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Figure 1: Our framework transforms an input grid-based elevation model into a vector-based representation of ellipsoid-based primitives.
Users can interactively edit the vector model using geomorphological skeleton-based tools, as well as standard tools such as stamping,
copying, and pasting. The advantage of the vector-based representation is its ability to depict landforms at various levels of resolution while

allowing for real-time editing of large-scale terrains.

Abstract

Vector-based graphics offer numerous advantages over grid-based models, including resolution independence and ease of
manipulation. Despite these benefits, their use in landscape modeling remains uncommon because of a lack of direct editing
and interactive feedback, essential for matching the artist’s vision. We introduce a new vector-based model for creating digital
terrains based on computationally efficient primitives. We propose a method to convert grid-based digital elevation maps to
this representation with a user-defined level of accuracy. Once vectorized, the terrain can be authored using interactive high-
level skeleton-based tools adapted to the primitive representation, allowing local deformations that automatically adapt to
underlying geomorphological structures and landforms of the terrain.

CCS Concepts
» Computing methodologies — Shape modelling;

1. Introduction

Despite the vast amount of existing methods, authoring high-
resolution large-scale terrains remains a challenging task for artists
and designers. The difficulty finds its foundations not only in the
diversity of landforms and the variety of details at different scales
but also in the ability to control the shape and location of landforms
to follow the designer’s intent.

Designers traditionally start with an initial low-resolution model
represented as an elevation grid organizing the principal landforms
such as mountain ranges, valleys, canyons, and coastlines, by using
procedural generation or combining patches extracted from digital
elevation models. This initial draft is then refined to a detailed high-
resolution grid by subdivision and interpolation and augmented

with multi-resolution details such as creases and ravines produced
by surface erosion [SGG*24].

Our work comes from the observation that modelling systems
often relies on uniform elevation grids. While versatile and adapted
to interactive editing and erosion simulations, this representa-
tion comes with several limitations. From a designer perspective,
geomorphology-based edits or standard operations like warping
or copy-and-paste of landforms are difficult to implement on uni-
form grids and require complex algorithms to seamlessly blend se-
lected landforms into the terrain, such as operating in the gradi-
ent space [GPM™*22]. Another drawback of grid-based models is
the high complexity of terrain authoring algorithms, often O(kn?)
where n denotes the size of the terrain and k the number of itera-
tions, which limits their effective use to a limited resolution. Per-
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formance significantly drops at 4096 x 4096 and becomes unusable
beyond this limit. Even a parallel implementation on graphics hard-
ware partially alleviates the problem, as memory becomes another
limit. Finally, decomposing a large terrain into smaller patches and
blending them only partially addresses the issue. The blending pro-
cess can be computationally expensive or create visual artefacts,
which may restrict the artist’s creative flexibility.

Even though some methods exist for modelling terrains with
procedurally-defined primitives [GGP*15], interactive authoring
and generation from grid-based models have received little atten-
tion. Moreover, this vector-based model depends on a powerful
but highly complex construction tree, which is challenging to work
with and discourages designers from adopting it.

We address these limitations by proposing a novel vector-based
approach for modeling complex terrains, bridging the gap between
procedural primitives and interactive authoring (Figure 1). Our ap-
proach is, in essence, a primitive-based model that defines the el-
evation as a sum of compactly supported elevation functions. In-
stead of a hierarchical construction tree with warping, blending,
and Boolean operators, we define the elevation as a sum of modi-
fied continuous Gaussian primitives complemented with procedural
or data-driven detail primitives. This simple definition provides us
with several advantages from an interactive authoring perspective.
This continuity allows for the creation of a geomorphology-based
skeleton, providing high-level structural control. Second, by inter-
acting with this skeleton and using other specialized tools, design-
ers can concentrate on semantic forms without the need to manage
the low-level parameters of the underlying primitives. Lastly, our
approach is distinctive because it incorporates vectorization, which
converts traditional grid-based terrains into a primitive-based for-
mat, ensuring compatibility with existing terrain data.

The construction of the vector-based model takes its inspiration
from implicit surfaces built from primitives with a compact sup-
port [GGP*15], and from the Gaussian model [KKLD23] that ap-
proximates the three-dimensional geometry of objects by a sum
of Gaussian primitives. Our contributions are as follows: 1) We
propose a vector-based terrain representation, defined as a sum of
primitives, and an efficient algorithm for converting standard grid-
based elevation models. 2) We introduce a skeleton-based rigging
of primitives using a ridge graph, providing an editable high-level
structure. 3) We develop several algorithms for interactively author-
ing vector-based terrains. Images illustrating the method and the
accompanying video demonstrate that our model allows for high-
level, intuitive, and interactive editing of digital terrains. We will
first review previous work and its implications, then describe our
model and associated tools. Finally, we will discuss and compare
previous methods. The project page, providing the code and pre-
sentation video, is available at this address.

2. Related work

Here we focus on previous work on interactive terrain authoring
frameworks and vector-based models. Table 4 (see Appendix B)
presents a comparison of several systems. A complete review of
terrain models and generation methods, beyond the scope of this
related work, can be found in [GGP™19].

Simulations aim at reproducing the physical processes behind the
landforms. Surface erosion simulations add details such as ravines
produced by hydraulic and thermal erosion to an otherwise low-
resolution terrain. They are computationally intensive, difficult to
control, and therefore do not lend themselves to interactive editing.
A notable exception is the work of Cordonnier et al. [CCB*18]
who first proposed to compute the formation of mountain ranges
formed by the compression and folding of colliding tectonic plates
using an interactive modelling technique where the user intuitively
defines the movement of plates. Inspired by the same concept,
Schott et al. [SPF*23] set aside modelling in the elevation domain
and interactively simulated mountain formation by controlling the
uplift shaping mountain ranges.

Example-based techniques rely on existing terrain data to gener-
ate new terrains that resemble exemplars. Texture synthesis meth-
ods were first used to assemble terrain patches according to a user-
prescribed sketch [ZSTRO7]. This work was further improved by
extending the controls to a broader set of vector-based manipu-
lation tools [GMM15]. A sparse modelling approach was used to
select atoms from a dictionary that best matches low-resolution el-
evation data in [GDGP16, AAC*17].

Curve-based approaches rely on sparse controls often expressed
in terms of primitives such as points identifying peaks or curves
delineating plateau contours, ridges, or rivers. Terrain elevation
is generated from those control curves either by solving gradi-
ent and elevation constraints located at specific points and curves
[GPM*22] or by using learning-based techniques to create ter-
rains sketched either from contours, ridges, and river network lines
[GDG*17,LGP*23], or low-resolution terrains [PPB*23]. Unlike
geomorphological editing, these indirect editing techniques can
lead to unintended structures or artifacts when constraints are un-
defined or poorly specified.

Primitive-based models represent terrain using procedurally-
defined vector-based primitives [GGP*15]. While the authors pro-
pose a complex construction tree, working with it to produce the
desired output can be challenging. Current vector-based representa-
tions exhibit at least one of the following limitations: they are often
computationally demanding, lacking a straightforward method for
computing elevation and requiring global simulation optimization
[SPF*23, GMM 15, HGA* 10, GPM*22]. This significantly hinders
interactive feedback and control, especially for large resolutions be-
yond the traditional 1024 x 1024 scale. Another key limitation is
their lack of intuitive controls [GGP* 15], which prevents designers
from interactively editing the terrain without detailed knowledge
and understanding of the underlying model.

One crucial advantage of vector-based models over discrete
elevation models is their independence of scale and continuity.
Genevaux et al. [GGP*15] introduced a general framework for
modelling terrains that combines primitives in a construction tree
using operators. While successfully employed in sparse modelling,
the potential expression of function-based descriptions of terrains
remains combined with interactive authoring and editing remains
unexplored. Our model aims at bridging the gap between primi-
tive based modelling and interactive editing by proposing various
standard and geomorphology-based tools to edit vector terrains.
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3. Overview and notations

The authoring framework, as shown in Figure 2, is based on both
grid-based and vector-based models that complement each other.
If we start with a digital elevation model, we can easily convert it
into a vector-based model through an optimization process. Once
in the vector domain, the designer can make iterative modifications
to the terrain by the mean of high-level tools that automatically
adjust primitives’ parameters. To visualize the terrain, the vector-
based model is converted into a grid-based elevation representation
in real time using graphics hardware.

timization)

N (opti
|— Vectorization —l’

Elevation h(p) Primitives G

Authoring
Geomorphology-based

v v

Vector-model
heatine

Figure 2: The authoring process involves extracting Gaussian
primitives from source elevations, applying local or global tools
to modify the resulting primitive-based model, and reconstructing
the resulting elevation.

Standard techniques
Erosion, real terrain

Grid-based

3.1. Workflow

Figure 2 shows the architecture of our framework. First, the vector-
ization transforms a given grid-based terrain 7 into a vector-based
model V. Once vectorized, the user can manipulate )V using a set of
tools operating on skeletons obtained from the analysis of the main
landforms of the terrain. Tools also include vector-based copy-and-
paste, scaling, warping and stamping, designed to maintain terrain
coherency.

Reverting from the vector-based representation V to a grid-based
one, denoted as '7', can be done at any time and allows the user to
perform all the usual edits associated with conventional digital el-
evation models, such as erosion. The vectorization is enabled by
a gradient descend optimization, which relies on computing a dis-
tance between the input terrain 7" and the one derived from the
vector representation 7 with respect to the parameters of V.

Many modelling tools can be favourably transferred to the vector
domain, for instance copy-and-paste operations, scaling, and warp-
ing. Whenever the grid-based representation is necessary, such as
for hydraulic erosion, we rasterize primitives to an elevation grid
using evaluation, and perform operations before returning to the
vector-based domain using vectorization and detail kernels (as de-
picted in Figure 2).

3.2. Primitive representation

We represent the terrain elevation (p) as a sum of n primitives de-
noted as P = {&, D}. We identify two types of primitives: modified
Gaussian primitives on ellipse domains, denoted as £ guided by the
function g(p) , that lend themselves for large-scale landforms with

steep slopes, and detail primitives defined by the function d(p) ,
denoted as D for procedurally-defined or data-driven details. This
vector-based representation is independent of the resolution. We
parametrize primitives by their orientation, scale, and signed ampli-
tude that may define both positive and negative elevation variations
to allow for different types of elevation prescription. They form
the core building block for modelling landscapes across a range of
scales, from large mountain ranges to small-scale landforms such
as ravines. The elevation is defined as the sum:

n—1

h(p) = ;) hi(p)

Terrains often exhibit specific landforms with asymmetric steep
slopes that are difficult to define using traditional Gaussian func-
tions. Thus, we rely on generalized Gaussian kernels introduced by
Hamdi et al. [HMKQ"24] to handle such features that arise at high
spatial frequencies, and reduce the number of needed primitives.
Formally:

¢p) =ae" (1) 4y = A (p— o)

d denotes the distance to the centre

¢, with A = R(0)S(c), R and S the ro- Js g1
tation and scaling matrices respectively,
where 6 = (Ox, Gy) is the scaling vector
and 0 the angle in r.adians. The ampli- Figure 3: Modified ker-
tude @ may be negative to carve the ter-
rain. Figure 3 shows the effect of B on
the shape of the function. The steepness
parameter 3 provides optimization with larger degree of freedom
to better fit grid-based input terrains. This representation allows for
any values for the parameters without range constraints, which is
important for the computation of the gradient Vi and optimization
(see Section 4) as all parameters can be optimized independently.

nels gg with the varia-
tion of B parameter

Figure 4 reports the parameters of the
primitive, the support of the ellipse do-
main is computed using (36x,30y) as
half-width and height. Following statis-
tics theory, 3¢ around a 2D Gaussian
distribution includes 98.9% of values.

Figure 4: Primitive pa-
rameters.

High-frequency details are difficult to reproduce, even with gen-
eralized Gaussian primitives. Therefore, we introduce detail prim-
itives D to add details to the vector approximation. They are typi-
cally defined by their location, scale, rotation parameters, but have
procedurally defined amplitude a(p) whose influence is weighted
by a Gaussian fall-off:

3(p) =a(p)e P d(p)=|A" (p—0)|

In contrast to the set of Gaussian primitives &, detail primitives
D are not positioned by the optimization procedure since their main
goal is to achieve a uniform distribution across the terrain. To main-
tain consistent spatial coverage and avoid undesirable amplification
caused by the cumulative effect of all primitives in the final out-
put, their placement is determined through Poisson sampling. This
sampling method is configured with a radius that allows for slight
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overlap between disks, effectively filling any potential gaps without
resulting in excessive accumulation.

A procedural noise function could be employed to introduce
these details, with amplitude and frequency parameters carefully
modulated according to the terrain’s topography. This approach al-
lows the detail intensity and scale to adapt dynamically to the ter-
rain’s elevation and slope, creating a more natural and cohesive in-
tegration of features across varying landscapes.

Another approach consists in using the error A7 to directly guide
the details. It is simply defined as the difference AT =7 — T be-
tween the reference terrain 7" used in the optimization, and the ras-
terized approximation 7 from the vector representation V. In this
case, detail primitives encode a position within the error map A7,
with default scale and rotation. During rasterization, detail primi-
tives query A7 at its corresponding position to retrieve the error,
which is then added to the results. While this introduces raster in-
formation in the model, it allows for accurate reconstruction. Fur-
thermore, the details map can be later refined using an erosion al-
gorithm to enhance the terrain with more details (see Section 6).

4. Vectorization

The optimization process involves two main steps: initializing
primitives and a loop of optimization and regularization iterations.

Initialization defines the starting distribution of primitives over
the domain with a user-controlled number of Gaussian primitives
& located at random positions, rotation, and  parameters. The ini-
tial scale is randomly chosen from five predefined values, ranging
from large to small (specifically 0.06, 0.04, 0.03, 0.02, and 0.01
in our implementation). The terrain is normalized within the range
[—1,1], meaning that primitives are evaluated with values scaled
to this fixed interval for consistency and simplicity. The amplitude
a of the primitive is then defined from the terrain elevation 7 by
smoothing the elevation around its centre ¢;: a  h* k where k de-
notes a smoothing kernel over the ball B(c,o).

The optimization phase often generates very few negative eleva-
tion primitives as a result of regularization constraints unless they
are specifically set during the initialization process. It is possible
to ensure their presence by identifying and placing negative eleva-
tion primitives in ravines or erosion areas. The process starts by
placing large primitives with amplitudes matching the smoothed
ground truth. The error is then calculated as the difference between
the placed primitives and the ground truth. Based on this error, the
second level of primitives is generated. This procedure is repeated
iteratively for all subsequent levels.

Optimization takes place after the initialization and optimizes the
primitive parameters using gradient descent (Figure 5). We start by
rasterizing the primitives £ into scalar fields 7 at a defined resolu-
tion. We then compute the influence of every primitive within the
limits of the terrain Q, and sum the contributions to obtain the fi-
nal elevation /. The optimization is performed using a loss function
defined as the weighted average of three terms:

=0 by +0p Lrprps + (1 —0p — ) Lssiy

Figure 5: Comparison between the ground truth and terrain ap-
proximations using different numbers of primitives.

The cell-wise £ loss is defined as:
G=YITiy—Tijl
irj
The second term relies on the learned perceptual image patch sim-
ilarity (LPIPS) loss proposed in [ZIE* 18], which demonstrates to
reconstruct images with high perceptual quality and that proves to
be accurate in a digital elevation model context [PPB*23]:

F 2
Cepips = Y (F(Tij) —F(Ti))
i

The term F denotes the perceptual feature extractor, a VGG [LD15]
pre-trained network. Finally, we use a structural similarity (SSIM)
loss to take into account contrast and structure:

(2uxpty +a)(20xy 4 b)
1%+ 5 +a) (0% + 63 +b)
The terms ¢ and ¢ denote the mean and the variance of cell eleva-

tion, Oxy the correlation coefficients between cells, and a, b numer-
ical constants, respectively set to 0.012 and 0.03.

Lssim =
(

In our experiments, we use oy = 0.5, ot = 0.25 (thus 1 — o —
o = 0.25 for SSIM loss). Note that the optimization code will be
released upon acceptance.

Regularization steps improve the
quality of the reconstruction. We
conform to the cloning and splitting c
described in [KKLD23], with a dy-
namic number of primitives during
optimization. We propose the following
additional regularization operations
specific to our use case. During the optimization phase, the user
chooses a predetermined fixed cell size ¢ to compute the loss
terms with the reference terrain 7 (Figure 6). Primitives with a
radius smaller than ¢ cause aliasing artefacts such as small spikes
or holes, which are only visible when rasterizing the vector-based
terrain at a higher resolution. We address this issue by discarding
primitives whose scale satisfies the condition 3¢ < c.

Figure 6: Primitive

pruning.

We also introduce the following two regularization steps inde-
pendent of terrain resolution. First, we remove the elongated prim-
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itives: &; is discarded if 6x /Gy > 1. or 6y/0x > t, with ¢, denoting
the elongation threshold (set to 7. = 20 in our experiments). Sec-
ond, we discard primitives with a small amplitude, if |a;| < 4 with
tq an elevation threshold (set to t, = 10~3 in our experiments).

5. Vector-based terrain authoring

Here we present specific tools that take advantage of the vector-
based representation for editing large-scale terrains. More pre-
cisely, we propose tools for manipulating the set of primitives
P = {&,D} without the need for manual specification or modi-
fication of their parameters, as was required in [GGP™15]. This in-
volves displacing and deforming these primitives using a skeleton
S derived from the characteristic landforms of the terrain.

This method allows for meaningful and geomorphologically
consistent authoring, which is difficult to accomplish directly on
grid-based terrains because they lack inherent structural informa-
tion. In contrast, vector-based representation is ideal for skeleton-
based deformations, providing a flexible and straightforward way
to make various modifications to the terrain by altering the primi-
tives connected to its edges.

5.1. Geomorphology-based authoring

Our approach comes from the observation that peaks, saddles and
other terrain features such as crest lines can be connected into geo-
metric graph structures as described in [AGP*19]. Therefore, tak-
ing inspiration from rigging in animation, we propose high-level
tools (Figure 7) based on skeletons derived from the geomorpho-
logical structure of the terrain. The process consists of three steps:
creating the graph, attaching primitives to graph edges, and propa-
gating graph deformations.

Figure 7: High-level tool for editing the geomorphological struc-
ture of the terrain: deformations propagate along the graph and
conform to landforms such as mountain ranges of valleys.

Crest graph creation. Given an input o_ej;
raster terrain, we invert elevations and w:k_“’ O\O\O
identify crest cells using a river detec- é $/O

tion algorithm described in [BLM14] and €ik 3 \)

[PDG*19]. We obtain an initial graph G,

composed of a set of nodes N, connect- Figure 8: Graph sim-
ing cells that we simplify to get the final plification.
vector-based geometric graph that will be

used as a manipulation skeleton S. We rely on an edge-collapse
strategy to perform the graph simplification. Let dy denote a min-
imal distance threshold; we remove an edge e;; connecting two
nodes A; and N if its length is larger than dy (Figure 8). N; and

N/j are merged by this process to form a single new node. This pro-
cess is sufficient to obtain a coherent manipulation skeleton with
almost evenly spaced nodes.

Graph deformations. We first link the set of primitives P to the
skeleton S by computing the minimum distance between the centre
¢; of every primitive PP; and S (Figure 9). The projection of ¢; onto
the skeleton is noted 7(c¢;) and the associated graph distance to the
modification /(w(c;)).

Modified node

I(m(c)

Figure 9: Primitives are linked to the edges of the geometric graph,
an associated graph distance to the modified node is computed.

Based on this graph distance, we build an attenuation factor o;
with a step function s:

o =s(1—=1(n(c;))/dm)

dm is a user-defined threshold that will influence the rigidity and
locality of modifications. By default, it is initialized with the maxi-
mum graph distance.

Move. When a node of the graph is moved by a translation vector
v, the whole set of nodes is modified according to the attenuation
factor: nl{ = n; + o; v, with n; the position of the node N; € N.
It is necessary to adjust the scale, rotation, and position of each
primitive according to the movement of the nodes and edges. Let
7(c;) be the projection of the centre of P; on the edge e; and 7t(c;)
the projection on e;, the translated edge. The vector v;, where v;
is the specific translation vector for the primitive P;, is defined by
7(c;) — m(c;) and O is the angle between e; and eg. The primitive
‘Pi is updated by applying the translation vector v; on its centre ¢;
and rotation 0 on its angle 6;. It is important to take scaling into ac-
count in order to deform large structures while maintaining global
coherence. Scaling a rotated ellipse with respect to an axis changes
its rotation and scale independently (see Appendix A).

Amplitude modification. The graph allows users to directly mod-
ify the amplitude of specific parts of the terrain. The new amplitude
a; of the primitive P; is defined as a; = a; (0;; u+ 1) where a; is the
initial amplitude and u € [—1;+o0[ the user modification factor.

5.2. Landforms tools

In addition to the previous tools based on a geomorphological
skeleton, we offer more conventional editing features. The tools we
have developed enable essential functions such as deleting shapes
and selecting specific areas, which can then be moved, rotated, or
resized. To enhance user-friendliness, users can interact using drag-
gable regions on the terrain. They can activate and apply the se-
lected tool by clicking and moving the selected region.
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Region selection. The proposed toolset enables various oper-
ations, including free placement (translation, rotation, scaling),
warping (twist and squeeze), and editing with erase, copy-paste,
or cut-paste functions specifically adapted to landforms.

We have incorporated two different se-
lection shapes for these tools: circular
regions and free-form contours defined
through a lasso-like selection directly on
the terrain (see accompanying video). Let
Q denote the selected region (Figure 10). Figure 10: Region
We define P(Q) = {P;,¢; € Q} as the set  definition.
of primitives whose centres are inside the
region. In contrast, P() represents the set of primitives with ¢;
outside Q. We have P(Q)UP(Q) =P and P(Q) NP(Q) = .

Similarly to skeleton-based deformations, the impact of changes
is attenuated (Figure 10) by applying a compactly supported step
function s to the distance to the boundary of the domain d (9, p);
let r denote a user-defined influence radius, we have:

f(p)=s (M)

r

Landform tools are also used in combination with
geomorphological-based tools. To avoid unnatural overlap-
ping primitives when the user edits the crest graph, we propagate
modifications in an influence region around the convex hull of
modifications.

Landforms stamping. Once the region is selected, the user can
move, scale, and rotate it (Figure 11). This directly impacts the
centre ¢;, the scale 0;, and the rotation angle 6; of primitives
in P(Q). We denote Q the transformed region. It is likely that
P(Q)NP(Q) # @, which means that the primitives that are trans-
formed overlap other (non-transformed) primitives. To avoid un-
wanted blending and bulges, we dampen amplitude in P(Q) by
using factor f(c;):

VPieP(Q)  hi=f(c)hi

Another option proposed to the user is to simply vanish the am-
plitude of primitives in (L), which is equivalent to having a ra-
dius r that tends to infinity. Remember that when we modify the
parameters of primitives, it does not harm the smoothness of the
terrain, unlike standard grid-based heightfield editing methods, be-
cause primitives define a continuous elevation function. We also
included a tool to delete primitives within a selected region to free
up space for rearranging the surrounding terrain and optimizing the
scene organization.

Landform stamping can be done using areas from the existing
terrain or landforms from a precomputed vector-based atlas, which
facilitates terrain authoring. Our implementation includes a variety
of mountain ranges and landform archetypes created from digital
elevation models. The user can also enhance the atlas by adding a
structure P(Q) from a selected region.

Twisting and squashing. Contrary to landform stamping, warping
deforms the terrain within the control region Q while maintaining
its consistency outside (Figure 12). The squeeze tool achieves a

Figure 11: A selected region Q is translated, scaled and rotated,
facilitating terrain authoring from selected patches.

translation weighted by f(p). When primitives get closer or far-
ther, the scaling needs to be updated (see Section 5.1). Thus primi-
tives are scaled in the direction of the translation and by a factor of
f(e;) — f(c})+ 1 where ¢} is the centre after the transformation. The
twist tool is defined similarly to the twisting operator introduced
in [GGP*15] that rotates the points with an angle proportional to
the distance to a reference point inside Q. The fall-off function f
guarantees smooth continuity with the surrounding terrain.

Figure 12: Operators modify the terrain by changing the location,
angle of rotation and the amplitude of the primitives within the
range of Q.

6. Results and discussion

Vector-based representation is a powerful model for encoding to-
pography, offering significant advantages over traditional digital
elevation-based approaches. It allows for the development of tools
that can interact with the terrain at a structural level, providing
more precise and flexible editing capabilities (Figure 13 and 14).
In contrast, raster terrains, which lack an underlying structure, of-
ten show challenges in editing as modifications can be cuambersome
and prone to introducing artefacts or discontinuities. Vector-based
representation addresses these issues by providing an underlying
framework where primitives can be directly assigned to the struc-
tural elements of the terrain.

Our model supports outputs at any resolution, facilitating real
time editing of large-scale terrains. From an editing standpoint, the
workflow starts either with a grid-based terrain, which is then vec-
torized to create the error map A7, or with an atlas of existing ter-
rain fragments. The artist utilizes the tools described in Section 5,
such as the geomorphological skeleton, along with various moving
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Figure 14: Comparison between an input raster terrain and its
vector-based edited version.

and warping operations, to shape the terrain according to their cre-
ative vision. Once the editing process is complete, the vector-based
terrain can be converted back into a grid format, allowing for a wide
range of downstream applications.

During the editing process, the terrain is rasterized at a normal
resolution (typically 1024 x 1024) to ensure responsiveness. Once
editing is complete, the terrain can be exported at a higher reso-
lution. Users may also apply a simulation algorithm to refine and
enhance terrain features further. Figure 15 illustrates the workflow
for terrain editing and high-resolution export. Following Schott et
al. (2024) [SGG*24], a simulation method generates an eroded ver-
sion of the edited terrain, after which an error map A7 is computed.
This error map is then leveraged to introduce detail primitives D
into the vector representation, enabling high-resolution terrain ex-
port at 4096 x 4096 or higher.

Figure 15: Real-time terrain editing is conducted at a lower raster-
ized resolution to ensure responsiveness, while a higher-resolution
version is generated for final export.

6.1. Implementation and performance

Our implementation utilizes PyTorch for the optimization task. We
perform the optimization process using the ADAM optimizer, with
a learning rate of 1072, The vectorization of a 1024 x 1024 terrain
runs in approximately ~ 60 seconds with ~ 10000 primitives on an

Optimization Rasterization (1024 x 1024)
#E Time (s) | #D | #E + #D =#P | Time (ms)
~ 8k 58s 2k 10k 15 ms
15k 59s 2k 17k 16 ms
30k 69 s 2k 32k 17 ms
60k 85s 2k 62k 21 ms

Table 1: Vectorization and rendering times (in seconds and in mil-
liseconds respectively) for different scene complexities.

NVidia 3090 with 24GB of dedicated memory. Building on the re-
search by [KKLD23], we have developed a differentiable rasterizer
using C++ and CUDA adapted to our case for the optimizer.

In order to edit the vector representation without the need to
differentiate it, we utilize a compute shader to accelerate eleva-
tion computation during terrain rasterization. First, we organize the
primitives into a loose grid acceleration structure to compute the
elevation function A; only for the primitives whose region of influ-
ence intersects the cells. This method enables real-time rasteriza-
tion on an NVIDIA 3090, achieving 21 ms for a 1024 x 1024 terrain
resolution. The time increases linearly to 388 ms for a 4096 x 4096
terrain, still allowing for interactive time editing. Rasterization and
rendering of the terrain on the GPU enables real-time feedback and
editing, significantly enhancing the user experience (see accompa-
nying video). Timings for various landscapes, with varying num-
bers of primitives, are reported in Table 1.

6.2. Comparisons

We compared our approach to other interactive terrain authoring
methods. A key feature of the vector-based model is its ability to
author high-resolution terrains in real time. In contrast, existing
methods are often restricted to a resolution of 1024 x 1024, and
they experience a significant drop in speed at higher resolutions.

We assess our approach by comparing it with several existing
methods, trying to reproduce a lambda-shaped mountain range as
depicted in Figure 16. The methods we considered include fully
automatic terrain generation techniques that utilize sketch inputs
and require no manual intervention [PPB*23, LGP*23, GDGP16,
SPF*23], along with approaches that involve detailed manual edit-
ing, such as those in [GPM*22] and our own. To ensure a fair
comparison, we tailored the input data to meet the requirements of
each method. For instance, [PPB*23] was given a low-resolution
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Article Data | SC | Resolution Scale Time
[GDGP16] ® o0 30 km 1 Hz
[GPM*22] @) 10242 ~30km | 1Hz
[PPB*23] ® 10242 30 km 2 Hz
[LGP*23] | @ | © 256° 5km | 20 Hz

[SPF*23] @) 20482 100km | 60 Hz
Ours [ ) ° 00 ~30km | 60 Hz

Table 2: Comparison of recent methods for creating and editing
terrain.

sketch, while [LGP*23] and [GDGP16] received curve constraints
extracted from the same sketch. For all methods that involved man-
ual editing, we aimed to reproduce the lambda shape as accurately
as possible.

Table 2 outlines the key differences between the evaluated meth-
ods. The Data column indicates whether each method requires ex-
ample data as input. Structural Control (SC) refers to the level of
manipulation possible with terrain features: a bullet point (®) sig-
nifies direct and structural control, while a circle (O) represents in-
direct or limited control. Methods that can maintain an interaction
rate of 60 Hz or higher are deemed capable of supporting real-time
editing.

[PPB*23] ==

[LGP*23] [SPF*23]

Figure 16: Comparison of terrain generation and editing methods
for modeling a lambda-shaped feature.

While techniques like [PPB*23] and [SPF*23] generally pre-
serve geomorphological coherence—sometimes at the expense of
reconstruction fidelity or repetition—our method does not empha-
size this criterion. Instead, it uniquely enables direct, real-time
structural editing while supporting output at arbitrary resolutions.
It is also worth noting that each method targets a different terrain
scale, as indicated in Table 2, which may affect both the perceived
quality and suitability of the results for specific applications.

Learning approaches There have been proposals for interactive
editing systems based on deep learning methods to incorporate
style [PPB*23, LGP*23]. These systems are implemented as add-
ons for Blender and allow for direct terrain synthesis and ampli-
fication. Perche et al. [PPB*23] use a modified StyleGAN model
to match an input sketch in the latent space and produce a ter-
rain with landform details at a moderate resolution. This type of
terrain sketching is not achievable with our framework. However,
users can choose from a selection of precomputed vector-based
landforms sourced from various places, including vectorized dig-
ital elevation model datasets or synthetically generated atlases, and
position them. Lochner et al. [LGP*23] introduced a curve-based
sketching model that generates a terrain using a diffusion method.
While we do not utilize guiding curves, the vector-based repre-
sentation allows for placing and assembling complex landforms
and deforming them using geomorphologically coherent skeletons.
Among these methods, only the diffusion-based method operates
in real time, albeit with an asynchronous update during user in-
teraction. Moreover, they are limited to 256 x 256 [LGP*23] and
1024 x 1024 [PPB*23] resolution patches and require stitching or
blending neighbouring patches to handle larger resolutions, at the
price of a higher response time.

Sketches approaches Guerin et al. [GDGP16] introduced a sparse
modeling technique that synthesizes terrains using patches selected
from an example-learned dictionary. However, a significant limita-
tion of this approach is its tendency to produce repetitive artifacts,
especially in large, flat areas such as plains or plateaus. Further-
more, user control is somewhat indirect, as interactions are mainly
conducted through a sketching interface. The gradient representa-
tion proposed by Guerin et al. [GPM*22] synthesizes terrain using
a set of curve-based hard (elevation) and soft (slope) constraints by
solving a Poisson equation. However, support for high-level tools is
limited to generating mountain ranges with a dedicated brush, and
once created, modifications to the terrain are not easy.

Simulations Schott et al. [SPF*23] presented an interactive terrain
modelling system based on stream power erosion. This approach
ensures that the synthesized terrain remains geomorphologically
consistent, as elevation is computed by solving the stream power
equation based on a prescribed uplift map. While this method is
intuitive for large-scale terrains, it does not allow for precise ma-
nipulation and control of landforms.

Image-based approaches Gain e al. [GMM15] developed a tech-
nique for generating terrains using texture synthesis and interac-
tive editing. In contrast, manipulating the guiding curves in their
method only indirectly influences the result, which is closely tied
to the provided exemplars. Tasse et al. [TEC* 14] introduced a first-
person interface that enables users to draw silhouette lines and au-
tomatically create mountain features at inferred locations. This ap-
proach is practical for visualizing and authoring directly from an
end-user perspective. However, our model does not support such
interaction, as the tools we have implemented are designed for an
upper or diagonal view.
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6.3. Validation

Validating an interactive authoring tool is always a challenge. In-
stead of conducting a user study with novice users, we opted to
gather feedback from professional landscape technical artists in
the entertainment industry. We conducted one-hour interviews with
them, during which they tested the application, using all the tools
and techniques outlined in this work, from editing existing terrains
to modeling with saved atlases. To ensure a smooth testing process,
we addressed all questions the experts had regarding the applica-
tion’s functionality. Their feedback highlighted both the strengths
and challenges of our vector-based terrain model.

Designers were enthusiastic about the vector-based model due
to its ease of manipulation, particularly for creating large terrains.
They emphasized that while low-resolution editing is acceptable
during the creation process, high-resolution outputs are essential
for final validation, which our vector-based approach can provide.
In contrast, concerns were raised regarding the challenges of mod-
ifications using the skeleton-based tools, as large deformations
can lead to inconsistent or undesirable topography. Designers rec-
ommended implementing landform-based rigging safeguards and
developing procedural generation methods to explore the diverse
range of models that can be created from basic shapes.

Finally, the system received positive feedback for its potential to
facilitate the creation and editing of user-generated content, with its
simplicity making it accessible to non-experts.

6.4. Limitations

Our method, while effective, is not without limitations. First and
foremost, the optimization process does not establish a bijective
mapping between grid-based and vector representations. In this re-
gard, the gradient representation [GPM*22] demonstrates superior
properties. Figure 17 and Table 3 illustrate the loss as the number
of primitives increases. As the number of primitives rises, the error
decreases, resulting in models that are sufficiently accurate for pre-
cise editing purposes. Furthermore, detail primitives are employed
to capture this vectorization error, allowing for a near-perfect re-
covery of the initial terrain.

1072

3 4 5

n=10*

n = 800

Figure 17: Visualization of the approximation of an initial terrain
with an increasing number of primitives (left). As the number of
primitives increases, the final loss decreases (right) and the terrain
reconstruction is more accurate.

Another limitation is that extensive user modifications may com-
promise the consistency of the terrain (Figure 18). Altering primi-
tives or making significant changes to the skeleton can disrupt the

-3
4P Loss x 10

by | Lssiv | LLpips ¢
0,8k | 5.65 5.65 47.2 | 58.6
1,5k | 4.08 4.06 30.3 | 38.5
3k | 2.92 2.62 16.8 | 22.5
6k | 2.24 1.63 8.92 | 12.8
11k | 2.21 1.31 7.64 | 11.1
20k | 2.78 1.25 6.11 10.1

Table 3: Metrics for different numbers of primitives #P.

coherence of the model, resulting in inconsistencies such as basins
or unnatural terrain features. While basins can be edited or filled
with data and are not a major concern, colliding mountains may
cause a loss of geomorphological structure in the terrain. A com-
mon challenge faced by editing tools that do not inherently ensure
consistency within the model is maintaining global geomorpholog-
ical and hydrological coherence, as discussed in [SPF*23].

Figure 18: Our method may produce inconsistencies or empty re-
gions in the terrain when skeletal modifications are overly exten-
sive, leading to colliding features.

7. Conclusion

Vector-based representations form a strong foundation for creating
large-scale high-resolution terrains (Figure 19). We have developed
a vector-based representation consisting of a combination of simple
primitives that allow for both the creation and modification of ex-
isting terrains. These primitives enable smooth blending of terrain
sections and provide a wide range of tools for modelling landforms
at a high level. We have also presented an efficient optimization
process that allows the conversion of real terrains or terrains gener-
ated from various procedural and simulation frameworks.

Figure 19: Example of volcanic islands authored by combining and
deforming predefined models selected from an atlas.

Our approach is the first to be based on geomorphological skele-
tons for terrain editing. Through experiments with professional
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landscape artists, we have demonstrated that our approach is ef-
fective for creating and editing large-scale digital terrains with a
high level of detail. Future work could involve expanding this vec-
tor model by providing advanced tools that enable users to edit ter-
rains while maintaining geomorphological accuracy. Additionally,
implementing a procedural generation method for placing primi-
tives could significantly enhance the possibilities for creating ter-
rains. Finally, detailed primitives use an error map that matches
the size of the original terrain. Multiple layers of noise or a sparse
dictionary-based approach [GDGP16] could be employed to en-
code details in a more efficient manner.
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Appendix A: Ellipse scaling

Without loss of generality, consider the equation of a rotated ellipse
centered at the origin:

(cosBx + sin()y)2/a2 + (sinBx — cos Gy)z/b2 =1

The coefficients of the corresponding polynomial coox> + c1oxy +
co1 y2 are as follows:

co():cz/aersz/b2 clozc’s/a2—2sc/b2 001:s2/a2+02/b2

It is possible to retrieve the coefficients 1/ a1 / b%, and O by com-
puting the eigenvalue and the first eigenvector (cos6,sin6) of the
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2 X 2 matrix:

(

00 010/2)
c10/2  col
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If we scale an ellipse by a factor (u,v), then the parameters of the
scaled ellipse @, b and 6 can be found by computing the eigenvalue

and the first eigenvector of:

( coo/u?

c1o0/2uv C()]/V2

010/2uv)

From this we compute tan8, and finally 6.

Appendix B: Overview of authoring techniques

Table 4 compares the different types of user control provided and
assesses their relative performance when applied to heightfields at
a resolution of 1024 x 1024. Structural control refers to the ability
to manipulate terrain features: @ stands for full control, whereas O
denotes indirect control.

[=]
< s —_—
Article < | 3| & Lo) 23

_. | Ours [ 2NN BN BN BN )
<
5 | [HGA*10] e | O
§ [TEC*14] ° o
~ | [GPM*22] ° ° 0
- | [GMMI15] ° °
[
2 | [GDG™17] | @ | © o}
2| [zLz*22]
S| prB 23] | @ | @ °
“licrs) [e|lele o
£ | [CCBI8] | @ | ®
S | [SPF*23] o e|o|oO
g
2 | [S6G*24] | o o

Table 4: Comparison of interactive tools available in different ter-
rain authoring methods.

The columns represent the following criteria. Amplification: can
details be added to an existing terrain? Editing: is it possible to
work with an actual input terrain? Real-time: does the method allow
for real-time (> 10Hz) or interactive (1 — 10Hz) feedback for mod-
eling operations? Copy-paste: do the tools include a copy-paste op-
eration? Vector-based: is the model off-lattice (as opposed to grid-
based)? Structural: does the model allow for high-level tools related
to the geomorphological structure of the terrain?
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