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A B S T R A C T

Skeleton-based implicit surfaces, and convolution surfaces in particular, offer an intu-
itive and expressive representation for geometric modeling. However, their evaluation
and rendering remain computationally demanding, and are often affected by aliasing
artifacts. In this paper, we introduce a continuous level of detail framework for the
automatic simplification of SCALIS convolution surfaces, achieving up to an order-of-
magnitude reduction in rendering time while mitigating aliasing artifacts. Our solution
dynamically adapts the blending behavior between shape components to preserve the
perceived visual appearance of the surface, while progressively simplifying the under-
lying skeletal geometry. In contrast to traditional simplification techniques, our method
allows controlled changes in topological genus when visually beneficial. Our results
demonstrate that the proposed framework effectively reduces visual artifacts and com-
putational cost, while maintaining high fidelity to the overall shape.

© 2026 Elsevier B.V. All rights reserved.

Fig. 1. Given a skeleton-based implicit surfaces (SCALIS model), we auto-
matically generate a continuous set of simplified shapes at different levels of
details. Rendering these simplified representations for small screen-space
footprints both reduces aliasing artifacts and decreases computation time
by more than an order of magnitude.
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1. Introduction

Skeleton-based implicit surfaces constitute a powerful repre-
sentation for shape modeling and editing. They enable smooth
blending between primitives defined by an underlying skeletal
structure and associated local thickness values. Among other
models such as procedurally defined signed distance fields [4]
or skeletal-based construction trees [23], advanced convolution
surfaces called SCALIS [28] are particularly interesting be-
cause of their ability to seamlessly represent both smooth and
sharp features. However, evaluating such representations typ-
ically requires costly integral computations, leading to limited
performance, particularly for complex models.

A variety of strategies have been proposed to accelerate the
evaluation of implicit surfaces. Given a field function f defin-
ing the surface, these approaches aim at reducing the evaluation
cost c f of field queries f (p) without modifying the resulting
implicit surface. Examples include caching redundant compu-
tations and optimizing f through spatial data structures such
as octrees or proxy geometries [4, 14]. An alternative class of
methods relies on level of detail techniques, which explicitly
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Fig. 2. Our method works on a variety of models, regardless of their topology, allowing for extreme surface simplification and topology changes if necessary.

simplify the underlying shape. These approaches remove or
approximate fine-scale features deemed perceptually insignifi-
cant, thereby reducing computational complexity and geometric
detail. Such filtering-based methods produce smoother repre-
sentations that are less prone to aliasing artifacts, particularly
under distant viewing conditions (see Figure 1 and Figure 2).
While level of detail techniques have been extensively investi-
gated for mesh-based representations, they remain largely un-
derexplored for implicit surfaces. In particular, to our knowl-
edge, no prior work enables the automatic construction of con-
tinuous levels of detail for convolution surfaces.

In this paper, we present a novel framework for generating
continuous levels of detail for the SCALIS model [28]. Our
approach supports continuous geometric simplification while
allowing topological changes when necessary. This enables a
broad spectrum of transformations, ranging from a highly de-
tailed, user-defined surface to a coarse elliptical approximation,
while preserving the perceived global shape. In addition to miti-
gating aliasing artifacts, the progressive removal of unnecessary
skeletal primitives significantly reduces the cost of field queries.

The core of our method consists of a two-step transformation
applied to the input implicit shape: an inflation phase followed
by a deflation phase. The inflation step modifies both the iso-
value of interest and the kernel width, effectively smoothing
out fine-scale geometric details. The subsequent deflation step
restores the overall size of the object. This process is com-
plemented by an automatic pruning of the skeletal structure,
further reducing the computational overhead associated with
integral-based field evaluations. More precisely, our contribu-
tions are as follows: 1) an inflation process designed to gen-
erate continuous levels of detail combined with a deflation pro-
cess that maintains the original size and elongation of the shape;
and 2) a dynamic skeleton pruning mechanism, that reduces the

model complexity throughout shape simplification.

2. Related work

This section reviews level-of-detail strategies that adapt the
geometric complexity of implicit surfaces, and thus computa-
tional time, to their size on screen. They include: 1) traditional
methods, after conversion of the implicit surface to a mesh,
2) techniques for increasing the level of details when we zoom
on an implicit model, 3) approaches for simplifying an implicit
model, and gain efficiency for far views.

2.1. Levels-of-Detail through and from meshes

A traditional approach to surface simplification involves con-
verting the surface into a polygonal mesh and subsequently
applying established mesh decimation techniques. Luebke et
al. [18] provide a comprehensive survey of mesh-based meth-
ods. While conceptually straightforward and widely adopted,
this approach has significant limitations when applied to im-
plicit surfaces. In particular, the loss of the implicit representa-
tion makes topological simplification fundamentally more chal-
lenging on a mesh than on an implicit surface, while at long dis-
tances, blending neighboring parts, such as the legs of a stand-
ing character, would perfectly make sense.

An alternative method consists in generating several ver-
sions of the mesh on progressively coarser sampling grids
when meshing the implicit surface, eventually with sub-meshes
joined by linking algorithms such as Transvoxel [17] (see [9] for
a comprehensive survey of implicit meshing techniques). How-
ever, the result remains a mesh, a static memory-consuming sur-
face representation that can only approximate smooth shapes,
therefore inherently reducing the quality of ray-traced images.
This is unfortunate, given that direct ray-tracing of implicit
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shapes was studied for long [12], was recently accelerated for
both skeleton-based [2] and signed distance field models [26],
and would leverage the high precision of implicit surfaces. Un-
like mesh-based methods, the LoD framework introduced in
this work allows for extreme simplification including topologi-
cal changes while maintaining the implicit nature of the shape.
Therefore, all the images in this paper were generated using di-
rect ray-tracing.

One could mitigate these issues by reconstructing an implicit
surface from a polygon soup. For example, Kanai employed
SLIM surfaces to approximate polygonal geometry using a hi-
erarchy of implicit surfaces with varying levels of detail [16]. In
the same spirit, Shen extended the moving least-squares method
to incorporate polygonal surfaces approximation constraints,
enabling dynamic level-of-detail adjustments via the size of the
moving window [20].

In contrast to these works, we address the problem of level
of details on implicit surfaces in the context of skeleton-based
implicit modeling. Both the input shape and the level of details
we generate belong to the same implicit representation, namely
SCALIS [28].

2.2. Complementing implicit shapes with details

In implicit modeling, a common level-of-detail strategy in-
volves starting with a rough shape, and then progressively en-
riching it, by blending smaller geometric features. The different
stages of this modeling process can then be stored and reused as
intermediate level of detail representations for the final shape.
This process however remains manual, except for the few ex-
ceptions presented next.

A few works studied the automatic refinement of skeleton-
based implicit surfaces, with the aim to make shape parts
smoother in close views [8, 1]. Starting from a coarse skeleton
graph composed of connected line-segments and/or triangles,
subdivision curves or surfaces were used to automatically gen-
erate smoother skeletons depending on the zoom factor. How-
ever, shape simplification beyond the input skeletal graph was
not studied.

Zanni et al. [27] addressed the complementary problem of
consistently adding sharp pattern-based procedural details to an
input, skeleton-based implicit shape.

More recently, Yifan et al. [25] introduced a displacement
map technique for detail amplification. Global detail ampli-
fication was computed by a neural network, significantly im-
proving performance. While effective, theses two methods only
provides two distinct representations, the base surface and the
detailed shape, and thus do not support any continuous transi-
tions between levels of detail.

Note that enabling continuous transitions between different
models is a challenging problem. The simple strategy consist-
ing in using linear interpolation between the initial and detailed
scalar fields, such as morphing presented in [7], would require
the simultaneous evaluation of the two field, and thus be com-
putationally expensive. More complex interpolation strategies
exist for the Blobs [10] and BlobTree models [11], at the ex-
pense of more involved computations. In contrast our solution
allows for time-continuous transitions between models while

reducing the complexity of field queries when the shape is sim-
plified.

2.3. Automatically simplifying an implicit model

To address shape simplification in far views, Barbier et al. [3]
proposed an automatic method for computing multiple levels
of detail while preserving the object topology. However, their
approach is integrated within a meshing pipeline and involves
substantial per-primitive computations. In contrast, our solution
operates directly on skeletal primitives and formulates simplifi-
cation as a lightweight geometric optimization problem, result-
ing in reduced computational overhead.

A more general, neural solution was proposed by Takikawa
et al. [22], who employ a neural network with parameters that
vary according to the desired level of detail and the query point.
Specifically, they subdivide space using an octree, enabling the
network parameters to be adapted locally to each field query.
However, neural networks typically require extensive training
time and exhibit a substantial memory footprint. In contrast,
our method runs in seconds and maintains a minimal memory
requirement, thanks to the skeleton-based representation.

In the spirit of displacement mapping, Hubert et al. [14] in-
troduced a normal warp operator for signed distance fields cre-
ated from construction trees to accelerate field queries. Their
method leverages a coarse geometry for surface intersection
and a detailed one for shading computation. However, the low-
resolution models need to be defined beforehand by the user.
In contrast, our work addresses the automatic generation of im-
plicit levels of details that could be later be combined with such
a mechanism for further accelerating field function queries.

3. Overview

An implicit surface is defined as the c-level set of a continu-
ous scalar field f : R3 → R:

S = {p ∈ R3| f (p) = c} (1)

Implicit surfaces can be categorized into different families.
When f is defined by a neural network, the surface is referred
to as a neural implicit representation. When f corresponds to a
signed distance field relative to the surface, the latter, defined by
c = 0, is referred to as signed distance fields. In this work, we
focus on a third formulation, where f takes its maximal value
(often set to 1) at the center of the shape and then decreases
to zero with the distance, the surface being defined by some
intermediate isovalue such as c = 0.5. These surfaces, called
blobs [5], meta-balls, or soft-objects [24] when generated by
point primitives, where later generalized to skeleton-based con-
volution surfaces by defining f as the integral of a kernel along
complex skeletal structures [6, 28]. This section provides the
necessary background, prior to introducing our solution.

3.1. Background: Skeleton based implicit surfaces

Blobs were originally introduced to represent smooth, or-
ganic shapes, owing to their inherent ability to blend primitives
seamlessly. f was typically constructed as the sum of the fields
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fi, each one being a decreasing kernel function ki of the distance
d to the associated skeletal points S i:

f (p) =
N∑

i=1

fi(p) =
N∑

i=1

ki(d(S i, p)).

This model was soon generalized to the use of arbitrary, n
dimensional, geometric primitives for the S i, such as line seg-
ments, arcs of circles, or triangles. In the remainder of the
paper we note Θi the ni dimensional parametrization of the
skeletal primitive S i. While they ensure smooth blending be-
tween primitives, such Distance surfaces however produce un-
desirable bulging artifacts, due to the summation of fields as
two skeletal primitives approach each other. Therefore, they
could not be used in association with complex skeletons, such
as graphs of connected line segments.

Convolution surfaces were introduced by Bloomenthal et
al. [6] to mitigate this issue. Rather than defining the fi as a
function of the distance to a skeletal primitive (i.e., distance to
the closest point on S i), the field is computed as the convolu-
tion of a kernel k along the skeleton of the primitive, therefore
accumulating the field contributions of all skeletal points:

fi(p) =
∫
θ∈Θi

k(d(S i(θ), p)) dniθ.

Since the Gaussian kernel k used in [6] made the model ineffi-
cient by requiring numerical solving of the convolution integral,
subsequent works [19, 21, 8] focused on the search for alterna-
tive kernels yielding closed-form solutions. They include:

• The inverse kernel of degree n:

k(d) =
1(
d
σ

)n ;

• The Cauchy kernel of degree n:

k(d) =
1(

1 +
(

d
σ

)2
) n

2
;

• The compact-support polynomial kernel of degree n:

k(d) =


(
1 −

(
d
σ

)2
) n

2
if d < σ

0 otherwise
(2)

In these models, the kernel width σ determines the locality of
the generated field, while the degree of the kernel controls its
sharpness. Note that while the inverse and Cauchy kernels are
C∞, their unbounded support makes them less suitable for mod-
eling local details than the polynomial kernel.

While convolution surfaces eliminate bulge artifacts, they
also reduce geometric control, since the target iso-surface is
no longer located at the expected distance from the skeleton.
To alleviate this issue, subsequent work introduced a user-
controlled thickness factor τi : Θi → R+ within the convolu-
tion integral [15, 13]. However, this formulation still lacks pre-
cise control and does not prevent unintuitive behaviors, such

as sharp features becoming excessively smoothed-out when
blended with larger shape components.

To address this limitation, Zanni et al. [28] proposed a new
formulation called SCALIS, standing for Scale Invariant Inte-
gral Surfaces. Based on the intuition of warping the shape to
a normalized reference space through a scaling factor 1/τi, the
field was defined by:

fi(p) =
∫
θ∈Θi

k
(

d(S i(θ), p)
τi(θ)

)
dθ
τi(θ)
.

The SCALIS model insures scale-invariant details behav-
ior, provides accurate thickness control and achieves consistent
blends between large and small features without any smoothing
of sharp details. Since such ability to design detailed shapes
make good management of levels of detail all the more neces-
sary to limit aliasing, we adopt this representation in this work.
In our implementation, we only used segment and point skele-
tons. We adopted the polynomial kernel in Eq. 2 with n = 6 and
σ = 2.2, although our solution could be easily generalized.

3.2. Our approach to level of detail generation

Our goal is to generate visually continuous levels of details
on implicit surfaces, enabling to zoom in and out while main-
taining their implicit nature, best preserving their shapes, and
reducing both aliasing and computational cost in far views.

Let the input SCALIS surface S be parametrized by the iso-
value of interest c (see Eq. 1), the kernel width σ (see Eq. 2)
; the skeleton of the shape S k = {S i}i=1..N ; and the thickness
functions τi, associated to each skeleton part S i.

To reduce the aliasing in far views, we propose progressively
”blobify” S as the size of the object on screen decreases. This
is done by simultaneously increasing the kernel width σ and
decreasing the target iso-value c accordingly (see Figure 3, left).
Note that this simplification process is continuous and preserves
the overall shape, up to a scaling factor. We therefore associate
it, with a deflation D of the shape aimed at restoring its initial
size on screen.

During this process, fine-scale details are progressively
blended into larger shape components, reducing the difference
between surfaces generated by complex skeletal primitives and
those generated by point primitives. This, in turn, enables pro-
gressive skeleton simplification (Figure 3, right): skeletal prim-
itives S i corresponding to non-salient details at a given level
of detail are either reduced to points, merged with neighboring
primitives, or removed entirely, thereby decreasing the cost of
field evaluation. Indeed, the computational cost depends solely
on the number and type of skeletal primitives S i. In the lim-
iting case where a skeletal primitive S i degenerates to a point,
the associated convolution integral reduces to a single kernel
evaluation:

fi(p) =
1
τi

k
(

d(S i, p)
τi

)
.

In practice, we use a level of detail parameter λ ∈ [0, 1] to
control the simplification level, where λ = 1 refers to the initial
shape and λ = 0 to a fully simplified version. Our approach is
to pre-compute the surface parameters c(λ), σ(λ), the skeleton
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𝜆 = 1

𝜆 = 0.4

𝜆 = 0.8

𝜆 = 0.6

𝜆 = 0.4

𝜆 = 0.2

𝜆 = 0

input

Pre computation Runtime

Fig. 3. Overview our method. At the pre-computation stage (left and cen-
ter), the input implicit shape (top left, λ = 1) is progressively inflated (cir-
cular arrows) by changing both its kernel’s width and the iso-value of in-
terest, while the skeletal segments that do not contribute anymore to the
displayed iso-value are filtered out to reduce costs. These versions of the
shape, continuously parameterized by λ, are rendered in a scaled-down
version at runtime (horizontal arrows and right column), as to best main-
tain the shape’s size and aspect ratio. At far distances, a simple ellipsoid
may be displayed (bottom right, λ = 0).

S k(λ), as well as a sampling of the anisotropic deflation param-
eters D(λ). These parameters are then dynamically updated at
runtime to create a continuous levels of detail framework.

The approach we just introduced leads to a number of chal-
lenges, discussed next: the way the shape and scaling param-
eters are simultaneously updated to simplify the shape, and
therefore reduce its aliasing in distant views, is detailed in Sec-
tion 4. Conversely, the algorithm used to pre-compute the way
the skeleton S k should be simplified when λ varies, enabling
us to reduce the complexity of field queries at run-time, is pre-
sented in Section 5.

4. Levels of detail computation

We parametrize the change of levels of detail by a single
scalar λ ∈ [0, 1], initialized at λ = 1. The generation involves a
sequential process of inflation and deflation.

4.1. Inflation of the implicit surface

To achieve a harmonious inflation of an implicit shape that
progressively smooths and removes fine details, a natural ap-
proach consists in modifying the target isovalue. Indeed,
smoothing occurs as small high-frequency features are gradu-
ally absorbed by the expansion of larger skeletal components.
Since field values are maximal near the skeleton and decay to
zero outside its region of influence, this process requires de-
creasing the target isovalue c. At the same time, to prevent the
evolving isosurface from reaching the boundary of the primi-
tives’ regions of influence, which would inhibit smooth blend-

ing during the decrease of c, we correspondingly increase the
kernel width (Figure 4).

Our solution keeps these two parameters constant across
all skeleton bones. We establish an inverse proportional rela-
tionship between the kernel width and the reference iso-value.
Specifically, given the user-defined initial targeted iso-value c∗

and kernel width σ∗, the inflation parameters cλ and σλ are
computed as follows:

cλ = λc∗ (3) σλ =
σ∗

λ
(4)

In
fl

at
io

n
D

ef
la

ti
o
n

𝜆 = 1 𝜆 = 0,5 𝜆 = 0 𝜆 = 0

Fig. 4. When the λ decreases (from left to right), we simultaneously lower
the targeted iso-surface of interest (the intersection between the blue and
brown areas) and increase the kernel width. This inflation can be coun-
tered by a deflation step (bottom) and accelerated by simplifying the skele-
ton when applicable: See the last column, where the line segments collapse
into point-skeletons.

It is important to note that, during the inflation (or deflation)
step, the thickness τi of each primitive S i remains constant. Sur-
face growth is driven solely by the changes of the iso-value and
of the kernel width. Note that while this general approach may
look like an arbitrary choice, this solution was found after a
number of unsuccessful, unpublished attempts, notably the idea
of directly changing the shape thickness without any action on
the kernel or on the isovalue. The approach proposed in this
work is the only one for which an effective solution was found,
although other options will be mentioned in future work.

4.2. Deflation step

𝑟

𝑟

𝑙

𝐿

𝑓𝜆=1

𝑓𝜆=0

Fig. 5. Inflation affects
proportions.

In practice, the inflation process both
increases the volume of the input shape
but also distorts its proportions. To
understand the reason for this, let us
consider the simple case of the ellip-
tic shape in Figure 5, only distinguish-
able from other ellipses by its specific
proportions and size. Since inflation is
direction-agnostic, it does not preserve
these proportions. Under uniform inflation by an offset r, the
shape’s proportion αλ=1 = l/L evolves as αλ = (l + 2r)/(L +
2r)→ 1 as r → ∞.

To deflate the shape while preserving its proportions, i.e.,
by applying an anisotropic scaling D(λ), we introduce anchor
points defined as the intersections between the surface and
level-of-detail axes aligned with the principal axes of the shape
(Figure 6). For real-time performance, these anchor points
are precomputed on a subset of the level-of-detail surfaces and
stored in a lookup table. At runtime, they are interpolated to
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Deflation

Anchors

𝑓𝜆=0
𝑓𝜆=1

LOD axis
LOD axis

Fig. 6. An anisotropic down-scaling D is used to preserve the positions of
the 4 anchor points (respectively, 6 in 3D), thus ensuring that the simplified
shape retains the size and proportions of the original one.

derive the anisotropic scaling parameters D(λ) required to keep
the anchor points fixed in space.

We use an automatic method for computing the best scal-
ing axes, based on the main orthogonal diameters of a sparse
sampling of the shape. This involves recursively computing the
largest diameter of the shape, projecting the shape onto the or-
thogonal plane of this diameter, and repeating the process until
three orthogonal axes are identified. While this method is both
efficient and robust, it may introduce visual artifacts for objects
with even proportion, especially when the vertical axis (aligned
with gravity) was meaningful (see Figure 7, center). To address
these specific cases, users can manually define level of detail
axes better suited to the modeled object (Figure 7, right).

Reference

𝜆 = 1 𝜆 =1/2 𝜆 =1/2

Automatic Manual
LOD axis

Fig. 7. Impact of the scaling axes.

5. Skeleton simplification

During the surface inflation/deflation process, the sharpest
details are progressively smoothed out. As a result, some skele-
tal primitives may become redundant or contribute only negli-
gibly to the final shape. To optimize computational efficiency,
these skeletal primitives are either pruned, merged, or sim-
plified down to a point, thereby reducing the complexity of
the smoothed surface representation. To avoid runtime over-
head, we precompute a dynamic skeleton S k(λ), whose struc-
ture adapts according to the level of detail controller λ ∈ [0, 1].

5.1. Principle and notations

The dynamic skeleton S k(λ) is precomputed by augment-
ing each skeletal primitive S i ∈ S k with a lifespan interval
Λi = [λmin

i , λ
max
i ] and an associated weight wi (null outside of

Λi). The lifespan interval Λi defines the range of resolutions
for which the skeletal primitive S i is active and should be ren-
dered. The field is then expressed as a weighted sum of the

fields fi(λ, p) generated by the active skeletal primitives:

f (λ, p) =
N∑

i=1

wi(λ) fi(λ, p). (5)

A continuous weighting function wi(λ) is used to avoid any
sudden change of shape when a skeleton of negligible influence
is suppressed, or when a new skeleton primitives appears after
a merge.

To facilitate the subsequent discussion, we introduce the fol-
lowing notations. We denote Ωi the influence region of the
skeletal primitive S i, i.e., the volume where fi is non-zero.
While a negligibility threshold would need to be set if a kernel
of infinite radius was used, this region can be easily computed
for our choice of the polynomial kernel, as:

Ωi(λ) =
{
p ∈ R3 | ∃θ ∈ Θi, d(S i(θ), p) < τi(θ)σλ

}
.

For any radius τ, we denote the inflated radius as τ̃(λ) = σλτ.
Finally, we denote S̄ i the center of the skeletal primitive S i and
τ̄i the average radius:

S̄ i =

∫
θ∈Θi

S i(θ)dθ∫
θ∈Θi

dθ
τ̄i =

∫
θ∈Θi
τi(θ)dθ∫
θ∈Θidθ

Fig. 8. The three operations used for the simplification of the skeleton are
deletion (left column), collapse (center) and merging (right).

5.2. Operations used for skeletal simplification

During dynamic skeletal creation, we make use of the three
basic operations, namely, deletion, merging, and collapse (see
Figure 8) which are described next. Two of these operations
can be tuned through their respective tolerance parameters αc

for collapse and αm for merging, to balance computational ef-
ficiency and visual fidelity according to the needs. In all our
experiments, we used αc = 1.5 and αm = 1.1.

Deletion. A skeletal primitive S i can be deleted at the level of
detail λ = λ0 if there exists another skeletal primitive S j whose
iso-surface at the current iso-value cλ (defined in Eq. 3) fully
includes the bounding volume Ωi of S i. Deletion is achieved by
setting λmin

i = λ0.

Collapse. Given a tolerance value αc, a skeletal primitive S i,
with a maximal radius τmax = maxθ∈Θi τi(θ), can be collapsed
at the level of detail parameter λ0 if its associated iso-surface at
the current iso-value cλ can be bounded by a sphere of radius

˜τmaxαc. In this case, S i is deleted, and a new skeletal point S j is
inserted in the dynamic skeleton skeletal primitive with radius
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τ̄i, position S̄ i and weight w j =
∫
θ∈Θi

widθ. Note that inserting a
skeletal primitive S i at a given λ0 refers to inserting it within the
list of skeletal primitives of S k(λ) with an associated lifespan
interval Λi = [0, λ0].

Merging. Two skeletal points S i1 and S i2 can be merged at the
level of detail parameter λ0 if a hypothetical segment linking
the two points can be collapsed with a tolerance of αm. If so,
the two points are deleted and replaced by the skeletal primitive
resulting of the collapse of the segment with the weight w j =

wi1 + wi2 .
Note that other pruning operators could be thought of, such

as collapsing a triangle-skeleton into a segment or merging two
segments together. However, we opted for a minimal set of
operations, exclusively focusing on those that create skeletal
points for their simplicity and fast evaluation.

5.3. Pre-computation of the adaptive skeleton

In practice, the computation of the dynamic skeleton S k(λ)
begins by initializing it with the full list of skeletal primitive
from the input shape, each assigned to a maximal lifespan in-
terval Λi = [0, 1] and a unit weight wi = 1.

The sequence of operations to be sequentially applied when λ
decreases (respectively increases) is then computed and ordered
as follows:

1. Within a first loop, we compute for each primitive and each
pair of primitives, the maximal level of detail parameter λ
associated with the deletion, merging, and collapse opera-
tions, when applicable. All the corresponding pairs (oper-
ation, λ value) are stored in the list O.

2. Next, the operation list O is sorted by decreasing λ val-
ues and then sequentially applied to update S k(λ). When a
skeletal primitive is set to be removed from a given λ0 and
down, all the subsequent operations involving this primi-
tive are suppressed fromO. Conversely, when the insertion
of a new skeletal primitive is processed at λ0, the maximal
level of detail parameter associated with all the valid op-
erations involving this primitive with other ones are com-
puted and inserted into O.

5.4. Use at runtime

In practice, the control parameter λ associated to each im-
plicit shape in the scene is set from its size on screen (in the
companion video, we linearly switched from λ = 1 when a
shape is 400 pixels large or more to λ = 0 when its size is less
than 10 pixels). The pre-computation of the dynamic skeletons
ensures that runtime evaluation of each shape S only processes
primitives relevant to the current value λ0, thereby reducing
computational overhead while preserving surface quality. The
adequate level of detail to be rendered for S is generated as
follows:

Skeleton. The skeletal primitives S i that do not contribute to
the shape at the current level of details, i.e., such as λ0 < Λi, are
filtered out from the dynamic skeleton S k(λ).

Weights. If λ0 approaches either extremity λ∗i of the lifespan
Λi (λmax

i or λmin
i ), the weight wi used in Eq. 5 is linearly atten-

uated within a small interval λ ∈ [λ∗i − ϵ, λ
∗
i + ϵ], such that that

wi = 1 within the lifespan and wi = 0 outside of it. Note that
if a skeletal primitive S i collapses into another primitive S j at
a level of detail λ∗, the relationship λ∗ = λmin

i = λmax
j holds.

Consequently, in the interval λ0 ∈ [λ∗ − ϵ, λ∗ + ϵ], the sum of
weights satisfies wi(λ0) + w j(λ0) = wi(λ∗ + ϵ) = w j(λ∗ − ϵ),
meaning the the shapes will fade in and out at the same pace.
This conservation property also applies to merge operations.

Inflation and deflation parameters. The shape is rendered us-
ing a deflated version of the inflated shape corresponding to the
iso-value (Eq. 3) and kernel’s width (Eq. 4) at λ0. In practice,
to reduce the computational cost of the deflation stage, we pre-
compute the three downscaling parameters in D(λ) along each
axis over a sampling of the λ values, store them in a look up
table, and use interpolation to get D(λ0) at runtime.

6. Results

We implemented the prunning algorithm in C++. CPU tim-
ings were obtained on a desktop com puter equipped with In-
tel® Core i9, clocked at 3GHz with 32GB of RAM, GPU tim-
ings were clocked on an nVidia® GeForce 4070.

6.1. Qualitative results
Figure 9 shows some samples of the levels of detail we gen-

erate for six complex SCALIS shapes. Note that, in contrast
with the few discrete version often used in static methods, our
continuous method may use more than one hundred different
skeleton changes during a zoom out sequence, while continu-
ously changing the shape inflation, deflation, and weighing pa-
rameters to fully preserve temporal coherence (see the compan-
ion video). Changes of topological genus can be observed for
the Scorpio and the Dancer models.

Ant

Camel

Scorpio

Dancer

Dino

Giraffe

𝜆 = 1 𝜆 = 0

Fig. 9. Continuous levels of details for 6 input shapes (left).
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6.2. Performance

Since SCALIS, and convolution surfaces in general, rely on
integral computations, the complexity of the skeleton directly
impacts the speed of field querie computations. Specifically,
simpler primitives such as points are computed faster than seg-
ments, which in turn are faster than triangles, even when ex-
plicit solutions are available. This explains the performance
characteristics of the collapse operation. Overall, by combining
all three skeleton update operations, the speedup may reach one
to two orders of magnitude in rendering time at low levels of
details (see Figure 10).

1

10

100

Rendering speed up

ant

scorpio

giraffe

dancer

dino

camel

𝜆 = 1𝜆 = 0
× 1

× 10

× 100

Fig. 10. Speedup in rendering time for each of our models (computed as
the time to render the simplified model divided by the time needed to ren-
der the baseline). Note the strong acceleration at low resolutions when the
surface is smooth enough to be generated by a few skeletal-points.

6.3. Aliasing reduction

In addition to improving performances, simplifying the sur-
face removes high-frequency details, thereby reducing the over-
all aliasing of the scene. To quantify this reduction, we com-
pared the shape rendered at low resolution with a reference ob-
tained by rendering the same shape at full resolution and sub-
sequently downscaling it to match the low-resolution output.
Using root mean squared error (RMSE) as our metric, we ob-
served that our method always reduces the aliasing on our set
of examples (see Figure 11).

0
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72 352 632 912

lambda=1 lambda=0

0

0,01

0,02

0,03

0,04

0,05

0,06

0,07

0,08

72 352 632 912

lambda=1 lambda=0𝜆 = 1 𝜆 = 0 𝜆 = 1 𝜆 = 0

Fig. 11. Aliasing reduction of our method. The curves show the aliasing as
a function of screen size in pixel, for specific views of two representative
models. Aliasing was measured as the root mean squared error (RMSE)
between a high resolution image and a low resolution one, colors being
represented as floating value between 0 and 1. Note that as the dancer’s
fingers are not salient from this viewpoint, the aliasing reduction is lower
than in other views. The parameter λ = 1 corresponds to the baseline,
while λ = 0 corresponds to a simplified surface.

6.4. Limitations

We presented one of the first methods capable of generating
a continuous range of levels of detail from SCALIS skeleton-
based implicit shapes down to highly simplified representations,
typically ellipsoids. Our approach introduces only the geo-
metric and topological modifications necessary to progressively
smooth fine-scale details away, while preserving the apparent
size and proportions of the shape on screen.

Although the proposed framework provides significant im-
provements, it also presents several limitations. First, the sur-
face inflation process makes the method unsuitable for accel-
eration schemes relying on spatial partitioning. Nevertheless,
our approach is particularly effective in settings where bound-
ing volume hierarchies are unavailable, such as models defined
with unbounded convolution kernels.

Second, the skeleton adaptation algorithm operates by sim-
plifying the underlying field function. Consequently, unlike ac-
celeration techniques that preserve the original field f (p), our
method inherently alters the field into f̃ (p) and deforms the as-
sociated implicit surface. However, this trade-off is intentional,
as the generation of simplified shapes also contributes to reduc-
ing aliasing artifacts.

Finally, the current framework is restricted to rigid shapes.
If skeletal primitives were to move relative to one another over
time, the precomputed data would become invalid and would
need to be extended to account for animation and deformation.

7. Conclusion

In this work, we presented a fully continuous, level-of-detail
framework for advanced convolutional implicit surfaces. Our
solution involves three precomputed steps: inflation, skeleton
simplification and deflation, enabling us to achieve real-time
level of detail generation at runtime. Temporal coherence of
the displayed shape is achieved in the full range of resolution
changes, thanks to the continuous changes of the inflation pa-
rameters, the combination of discrete skeletal changes with con-
tinuous weighting functions, and an interpolation scheme for
the deflation parameters. The robustness of our method enables
extreme simplification and topological changes, ranging from
fully detailed surfaces to simple ellipsoids. This extreme sim-
plification yields a one to two order-of-magnitude improvement
in rendering time. Our method also achieves a strong reduction
of aliasing artifacts. Together, these improvements facilitate the
efficient rendering of complex shapes, now ready to be com-
bined into crowded scenes.

As discussed in the limitations, our approach is not di-
rectly compatible with bounding volume hierarchy optimiza-
tion. Therefore, future work could explore the development of
an inflating strategy for bounding volumes, which could expand
in tandem with the surface, potentially addressing this con-
straint. A second promising direction would be to investigate
an optimized variations of various level-of-detail parameters,
which could non-linearly depend on the distance to the cam-
era to better preserve the object’s shape as the distance from it
increases. Another second direction for future work would be
an extension to colored or even textured implicit shapes, which
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should ideally take both shape and color gradients into account
during simplification. Lastly, investigating the computation of
a hierarchy of levels of details for animated shapes, and inves-
tigating how a skeleton-based animation should be extended or
discarded for simplified versions of the skeleton, would be an
interesting direction for future work.
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