tetrahedra in a coarse mesh to remain relatively low
without creating visual artifacts. The number of tetrahedra might
need to be adjusted for more complex animation (higher maximum
curvature, more expressive rig, etc.). In a professional system, this
should be adaptive.

A criterion on the number of tetrahedra We can give a criterion
to choose the minimal number of tetrahedrons so as to have no
visible artifact; we want the error between the target deformation
D and its discretized piecewise linear deformation Dy jpeqr to be
smaller than a pixel footprint. To do so, we can define the geometric
maximum error inside a volume V:

Ey = max ||D(p) — Diinear(P)||
PeV

As we are doing linear interpolation inside a tetrahedron 7', we have
a more precise description of this error. If we suppose that the de-
formation D of a given animation is C Zin space, one can show that:

ETS%MXZZ

where [ is the longest distance within the tetrahedron and M the
maximum norm of the second derivative of f inside the tetrahedron
[Jul20].

We can then define the pixel footprint maximum error that de-
pends on the distance of the tetrahedron to the pinhole camera d,
and the solid angle of a single pixel f/r (f is the FOV, and r the
resolution of the screen):

3IXMxPxr

Er xXr
Pr<
T §xdx f

SUxr S

By applying this error metric to the deformation presented in
Figure 5, we find the error to be from left to right 34.3, 5.7, and 1.8
pixels. For this specific case, M is constant in space. Thus, we can
choose the discretization by picking the same / value that keeps the
error under a given threshold. For more complex deformations, M
is not constant in space. Thus, the tet meshing must be adapted to
account for that.

Remark One important thing to notice is that the number of tetra-
hedra necessary to avoid artifacts depends on the deformation, not
the object’s geometry. As the space deformation is often low fre-
quency compared to the geometry, we need fewer tetrahedra than
would require discretizing the meshless representation itself.

4.3. Low level optimization

The Interval Shading [Tri24] method proposed to compute the clip-
ping in the mesh shading stage before encoding the tetrahedra. As
a result, the clipped tetrahedron needed to be decomposed into a
varying number of tetrahedra depending on how it was clipped. The
mesh shading stage registers usage to support this, and the max-
imum triangle output was adapted to the worst-case scenario. As
our approach requires us to use vertex attributes, the register usage
would take a toll on performance. To avoid this, we split the clip-
ping part of the algorithm into a separate compute shader before the
mesh shader, as shown in figure 3. Consequently, the mesh shader
now has a more stable number of triangle outputs and a better low-
level resource parallelism of the computation.

© 2025 The Author(s).
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5. Results

Our meshless shape is encased in a tetrahedral cage made of 26857
tetrahedra in our scenes. To demonstrate the versatility of our
method, we used different shape representations. We used implicit
SDF in Figure 7, solid voxels (see Figure 1, Left), SDF stored in a
3D texture (see Figure 6), density field stored in a 3D texture (see
Figure 8), or even a hybrid representation where the coarse SDF
is stored in a 3D texture, and the fine details are computed via an
implicit noise function (see Figure 9). The source code to generate
our figures is available here.

Self intersect animation Our method supports self-intersection of
the deformed shape. This was an important limitation of the curved
ray tracing approaches [SJINJ19; Fab96]. In Figure 7, the head and
foot are animated into the same position in the world space, making
them intersect without issues (see Supplemental Video).

Dynamic editing of the geometry In figure 9, the SDF is defined
by two components, a base SDF in the form of a dinosaur [Inil5]
stored in a 3D textures and a FBM (Fractional Brownian Motion)
that can be updated dynamically each frame as can be seen in the
Supplemental video.

Transparency As our method uses the regular rasterization
pipeline to compute the ray tetrahedra intersection, scattering ef-
fects are not natively compatible with our approach, as it would
require sorting the fragments before blending them. However, opti-
cal depth base rendering is possible (See figure 8). Here, the shape
is a density field encoded in a 10243 3D texture.

/ |

Figure 6: Shadow Example of an SDF animated by our method
integrated into a traditional scene made of a triangle mesh using a
shadow map. Here, Arlo is marked by the scene and masks part of
the scene. Similarly, Arlo casts and receives shadow from the scene
and itself.

5.1. Performances

In all our tests, we used a computer with RTX 4080 16 GiB GPU
and AMD Ryzen 9 79000X 12-Core CPU and rendered in Full HD

© 2025 The Author(s).
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Figure 7: Self intersection: Self intersection of the deformed
shape. The head and the left foot are animated into the same po-
sition to create an intersection.

Figure 8: Transparent: Our method applied to a density field. This
showcases the compatibility of our method with transparent shapes.

(1920 x 1080). The performance of our method is shown in Table 1.
In this table, we can see that our method remains real-time in all our
tests. The cost of our method is discussed in the next section 5.2.
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Figure 9: FBM: example of an SDF enriched with an animated
FBM (Fractional Brownian Motion).

Table 1: Performance of our method.

Scene figure | cost(ms) | FPS
Voxel model 1 3.2 310
FBM 1 9.3 107
Shadow 6 39 250
Self Intersect 7 1.3 780
Transparent 8 1.5 660

5.2. Cost of our method

To evaluate the performance of our method, we compared the cost
of rendering the meshless shape without our pipeline to our result.
To do so, we compare the performance of:

o A reference method with a meshless representation in rest pose
space rendered using ray marching without our method.

e A scene using our method by setting the animation function to an
identity A( pR) = pR with the same point of view as the reference
image. Doing so allows us to have the same pixel coverage in the
resulting images. (Figure 10).

In our method, the tetrahedral mesh ensures that rays start close
to the shape. For evaluating density fields, we use fixed-step ray
marching and sphere marching for SDF evaluation. In the case of
the density field, to create a fair comparison with the reference
method, we start the marching at the first intersection between the
ray and a bounding sphere and use a sphere marching algorithm to
approach the shape. Once the distance between the last step and the
shape is under a threshold, we fall back to the same fixed-step ray
marching as in our approach. The results are compiled in Table 2.
Our method uses the tetrahedral cage as an acceleration structure,
so we ensure that our marching is only done close to the shape.
Moreover, our marching is split into small intervals. This avoids
thread divergence during the marching and helps us achieve bet-
ter parallelization of our task, as intervals participating in the same

o9 : s
Figure 10: Left: SDF, Middle: SDF with FBM, Right: Transparent
density field.

pixel are parallelized on multiple SMs. The main additional cost of
our method comes from the fact that all tetrahedra are processed in
parallel, in random order; as a consequence, our early stop is not
optimal: some hidden tetrahedra are still computed. This effect can
be seen in the performances of the scene FBM, where our framerate
is lower than the reference scene.

Table 2: Overhead of our method compared to rendering the shape
in rest pose without our method.

Scenes reference (ms) | ours (ms) | factor

SDF store in Voxel Grid 2.0 1.3 x0.65
Analytic SDF 2.1 5.5 x2.6
FBM 5.7 9.3 x1.6
Transparent 3.0 1.5 x0.5

Finally, we evaluated the impact of animating tetrahedra and en-
coding them to be about 1 ms. We achieved this measure by ren-
dering our scenes with our method in an image of resolution 1 by 1
to negate the impact of the fragment shader and ROPs.

6. Conclusion

In our method, we proposed a pipeline to achieve the animation
of meshless shapes in real time within a traditional rasterization
pipeline. Our results and supplemental video demonstrate that our
method can deform a meshless shape with traditional animation
handles (animation rig) while allowing for a large range of mo-
tions. Our method uses the rasterization pipeline and can share its
output frame buffer with a triangle rasterization pipeline, which al-
lows us to use traditional on-the-fly effects such as shadow mapping
(a GBuffers-based method could also be used). Finally, our method
allows for animating shapes that cannot be meshed, such as highly
detailed surfaces or density fields.

7. Limitation and Future Works

As mentioned in Section 3.1, current skinning softwares do not
support the visualisation and weight painting on tetrahedral mesh,
which forces us to rely upon automatic methods [JBPS11] to com-
pute animation weight. This will limit the range of animation pos-
sible with our method. However, this problem is only related to the
software used to design animation and not our method.

Our approach relies on a piece-wise linear approximation of the
deformation, which will create visual artifacts if the number of
tetrahedrons is not high enough. If the deformation generated by
the animation has a too-strong curvature, our method may require
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a large number of tetrahedra, which might impact the performance.
At the moment, the resolution of the tetrahedral cage has to be man-
ually chosen by the user and adapted to the animation’s properties,
as explained in Section 4.2. Furthermore, by defining an adapted
subdivision algorithm, the tetrahedral cage could be refined during
the animation (at run time) to adapt the curvature of the deforma-
tion.

Finally, our method operates unordered, limiting its suitability
for complex volumetric effects. However, a potential solution lies
in sorting the generated intervals for proper blending. This en-
hancement could improve our approach’s compatibility with var-
ious meshless representations, such as radiance fields and volumet-
ric lighting.
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