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Vertices in 3D meshes are typically stored with more precision than is needed for most use cases. We argue that

this unused precision could be used to enhance the functionality of meshes by encoding additional metadata in
the mesh itself. And with this approach, the user of the mesh can choose to utilize the embedded functionality
without requiring any extra preprocessing steps, while those who ignore it can use the mesh normally. We
apply this approach to two different use cases for the purpose of augmenting graphics functionality. We first
show that we can store ambient occlusion to a level which is imperceptible to its vertex colored equivalent.
We then use directly encoded information into the mesh to create a prefractured version of the mesh when

subjected to impacts.

1 INTRODUCTION

Virtual scenes have increasingly large databases of 3D
objects. Most commonly these objects are defined
as polygonal meshes. These use a set of vertices as
3D coordinates in space, along with a list of indices
into that vertex set describing how they are connected
to create the polygons. But these objects typically
remain static. Instead consider if meshes contained
additional information that provides embedded func-
tionality.

To achieve this, we can encode a small amount
of metadata directly in the mesh that would later be
used to enhance the mesh from its current state. To
get a better idea of how to store this metadata, we
can look into how polygonal meshes are formatted on
disk. Meshes are made of a set of vertices described
with three coordinates X, Y and Z, with each value
stored with an IEEE formatted 32-bit floating point
number.

In a floating-point number, each successive bit in
the mantissa contributes less to determining the exact
position of a vertex than the one before it. In prac-
tical terms, altering just a few of the least significant
bits causes such a minimal change in position that it’s
virtually invisible to the human eye. The idea of this
work is to store information in those unused bits that
augments the functionality of the mesh.

The storage of this data is accomplished through
operations that manipulate individual bits. Figure 1

(2 https://orcid.org/0000000274735830

shows an example where a single vertex with 3D coor-
dinates (0.2,1.0,0.5) is encoded with additional data
with 3 bits per axis. The position changes so slightly
that it is indistinguishable.
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Figure 1: Example of encoding binary value 110011101
into a vertex’s position (0.2, 1.0, 0.5) using three bits per

axis.

Encoding metadata into the lower bits of the man-
tissa offers two key advantages. First, because the
file’s structure remains unchanged, the mesh can be
used directly without any need for preprocessing.
This makes it convenient for users, who can choose
whether or not to utilize the embedded metadata. Sec-
ond, there’s no need for custom file formats, or dedi-
cated fields in the file to store this information—only
the vertex positions are required, which are inherently
present in all 3D mesh formats.

This paper will begin with a discussion of related
work. Then we analyze how many bits can be used



without causing visual artifacts in Section 3. We next
apply this lower bit encoding for static ambient oc-
clusion in 4. Following this, in Section 5 we store
information in 3D meshes that allows a pre-fractured
version of the mesh to be revealed.

2 PRIOR WORK

2.1 Ambient Occlusion

Ambient Occlusion (AO) techniques can generally
be separated in two categories: static techniques and
screen space techniques. Screen space methods are
post processing effects applied after rendering, where
each pixel can be used with its neighbours to deter-
mine how occluded it is. This typically involves sam-
pling in a sphere or hemisphere around that pixel and
determining how many of those samples are above
and below the surface that pixel is a part of (McGuire
etal., 2011; Mittring, 2007). The more samples above
that surface generally means it is less occluded.

Our method is a static approach where AO is cal-
culated ahead of time and saved inside the mesh to be
used at runtime (Miller, 1994; Langer and Biilthoff,
2000). As an application of embedding functionality
into the mesh, AO will be encoded directly into the
vertices and applied with vertex shading.

2.2 Mesh Fracturing

There are several categories of mesh fracturing meth-
ods in computer graphics. Physically based methods
are heavily researched. These use deterministic meth-
ods such as finite element methods (FEM) (O’Brien
et al.,, 2002) and extended versions (XFEM) (Chi-
talu et al., 2020; Kaufmann et al., 2009) to simulate
the stress and strain of a given impact across a mesh
which then propagates cracks and splits the mesh into
fragments. This is useful when highly realistic and
convincing results are required, or when studying the
properties of certain materials such as bone or con-
crete. Unsurprisingly, these methods are computa-
tionally expensive, and in most cases are not feasible
in real time scenarios.

One method of real time fracturing is called
prescoring, whereby a copy of the mesh is cre-
ated, and an artist separates it into fragments manu-
ally through 3D modelling software such as Blender
(Blender Development Team, 2022). Then at the time
of impact these two meshes are instantly swapped to
create the illusion of brittle fracture. The drawback is
that there is only one version of a broken mesh, so it
is less reactive to the type and location of impact.

Finally, there are methods for real-time fractur-
ing, in which the fracture is reactive to user driven
impacts. A popular method in these scenarios is
fragmenting the object based on a voronoi pattern
(Schvartzman and Otaduy, 2014). Although Voronoi
based fracturing does not create realistic fracture pat-
terns, it makes up for it in the fact that it is interactable
(Miiller et al., 2013). However, these approaches still
typically assume a homogeneous material, and the
added fracture pattern is still two dimensional, being
applied only to the surface of the mesh. This makes
them suitable for thin objects such as glass and walls,
but they overall lack any 3D control.

Our method is based on prefracturing but metadata
is stored in the lower bits and are used to reconstruct
a set of cutting meshes. These separate the source
mesh into different fragments, effectively providing a
fractured version of the mesh at no extra storage cost.
Sefakis et al. (2007) also make use of cutting meshes,
however they make cuts along a tetrahedral volume in
place of the original triangulated mesh which requires
additional processing. They also do not embed the
fracture information into the mesh vertices.

2.3 Compression and Watermarking

There are many methods that compress the storage re-
quirements of the mesh. Deering (1995) notes that
most of the space of a mesh is modeled within re-
quires just the 24 bit mantissa, and the exponent typ-
ically stays the same. Deering uses a modified Huff-
man encoding to store the deltas between the vertices,
essentially splitting the modeling space into a grid
and storing the local position in that grid. Chou and
Meng (2002) compress the vertices by mapping the
input vectors to a codebook of codevectors, creating a
lookup table for a fixed number of vectors.

However, we have different aims and want to be
able to use the mesh without any additional process-
ing, so we restrict ourselves to the encoding of meta-
data in the lower bits of the mantissa. In this re-
gard, the storage requirement of the mesh will stay the
same, but the bits inside of it will be more efficiently
utilized.

There is also interest in asserting intellectual prop-
erty rights over 3D meshes. One approach in-
volves discreetly embedding a watermark within the
mesh, which can later be retrieved to verify owner-
ship (Wang et al., 2008). These watermarking tech-
niques prioritize robustness—ensuring that the em-
bedded data remains recoverable even if the mesh un-
dergoes modifications. A notable example of such a
method is presented by Benedens and Busch (2000).
Cayre and Macq (2003) also introduced a method us-



ing a secret key to define a sequence of adjacent trian-
gles within a mesh, which serves as a carrier for covert
data. Yang et al. (2013) constrain the angle of surface
normals during the encoding of uniform spatial noise.

3 How many bits?

We begin with the assumption that vertex positions
are represented using 32-bit IEEE floating-point for-
mat, as it is the most widely adopted standard. For
bits by to b3y, the value v is:

V= (—1)b31 52 (b30029--b23)2 =127 (L.baabay...bo)a (1)

In this format, the most significant bit represents the
sign of the value, bits 30 through 23 define the expo-
nent, and bits 22 to 0 make up the mantissa.

As mentioned, the artifacts we are trying to min-
imize are caused by offsets caused by altering the
lower bits of the mantissa. We can obtain an upper
bound by finding the maximum offset of value we can
cause, which would be by going from all Os to all 1s
or vice versa.

Assuming we are allocating k bits from the man-
tissa for encoding, the largest difference on a given
axis is:

k
Z 21‘724 " 2(b30b29...b23 ),—127 (2)
i=1

This error greatly depends on what the exponent is,
but meshes are typically modelled around the ori-
gin in software such as Blender (Blender Develop-
ment Team, 2022). For a floating-point vertex coor-
dinate value (denoted as n), the exponent is equal to
2llog> (””, or floored to the nearest power of two. For
a float value of n, the maximum error would be:

i 2i—24 2[10g2 (n)] 3)

i=1
This makes sense since the maximum error is defined
by flipping all bits from O to 1 or vice versa. This
essentially causes the mantissa to go from 1 to a value
very close to 2 (or the other way around), which is
then multiplied by the exponent, which is the value
floored to the nearest power of two.

This can be done by adding in some arbitrary data
with an increasing number of bits until artifacts can
be seen. The arbitrary data we chose was the first 19
digits of pi on a loop for all vertices as placeholder for
real data. We used 19 digits specifically because that
was the most that could fit in a 64 bit integer.

Figure 2 and 3 shows this while encoding a differ-
ent number of bits on the commonly used armadillo

testing mesh. We also note that the armadillo mesh
has a bounding box of 127x151x155 units in its lo-
cal modeling space (as defined by the software, e.g.,
Blender), centered around the origin.. From a dis-
tance in Figure 2, the artifacts become visually dis-
tracting at 16 bits per axis and at 20 bits per axis the
mesh loses all local detail.

Closer up in Figure 3, they are visible at 12 bits
per axis, and add very noticeable bumpiness at 15
bits per axis. From this test, we found empirically
that for a mesh centered around the origin, one can
readily make use of 10-12 bits per axis. A typical 3D
coordinate requires 96 bits—comprising three 32-bit
floating-point values, one for each axis. By embed-
ding 10 to 12 bits of metadata per axis, we effectively
store each vertex using only 60 to 66 bits for posi-
tional data.

4 Encoding Ambient Occlusion

A useful application for these extra bits that can be
concisely described is encoding static ambient occlu-
sion (AO). As the name suggests, AO is a shading
technique to show the amount that a particular point in
space is occluded from the ambient lighting. This es-
sentially darkens areas inside of nooks and crannies.

For this, we encode the AO per vertex and use ver-
tex shading to apply it. For our experiment we first
calculate the AO per vertex using MeshLab (Cignoni
et al., 2008). The AO calculation method is not criti-
cal since our focus is on encoding it, however we note
that Meshlab uses a ray tracing method. These AO
values range from zero to one, with zero meaning the
vertex is fully occluded and should be coloured black,
and one meaning it is not occluded at all.

In this case, we know the data will be scalar val-
ues between zero and one, so an appropriate way to
store this value would be to use fixed point encod-
ing. The number of bits we allocate in each axis deter-
mines the fidelity of the AO. For example, using two
bits means we have four numerically evenly spaced
grayscale values at our disposal. Vertex shading is
then used to apply the AO.

Figure 4 shows this in practice with a varying
number of allocated bits. The ground truth is the same
AO based vertex shading but with a 32 bit floating
point number, relating to if the vertices had a colour
attribute allocated. With just 6 bits per vertex, the out-
put is virtually imperceptible from the ground truth.

We note that quality may vary depending on the
triangulation and resolution of the mesh. For instance,
figure 5 shows this applied to a low resolution skull
with lighting applied, take note of how the eye sockets
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Figure 2: Encoding pi in the bottom 0, 4, 8, 12, 16, 20 bits of vertex positions, left to right.

Figure 3: Original mesh (top), and encoding pi in the 12
(top left), 13 (top right), 14 (bottom left), and 15 (bottom
right) bits of vertex positions.

and nose darken with AO.

With only a small number of bits per vertex, static
AO can be stored using a fixed point value to a level
that is imperceptible from its vertex shaded equiv-
alent. Furthermore this encoding does not require
many bits per vertex. These two aspects mean that
one could use the mesh while completely ignoring the
encoded AO, but could always opt in to using it.

While AO is commonly stored in texture chan-
nels in modern workflows to decouple shading de-
tail from mesh granularity, our approach demonstrates
that vertex-based AO can be embedded without addi-

tional attributes or files. This case study is intended
as a proof-of-concept for the encoding method rather
than a replacement for established practices. The
same principle could be applied to other per-vertex
data where texture-based storage is not feasible or de-
sirable.

5 Encoding Brittle Fracture

We can also encode information about the internal
structure of the mesh and not just its surface funtional-
ity. Specifically, we investigate methods of encoding
a prefractured version of the mesh inside the encod-
able lower bits. This is achieved by storing a set of
cutting primitives and procedurally generated noise
used to fragment the mesh into different parts. This
is done in a way that can imply heterogeneity and
anisotropy of the material that the mesh is made of
by encoding different areas of the mesh with differing
patterns of fracture.

Our method focuses on the prescoring process: al-
lowing an artist to fracture a mesh ahead of time, then
instantaneously swapping the prefractured mesh with
the original mesh at the time of an impact. Prior work
typically involves storing two meshes that must be
kept together and synced throughout any development
process, but by storing the fracture information in the
lower bits of the mesh, we eliminate this issue since it
can be extracted at any time when there is a cause for
it to break. This eliminates the storage of requirement
of the second mesh and removes the logistical upkeep
of syncing the two meshes across the development cy-
cle of the application.



Figure 4: Ambient occlusion encoded in 3, 4, 5, 6 bits per vertex (left to right), and ground truth (right). Note the colour

banding in the images on the left.

Figure 5: Ambient occlusion encoded with six bits per ver-
tex on a skull. From left to right, AO with no shading,
shaded mesh without AO, shaded mesh with AO.
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Figure 6: Armadillo cut with a flat plane (top) and with
a plane with a displacement map (bottom). Displacement
maps can imply an internal structure, and to make the frac-
ture more interesting.

5.1 Methods

As a general overview, we make use of primitive
objects, namely planes and cylinders as “cutting
meshes” to separate the source mesh into fragments
through boolean operations.The internal geometry ex-
posed by fractures is generated during these boolean

operations using the MCUT library, which ensures
manifold fragments and creates the necessary inter-
nal surfaces. This is analogous to the knife tool
in Blender (Blender Development Team, 2022), in
which the cursor is used to draw a path along an object
where afterwards new edges are placed on the geom-
etry, allowing it to be separated.

Simple primitives could be used for this, but
would produce cracks and fracture lines along the
mesh that are flat and uninteresting. We apply a dis-
placement map on top of these cutting meshes that
can make the fracture paths more interesting and help
to imply an interior structure. An example of this can
be seen in Figure 6. To keep storage requirements low
for the encoding, these displacement maps are gener-
ated from custom noise functions. This is all encoded
in the lower bits of the mesh and can be extracted at
any time.

These primitives and noise functions can be stored
in very few bits which is in line with our aims. The
full format to store this information can be seen in
Listing 1, and the following sections will explain the
reasoning behind each specific part of the format.

5.2 Primitives

We use planes and cylinders as our cutting meshes
since they are simple to encode, and can describe a
wide variety of different fracture patterns. For planes,
itis as simple as saving the four corner positions. This
allows any quadrilateral, with a possible corner by tri-
angulating the four positions in a fixed order, based on
the order they are encoded.

Cylinders can be reconstructed by saving the cen-
ter locations of each circular face, along with the ra-
dius of each of them. We also include a quality value,
that corresponds to how many vertices to construct the
circular face of the cylinders with and add a quality
value for the planes where it determines how finely it
is subdivided along each axis. Examples of how this
affects the geometry can be seen in Figure 7.
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Figure 7: Example of how the quality values effect the ge-
ometry of the primitives. The planes have a quality value of
0 (left) and 3 (right). Cylinders have values of 3 (left) and
15 (right).

Figure 8 show how each of these primitives can
be used to “cut out” or fracture a sphere into different
fragments. Cuts are performed using MCUT (Chitalu
and CutDigital, 2020), and will be described in more
detail in Section 5.5.

With this we can evaluate how much memory we
need per primitive, in terms of geometry. Planes need
four positions or twelve floats, and cylinders require
two positions and two radii for eight floats. An imme-
diate way to lower the storage requirement is to notice
that the precision of these are not extremely critical,
so the 16-bit encoding of a float is used for any frac-

ture information.

Figure 8: Cuts made on a UV sphere with each primitive.
Red indicates the cutting mesh, blue is the source mesh.
Requires 241 bits for the plane cut, and 177 bits for the
cylinder cut.
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5.3 Displacement maps

Creating more interesting fractures beyond using only
planes and cylinders would require an immense num-
ber of them, most likely exceeding the number of
available bits for encoding in the source mesh. A way
to add more detail without adding more primitives is
to use a displacement map. This is essentially an im-
age that is applied to define how a vertex is offset from
its original position, determined by the colour or val-
ues in that image. The most common type of displace-
ment map is a heightmap, where a flat plane is raised
or lowered based on the value in a grayscale image.
We use displacement maps to modify the cutting
meshes themselves. An example of this can be seen
in Figure 9 where a grayscale image (left) is used as a
displacement map (right) on a plane. Bright areas in-
dicate moving forward along the normal, and darker
areas in the opposite direction. A similar concept
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Figure 9: Heightmap used on a plane. Left shows the
heightmap image and right is the plane after it is applied.

is applied for cylinders except the image is wrapped
around like a soup can label. Bright areas would push
outwards and dark areas would shrink inwards.

Procedurally generated noise is used to generate
these images since they are infinitely scalable and pro-
vide interesting patterns with relatively little artistic
skill required. FastNoise2 (Peck, 2020) is used as the
noise generation library for two reasons. The first is
that it uses a node-based interface and therefore re-
quires no programming knowledge to use. The sec-
ond is that it has a compact way of storing a node tree
in base64. Figure 10 shows an example of the Fast-
Noise?2 interface. The noise is made by compounding
these mathematical functions together.

Figure 10: Example node tree in FastNoise2. This example
is used as a displacement map in Figure 13 and has a base64
encoding of 56.25 bytes.

Many mathematical functions are centered around
zero, for this reason the noise function is then sampled
in a 2x2 grid centered at the origin with a domain of
[—1,—1] — [1,1]. A 128x128 image is created us-
ing this sampling. This texture is then applied to the
mesh, using UV coordinates to sample the texture to
offset the mesh along its normal vectors. Since the
displacement texture is part of an intermediate step,
the resolution could be increased from 128x128 with
little extra computational cost, and it does not affect
the fracture encoding.

The displacement map only gets applied to the
cutting primitive’s vertices, which is the purpose of
the quality values mentioned previously. For exam-
ple, a plane with only four vertices can only be moved



at its corners, remaining flat. By subdividing the plane
we provide more vertices for the displacment map off-
set. This can be increased to create more detail in the
cut surface at the cost of a more geometrically com-
plex fragment.

FastNoise2’s base64 encoding makes analysis of
the storage requirement in the mesh simple. For each
noise function, we encode the length of the base64
with a 10 bit unsigned integer for a maximum length
of 1024, followed by the base64 encoded string with
6 bits per character.

Figure 11: Example of 3D noise used to generate a cutting
mesh in an affect somewhat like a fracturing rock (bottom),
and noise tree used for the effect (top). Requires 849 bits.

5.4 Volumetric cuts

While it is entirely possible to create any type of frac-
ture with primitives and noise, there are times when
it can become cumbersome and unintuitive. For this
reason we also include a method of generating a cut-
ting mesh through a 3D volume generated by 3D
noise, where a scalar field of points is made and the
value at each point indicates a density at that point in
space. This density grid can then be passed through a
point cloud to mesh algorithm such as marching cubes
(Lorensen and Cline, 1987) or poisson surface recon-
struction (Kazhdan et al., 2020) or even just the con-
vex hull. We use marching cubes in our implementa-
tion. The mesh is then used to cut out a portion of the
source object.

We again generate the scalar field of points and it
is encoded the same way as the displacement maps.
Similar to the displacement maps, we sample cen-
tered at the origin in a 2x2x2 cube, or a domain of
[-1,—1,—1] — [1,1,1]. However, slightly more in-
formation is needed for how to transform the cutting

mesh into the correct placement. We also include
three coordinates for the position, one float for the
overall scale, and three floats for the Euler rotation.
This allows it to be transformed anywhere along the
source object and is beneficial if one only wanted to
cut specific points of the mesh.

A further value of quality is required, denoting
how finely to sample the noise function in the 2x2x2
grid. This was not needed on the displacement map
because even if the resolution was increased beyond
128x128, it would not affect the output geometry of
the cutting mesh, and therefore the resulting frag-
ments. This was instead controlled through the qual-
ity values of the cutting primitives themselves. How-
ever, in this case the quality of the scalar field will
directly affect the resolution of the cutting mesh, and
therefore the resulting fragments. We would like to
retain some control of the geometrical complexity of
the output, so we include a quality value in the encod-
ing denoting how many points to place within an axis
of the 2x2x2 grid.

An example of this can be seen in Figure 11,
where 3D noise is used to cut out portions of a sphere
in a way that would be very difficult using primitives.

5.5 Boolean operations

At this point all the components needed for the frac-
ture are defined. All that is left is to use our cut-
ting meshes to actually separate the source object
into fragments. To perform the cutting operations we
make use of the MCUT library (Chitalu and CutDig-
ital, 2020), which is a robust slicing and partition-
ing library of any manifold object constructed out of
simple polygons. A good feature of this library to
note is that on an operation between two meshes, the
connectivity and complexity of the output meshes re-
main unchanged, except for where the intersection
took place. This allows for better control over the
fractured mesh, unlike some physics-based methods
where mesh topology is recalculated at each timestep
to account for internal stresses and fractures.

In the cutting process, the source mesh is sep-
arated using each cutting mesh, in the order they
are encoded. MCUT only allows a mesh to be cut
by a single other mesh at a time, so whenever the
source mesh is separated, those fragments are itera-
tively reintroduced into the cutting process to be fur-
ther separated by the remaining cutting meshes, re-
moving the original mesh those fragments were made
from.



Figure 12: Vase cracked into three pieces. Requires 1594
bits.

5.6 Final Encoding Structure

The final encoding structure is as follows. The noises
are encoded first, beginning with the number of noises
as a four bit integer, for a total of 15 bits. These are
one indexed, so that a primitive can indicate to apply
no displacement map by using zero. After this those
noises are encoded as described in Section 5.3. Fol-
lowing this the number of cutting primitives are en-
coded as an 8 bit integer, followed by the plane and
cylinder encodings described in Section 5.2 in cutting
order. Prior to each primitive, one bit is used as an
identifier to declare the next shape as a plane (1) or
cylinder (0). The volumetric cuts are encoded next.
This again begins with the number of volumetric cuts
as a 4 bit unsigned integer, followed by the noise en-
coding as describe in Section 5.4.

Recall from Section 3 that approximately 10-12
bits per axis can be safely repurposed without intro-
ducing visible artifacts. Using this as a basis, the total
storage requirement for fracture encoding can be ex-
pressed in B bits as:

B=225P+161C+ Y (6/n|+10)+
neN
Y (6]v]+329) +20

veV

“4)

and P,C are the number of planes and cylinders re-
spectively. N,V represent the displacement noise and
volumetric noise encodings. |n| denotes the length of
a noise encoding n.

Listing 1: Fracture Encoding format

Noise count
[
{
Length of FastNoise2 Noise encoding:
10 bit unsigned integer
Base64 Encoded Noise:
6 bits per character

: 4 bit unsigned integer

]

Primitive shape count: 12 bit unsigned int

[

{

(Plane encoding)

Primitive type (O=plane, l=cylinder):
1 bit

Positions of 4 corners in 3D space:
3*16 bits per corner

Index of noise for this primitive:

4 bits

Noise strength:
16 bits

Quality - How much to subdivide plane:
12 bits

}

{

(Cylinder encoding)

Primitive type (O=plane, l=cylinder):
1 bit

Positions of top & bottom circular faces:
3 * 16 bits per side

Radii of the top and bottom:
16 bits per side

Index of noise for this primitive:

4 bits

Noise strength :
16 bits

Quality - # vertices for circular faces:
12 bits

}
]

Volumetric Cut Count
[
{
Length of FastNoise2 Noise encoding:
12 bit unsigned integer
Base64 Encoded Noise:
6 bits per character
Quality: 16 bit unsigned integer
Position of volume: 16 * 3 bits
Scale of volume: 16 bits
Rotation of volume: 16 * 3 bits

4 bit unsigned integer

5.7 Decoding Process

The encoding relies on a predefined, deterministic
structure embedded in the lower bits of vertex po-
sitions. Each segment of bits follows a strict or-
der: starting with the number of noise functions, then
identifiers for cutting primitives (planes or cylinders)
and their parameters. A single-bit flag distinguishes
planes from cylinders, and volumetric cuts and dis-
placement maps are indexed similarly. Because the



format is fixed, a decoder can sequentially read these
bits and reconstruct all fracture information without
ambiguity, even though no separate metadata fields
exist.

5.8 Results

With cutting meshes made from primitives, it is pos-
sible to indirectly store a fractured version of a source
mesh compactly in the lower bits, as shown in Figures
6, 8, 11 and 12. Further detail and implicit structure
of the material of the object can be shown through dis-
placement maps applied to the cutting meshes. Figure
13 shows this with a single plane and a single noise
function, creating a similar result to a tree trunk or
log snapping and falling over.

It is also possible to mimic physically based meth-
ods, assuming the initial conditions and stresses are
known. Figure 14 show a cube broken under the three
modes of fracture, given an initial crack.

Figure 13: Fracture that mimics a wooden log or tree trunk
cracking, exposing the wood grain. Requires 709 bits.

Also by simply not cutting through an area, it
is also possible to imply that some parts of the ob-
ject are fragile while others are not. In Figure 15 a
light bulb is broken with increasingly more fragments.
However, the cap that screws into the socket is never
cut through, implicitly showing that it is made of a
stronger material than the bulb itself.

5.9 Discussion

This method of storing cutting meshes and displace-
ment maps in the lower bits can be used to create
interesting and intricate fracture patterns. They can
mimic physically based methods, such as the modes
of fractures on cubes, and imply heterogeniety and
anisotropy, while maintaining a level of control for
the geometrical complexity of the output fragments.
Additionally, it removes the logistical upkeep of syn-
chronizing the mesh and its prefractured counterparts
across development.

An alternative approach would be to store addi-

tional attributes or apply light compression to the
mesh. Compression could indeed hide its process-
ing cost behind I/O operations, and extra attributes of-
fer flexibility for arbitrary metadata. However, these
methods introduce trade-offs that our approach aims
to avoid. Compression requires custom decoding and
may complicate interoperability with standard tools,
while extra attributes increase file size and often re-
quire format-specific extensions. In contrast, embed-
ding data in the lower bits preserves compatibility
with existing formats and workflows without addi-
tional files or parsers. That said, the “bit reservoir”
is finite, and for highly detailed meshes or large meta-
data requirements, compression or auxiliary attributes
may become more practical. Future work could ex-
plore hybrid solutions that combine embedded bits
with lightweight external metadata for maximum flex-
ibility.

We also note that for scenes with very large spa-
tial extents and extremely fine details, the available
“bit reservoir” may be insufficient without introduc-
ing visible artifacts. For example, encoding coordi-
nates for a 1000 m x 1000 m x 100 m environment
with millimeter-level granularity consumes nearly all
mantissa bits, leaving little room for metadata. In
such cases, modern formats that support additional at-
tributes or lightweight compression may offer more
flexibility without compromising precision. Our ap-
proach is primarily intended for scenarios where mesh
scale and detail allow for safe repurposing of lower
bits, and where compatibility with existing file struc-
tures is a priority. Future work could explore hybrid
solutions that combine embedded bits with external
attributes for cases requiring extreme precision.

It is important to note that the number of bits that
can be safely repurposed is not universal. The accept-
able precision loss depends on the spatial extent of the
mesh and the smallest geometric features it contains.
Larger meshes or those with fine details may require
more positional accuracy, reducing the number of bits
available for encoding. Conversely, smaller or less de-
tailed meshes allow for more flexibility. This variabil-
ity means that any implementation should consider
mesh scale and detail before deciding how many bits
to allocate for metadata.

Many of the choices in the encoding format were
made to keep it simple and flexible, but can be im-
proved upon. For example, the noise count uses four
bits for a maximum of 15 noises. This could have
been raised or lowered depending on if the amount of
noise patterns are deemed more or less important.

One consideration is the impact of internal ge-
ometry on rendering performance. Unlike conven-
tional prescoring approaches that swap meshes, our
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Figure 14: First three modes of fracture I, II, III from left to right, mimicked by a single cutting plane and a displacement
map. Requires 241, 877, and 997 bits respectively. Cube was subdivided to 40 vertices to have enough encodable bits.

Figure 15: Light bulb with increasingly more fragments.
Requires 934, 1384, and 2284 bits respectively.

method retains the fractured geometry within the orig-
inal mesh. This can increase vertex and polygon
counts, adding load to the rendering pipeline. How-
ever, this overhead is only incurred when the frac-
ture is activated, and can be mitigated by techniques
such as level-of-detail (LOD) management or de-
ferred mesh subdivision. Future work could explore
dynamic loading of fracture data to minimize runtime
cost.

We also note that embedded fracturing could
be taken a whole other direction where instead of
prescoring, the fracture could instead be physically
based. We could use 3D noise to encode the internal
structure of the mesh such as its strength and tough-
ness through space. With all the initial conditions
known, it could be passed though a physically based
fracturing simulation based on a given impact. This

would provide a more realistic output that also re-
sponds to user input, perhaps at the cost of more ex-
pensive computation.

6 Limitations

There are a few limitations of our encoding method.
We are limited by the number of bits we can encode
per vertex so there is a maximum amount of informa-
tion we can encode in the entire mesh. We are free to
use this storage in any format we choose but we are
limited by the total storage unless more vertices are
added.

We are also restricted to file formats that do not
truncate or compress the mesh since we rely on the
lower bits of the positional data. This means we’re
mostly restricted to binary formatted files.

Another limitation is the fragility of the embed-
ded metadata in typical workflows. Most 3D tools
and pipelines are unaware of the encoded information,
so operations such as re-exporting, vertex welding,
or precision reduction can alter the least significant
bits. This may lead to inconsistencies or unexpected
behavior when software that interprets the embedded
data attempts to decode it. Therefore, this method is
best suited for controlled environments where mesh
integrity can be guaranteed, or where encoding and
decoding occur within the same toolchain.

7 Conclusions And Future Work

In summary, we have introduced and investigated
the idea of encoding additional functionality into the
lower bits of the positional data of 3D vertices. We
have found that with approximately 10 bits per axis
per vertex, arbitrary data can be encoded with no per-
ceptible visual artifacts.

In contrast to creating a new file format, this
method of encoding metadata in the lower bits has
better accessibility. No custom parser is required to
open and manipulate the mesh and only those who



wish to use the metadata need to concern themselves
with extracting it. Furthermore, in contrast to storing
the metadata in a separate file, there are benefits to the
encoding method. For example, it was mentioned in
the brittle fracture section that it lowers the logistical
upkeep of syncing two different files. But in general,
having one file with all the information on the mesh
is more convenient than two files that cannot be sep-
arated. With the encoding method this also comes at
no extra storage cost.

For our first application, we have shown that ver-
tex based ambient occlusion can be encoded with as
few as six bits per vertex for a result that is visually
imperceptible from using vertex colours. We have
also shown that it is possible to store a prefractured
version of the mesh inside the object itself.

But there are many other applications of our cen-
tral approach of adding functionality directly into
the mesh. For example, there are ways to add ac-
cessibility to the mesh, such as detecting vertices
vital to the silhouette and encoding a value to in-
crease the contrast on them for the visually impaired.
Other possibilities include encoding mesh similarity
and information for machine learning based mesh en-
hancements. Another promising direction is embed-
ding sound information directly in the mesh, in cases
where the object is struck or dropped, for instance.
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