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Fig. 1. Given an input low-resolution terrain, we automatically generate a hydrologically consistent high-resolution model augmented with details by applying
multi-scale erosion processes. The landscape designer controls effects by prescribing the maximum amount of erosion, the hardness map to amplify or dampen

carving, and may preserve the elevation of specific regions such as peaks or ridge lines by smoothly re-targeting the elevation.

Modeling high-resolution terrains is a perennial challenge in the creation
of virtual worlds. In this paper, we focus on the amplification of a low-
resolution input terrain into a high-resolution, hydrologically consistent
terrain featuring complex patterns by a multi-scale approach. Our framework
combines the best of both worlds, relying on physics-inspired erosion models
producing consistent erosion landmarks and introducing control at different
scales, thus bridging the gap between physics-based erosion simulations
and multi-scale procedural modeling. The method uses a fast and accurate
approximation of different simulations, including thermal, stream power
erosion and deposition performed at different scales to obtain a range of
effects. Our approach provides landscape designers with tools for amplifying
mountain ranges and valleys with consistent details.
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1 INTRODUCTION

Landscapes are essential in virtual worlds, and high resolution ter-
rain modeling remains a perennial challenge. This challenge stems
not only from the diversity of relief, the variety of details at different
scales, and the need for geomorphological and hydrological realism
but also from controlling the shape and location of landforms to
follow the designers’ intent.

Landscape designers traditionally start with an initial low-resolution
draft model organizing the principal landforms such as mountain
ranges, valleys, canyons, and coastlines, by using procedural gener-
ation or combining patches extracted from digital elevation models.
This initial draft is then processed by surface erosion algorithms as
an enhancement post-processing. This step is not only crucial for
synthesizing visually appealing and detailed terrain features, but it
also guarantees a globally coherent terrain. Those algorithms gen-
erate visually convincing effects as long as the initial input terrain
features realistic large-scale landmarks.

Our work comes from the observation that existing erosion sim-
ulations generate details at the original terrain resolution and often
carve drainage patterns at the size of one cell (Figure 2). This lim-
itation is particularly pronounced and noticeable for surface and
physically-based hydraulic erosion models that create self-similar
fractal or dendritic mountain ranges with river networks. More-
over, existing surface erosion algorithms are difficult to control,
require precise and tedious parameter tuning, and generally do not
adapt to different scales. Another crucial observation is that design-
ers favor techniques that provide user control, a complex task to
achieve using simulations. Even though some methods exist for
amplifying terrains with details - in general through procedural
and example-based, including deep learning-based multi-scale ter-
rain amplification methods - little attention has been dedicated to
amplifying low-resolution terrains using multi-scale erosion
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Fig. 2. Traditional erosion simulations either yield exaggerated self-
similarities across scales or only produce landforms at one resolution, par-
ticularly incisions at the size of one cell (left). In contrast, multi-scale ampli-
fication delivers a variety of effects at different scales.

We address these limitations by proposing a novel multi-scale ap-
proach for amplifying large-scale input terrains (see Figure 1). Our
approach, inspired by previous work in geo-sciences, is in essence a
physically-inspired procedural erosion method. We adapt and mod-
ify the erosion processes described in geomorphology, primarily
focusing on designer control and interactive feedback. Fractal Brow-
nian motion, implemented as sums of scaled-noise functions, has
been used intensively in terrain modeling and amplification with
the goal of reproducing naturally fractal landform patterns observed
in nature. However, it fails to adapt to the underlying hierarchical
structure. We fix this by including a multi-scale approach in the
erosion process which consists in introducing wavelength and the
intensity of erosion at different scales.

We propose a geomorphologically-inspired approach based on
the computation of stream power erosion as a scalar field to slightly
carve an initial terrain featuring the major landforms and control the
amount of removed material. More specifically, our contributions
are as follows: 1) We propose an original multi-scale erosion and
amplification model that combines different types of simulations; 2)
We present a multi-scale breaching algorithm for guaranteeing the
final hydrological coherency of the amplified terrain and a diffusion-
based re-targeting method for correcting the elevation of the terrain
slightly damaged during the amplification; 3) We propose a parallel
implementation that allows the user to control the amplification
with interactive feedback. Images shown throughout the paper as
well as the accompanying video show multi-scale amplification of
256 x 256 low resolution terrains up to 8192 x 8192 with a x32
amplification factor and demonstrate that our method is compatible
with other terrain modeling techniques.

2 RELATED WORK

Terrain generation methods are often sorted into one of the follow-
ing categories: procedural generation, texture synthesis and erosion
simulation [Galin et al. 2019]. In this work, we focus on amplification
techniques that enhance an input terrain by adding relief details to a
previously computed topography. While some procedural and data-
based techniques may amplify an initial low-resolution terrain into
a high-resolution output, no multi-scale erosion simulation meth-
ods exist for augmenting a terrain with hydrologically consistent
patterns and landforms.

Procedural terrain amplification often relies on fractal Brownian
motion, reproducing the self-similarity across scales, traditionally
calculated as a sum of noises at different frequencies and ampli-
tudes [Ebert et al. 2002], to add surface details to an underlying

low-resolution terrain. Directional ridged and erosive noises [de Car-
pentier and Bidarra 2009] adapt surface details to the direction of
the slope, however the employed ridge noise does not introduce
convincing patterns. Some complex noise basis functions were de-
veloped for reproducing dendritic drainage patterns [Gaillard et al.
2019], however the recursive graph-based distance algorithm re-
mains computationally intensive. A variant of Phasor noise [Grenier
et al. 2024] was also proposed to generate high-resolution erosion
patterns according to the gradient of the low-resolution terrain.
Even though their properties can be modulated spatially to form
a multi-fractal signal, most existing noise-based variants fail at
synthesizing realistic landforms due to the lack of structure and
topography foundation of noise-basis functions.

Example-based amplification methods combine patches extracted
from real-world digital elevation models, under the hypothesis that
realism can be achieved by combining locally geomorphologically
correct real-world patches, which is often not sufficient for gener-
ating globally consistent landscapes. Set aside terrain generation
techniques inspired by texture-based synthesis methods [Gain et al.
2015; Scott and Dodgson 2021; Tasse et al. 2014; Zhou et al. 2007],
sparse representations [Guérin et al. 2016] have been successfully
used for terrain amplification. Another recent category of tech-
niques rely on deep learning to increase the resolution of an input
terrain and synthesize consistent high resolution landmarks from
an otherwise low-resolution model. Conditional Generative Adver-
sarial Networks [Guérin et al. 2017; Perche et al. 2023; Zhang et al.
2022] operate with low-resolution maps, global style information,
and local style maps as input, and discriminators capable of clas-
sifying different types of terrains. Another approach, specialized
in style embedding, was proposed by Zhao et al. [2019] to insert
the embedded theme into the generation process, the method can
amplify a low-resolution input terrain into a high resolution with
style variation. Recently, diffusion models were adapted to terrain
synthesis [Lochner et al. 2023] with up to X8 super-resolution am-
plification in one pass.

Erosion methods can be broadly classified in two sub-categories:
surface erosion algorithms and physics-based simulations. The first
category typically simulates material detachment, transport and
deposition [Musgrave et al. 1989] using grid-based processes to
enhance procedurally generated terrain with sedimentary valleys
and small-scale features such as gorges and ravines. A geological
representation for modeling the strata of the bedrock was intro-
duced by Roudier et al. [1993] that considers the characteristics
of the different materials during the erosion process. These early
approaches were improved in several ways, by computing the accel-
eration or deceleration of the fluid to erode the bedrock or deposit
sediments [Neidhold et al. 2005], combining a shallow water sim-
ulation with hydraulic erosion [Benes 2007], or using Smoothed
Particle Hydrodynamics [Kristof et al. 2009]. As fluid simulations are
computationally intensive, implementations on graphics hardware
were proposed to speed-up computations [Mei et al. 2007; Stava et al.
2008; Vanek et al. 2011]. Surface erosion methods perform the simu-
lations at a limited temporal and spatial scale and then implicitly and
often inconsistently (as the equations of the corresponding phenom-
ena are not linear) scale up the results to approximate large scale
terrains. Those methods generate small-scale details as long as the
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Fig. 3. Given an input low resolution terrain Ty, we iteratively increase its resolution and apply different erosion models at every resolution to add landscape
features. The amplification process is controlled by hardness maps that can be used to prescribe regions which should be protected from erosion, allow, or
exaggerate effects. We eventually apply a diffusion-based retargeting to preserve the original elevation of salient features such as peaks, crests lines or saddles
followed by a multi-scale breaching step to obtain a hydrologically consistent terrain.

initial input terrain is sufficiently realistic and supplies large-scale
landmarks, which are often damaged by the simulation.

Physics-based simulations attempt to reproduce large-scale ef-
fects by taking into account the uplift of the bedrock balanced
by different types of erosion described in geology, particularly
the stream power erosion [Cordonnier et al. 2016] or glacial ero-
sion [Cordonnier et al. 2023]. Contrary to previously described sur-
face methods, they produce large scale mountain ranges with den-
dritic river networks without the need for an initial elevation. Con-
trol is indirectly achieved by prescribing or simulating the folds and
faults and the characteristics of the different bedrock strata from the
relative movement of the tectonic plates [Cordonnier et al. 2018] or
by interactively authoring the uplift [Schott et al. 2023]. Controlling
the generation of particular landforms remains difficult and the gen-
erated terrains exhibit realistic yet uniform fractal patterns, with
exaggerated self similarities across scales.

In contrast, our method bridges the gap between the well-establi-
shed hydrologically consistent stream power erosion and the need
for multi-scale authoring of landform details. We borrow the stream
power formalism from physics and propose a multi-scale framework
for generating erosion landmarks at different scales. It combines the
best of both worlds, allowing the user to control the size of details by
prescribing the scale and intensity of effects, their location through
user-defined bedrock-hardness maps, and avoids the damaging of
features such as peaks or ridges using a retargeting process.

3 OVERVIEW

Without any loss of generality, we consider terrains T over a square
domain Q, with a physical size of s X s meters, and a resolution
denoted as n with a corresponding cell size ¢ = s/n. Our objective
is to offer an erosion-based amplification process for terrains that
preserves their size and increases resolution to introduce realistic
erosion features at different scales.

Figure 3 presents an overview of the multi-scale amplification
workflow. Given an input low-resolution terrain, we iteratively in-
crease its resolution and apply different erosion models at every
resolution to add landscape features. The amplification process is
controlled by hardness maps that can be used to prescribe regions
that should be protected from erosion, authorize, or embellish ef-
fects. Landforms can be composed through the initial terrain, the
multi-scale augmentation, and the hardness field. As the terrain
is carved and damaged by the erosion simulation, we propose a

retargeting post-processing step based on diffusion to allow the
landscape designer to preserve the original relief of feature regions,
such as ridges or peaks. Eventually, we correct the remaining hy-
drological inconsistencies by using a multi-scale breaching.

Inspired from the fractal sum of noises [Ebert et al. 2002] that
iteratively amplify the terrain by introducing smaller details at
decreasing wavelength, the terrain goes through a series of am-
plification operations Ay, k > 0, with a decreasing intensity and
characteristic size. From the input model T, the multi-scale ampli-
fication composes a series of amplifications A and generates a
series of models Tj at increasing resolutions n,, > ... > ng toa
final terrain T}, with resolution n,,:

Tm=Am-10... OﬂO(TO)

Every amplification step Ay is a single-scale operator composed
of an upsampling step and three erosion-based processes:

Tey1 = Ap(Tx) = Dy o T 0 Eg o Up(Ty)

The bicubic upsampling U} produces a terrain Tp,; = Up(Ty)
with a new resolution ng,; > ni without adding any details or
specific features. In contrast, the fluvial erosion & (Section 4.2),
thermal stabilization 77 (Section 4.3) and sediment deposition Dy
(Section 4.4) generate landforms and details at the new resolution
Nky1, e, at the scale of the cell size cjy ;.

Unlike existing surface erosion algorithms, we separate detach-
ment and sediment deposition into distinct processes. This choice
comes from the observation that when coupled [Cordonnier et al.
2017], the layer of sediments produced by grid-based methods
shields the bedrock, preventing detachment. While geomorpho-
logically motivated, this approach is more complex to control and
does not allow the user to observe and control the consequences of
each separate type of erosion. Our strategy conforms to the origi-
nal stream power erosion in geo-sciences [Braun and Willett 2013;
Whipple and Tucker 1999] that does not consider sediment depo-
sition. The underlying motivation is to obtain controllable stream
power erosion &y, thermal stabilization 7, and deposition Dy
steps, whose action only impacts the elevation in one way (matter
removal, slope thresholding, or deposition). The influence of every
step is apparent to the user, who can achieve satisfying results faster,
with fewer editing steps and simulation time.

The designer can adapt the parameters of every amplification
step Ay (upsampling factor ng,;/ng, stream power erosion and
deposition intensities), which provides control at different scales. In
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particular and unlike existing surface erosion methods, it is possible
to define the maximum carving depth at every scale, allowing for
user-control similar to scaled-noise synthesis (Section 6.2).

Even though the user may limit the amount of erosion, multi-scale
amplification still damages the input terrain and may alter the ele-
vation of key landform features such as peaks, saddles, or crest lines
which play an important part in the terrain characteristics [Argudo
et al. 2019]. Therefore, we introduce a diffusion-based retargeting
step (Section 5.1) that corrects the height of peaks, ridges, or even
regions of interest, leading to a retargeted terrain R(T,;,). This step
can be performed automatically by detecting the ridge positions
and diffusing the elevation error around the points of interest.

Finally, although the stream power erosion steps & improve
the hydrological characteristics of the terrain at every iteration,
the output terrain T, and its corrected elevation R(T;,;) may still
exhibit hydrological inconsistencies. Inspired by the breaching algo-
rithm introduced by Barnes et al. [2014], we propose a multi-scale
algorithm (Section 5.2) to generate a final hydrologically correct
terrain B o R(T;,) with a consistent drainage. The originality of this
method is to avoid carving unrealistic narrow canyons at the size
¢m of a cell. Instead, our method controls the extent of incisions
while still guaranteeing complete drainage consistency.

4 EROSION SIMULATIONS

Classical surface erosion techniques typically simulate bedrock de-
tachment and sediment deposition processes in a unified framework,
which makes control notoriously challenging for the user. In con-
trast, the stream power model in geomorphology [Braun and Willett
2013; Whipple and Tucker 1999] only simulates detachment and
considers sediments transported outside the domain, therefore omit-
ting the deposition process. While some recent advances combine
detachment and deposition [Yuan et al. 2019], we take inspiration
from the standard stream power erosion and choose to separate
the different geological processes in three distinct steps, namely
fluvial erosion, thermal stabilization, and sedimentation, performed
separately and operating at different scales (see Figure 4). Instead
of focusing on mass conservation, this separation allows us to con-
trol the impact of every process and provides landscape designers
additional control to shape the terrain.
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Fig. 4. Action of the three consecutive erosion algorithms, with the height
difference at each step depicted in the inset.

Fluvial erosion is implemented as a modified version of the stream
power erosion model [Cordonnier et al. 2016], and only removes
material from the bedrock (Section 4.2). Thermal erosion, also re-
ferred to as debris slope erosion, stabilizes material based on its
repose angle, moving matter in the slope direction (Section 4.3).
Finally, sediment deposition approximates the flow and deposition
of sediments over the terrain (Section 4.4). Separating the different
geological processes and applying them one at a time allows for
better user control and produces distinct landforms and details. The
ordering sequence is also notable: thermal stabilization comes after
the carving of fluvial erosion to smooth the resulting steep slopes.
After obtaining satisfying drainage and river channels generated
by fluvial and thermal erosion, the user may trigger the deposition
step to accumulate sediment in the channels and form valleys.

At the core of these processes is the computation of the flow,
based on the drainage area, detailed hereafter.

4.1  Flow routing

Computing the water flow (and suspended sediments) over the
terrain surface is critical in every erosion algorithm. We rely on
the drainage area a that represents the amount of water flowing
through each point on the terrain.

We calculate an iterative drainage
approximation a; using a parallel
implementation [Schott et al. 2023],
updating a; using a flow routing
algorithm parametrized by an ex-
ponent p that interpolates flow be-
tween diffusive and steepest slope
behavior. Let h;(p) denote the ele-
vation of the terrain at iteration i at
a point p. Let V(p) denote the set
of points in the neighborhood of p
(see Figure5), i.e. the eight direct
neighbors on a regular grid, V;” (p) the subset of lower neighbors
and and its complementary subset V,* (p):

Vi (p) ={q e V(p) [ hi(q) <hi(p)}

Flow routing determines how a cell distributes its water to its down-
hill neighbors by computing the coefficients w;(p, q) between the
center of the cell at point p and the center of the neighboring cells
q- Let s;(p,q) = (hi(p) — hi(q))/||p — q|| denote the slope between
two cells, we define:

Fig. 5. Flow routing and
neighborhoods.

L (p.g)

T L)
p'eV;y (p)

wi(p,q) = 1

The flow routing exponent p, ranging in [1, co[, defines the flow
behavior (see Figure 6): the flow spreads proportionally to the slope
if p = 1 and down to the steepest cell if p — oco. Holmgren [1994] dis-
cusses the influence of the parameter p, in our experiments we used
p = 1.3 to avoid sharp fluvial incision produced by high exponents.

At every iteration, we update the drainage area as the sum of the
precipitations (simplified to 1 here, but proportional to the cell area
in practice) and the contribution of every uphill neighbor, which



leads to the following equation:

an(@) =1+ >  wi(gpai(g ®)
qeVi(p)

This iterative approach lends itself to parallel implementation,
allowing us to interleave bedrock detachment or sediment trans-
port processes within every iteration. Since the modifications to
the terrain are small between two erosion iterations, the previous
drainage approximation a; remains accurate enough to be reused in
the next iteration i + 1. Therefore, only one iteration of flow routing
is required to maintain satisfying drainage values throughout the
erosion algorithms.

Fig. 6. Influence of the flow routing exponent over the drainage area.

4.2  Fluvial erosion

The stream power equation [Whipple and Tucker 1999], which mod-
els the interaction between fluvial erosion and tectonic uplift, states
that the rate of change of surface elevation results from the balance
between the surface uplift u(p) and the fluvial erosion defined by
the stream power, denoted as e(p) = s (p) a™(p), a function of the
slope s(p) and the drainage area a(p):

2 (p) = u(p) ~ k5" (p) " (p) ®)

Iteratively solving this equation until convergence leads to the for-
mation of large mountain ranges, with only indirect control over
the final height. The constants n and m typically fulfill the condition
m/n = 0.5. Table 4 in Appendix summarizes the constant terms and
the coeflicients used in our experiments.

In a terrain amplification context, we aim at augmenting an exist-
ing low-resolution terrain with fluvial erosion features and patterns
while preserving its large-scale structure. To achieve this objective,
we ignore the uplift component responsible for the emergence of
new mountain ranges. Subsequently, through a few iterations in-
volving only the stream power term, we carve dendritic fluvial paths
while maintaining the overall shape of the terrain.
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Fig. 7. Visualization of the slope s, the drainage area a and the stream
power e = sa’™ on an eroded terrain.

Our method derives from the parallel implementation proposed
in the work of Schott et al. [2023]. Let h;(p) denote the elevation
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at point p and iteration i, k the erosion coefficient, s;(p) the local
slope and a;(p) the drainage area (see Section 4.1 and Figure 7 for
a visual inspection of those quantities). We propose the following
iterative erosion algorithm:

hiv1(p) = hi(p) —kei(p)  ei(p) =si(P)ai"(p)  (4)
A commonly observed feature of stream power erosion is the for-
mation of sharp incisions in the terrain, particularly over the steep
slopes in mountain ranges. To solve this issue, we introduce a modi-

fied stream power definition € with slope and drainage area bounds
Smax and amax clamping e to a controlled maximum value:

hit1(p) = hi(p) — k&i(p)

&i(p) = min(sj (p), Smax) Min(a;"(p), dmax)

(&)
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Fig. 8. Comparison between standard (left) and modified stream power
(right): bounding produces more realistic and uniform incisions.

Bounds guarantee that N iterations of the modified stream power
remove less bedrock than N k sl all. , which leads to more uni-
formly distributed erosion features. Figure 8 illustrates the impact
of the bounding terms over the stream power: without clamping,
plunging erosion features appear on steep slopes, whereas the peak
regions lack erosion landmarks. In contrast, bounding yields a more
uniform distribution of components with softer incisions.
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Fig. 9. Influence of the hardness function p: a constant coefficient k pro-
duces self-similar dendritic patterns (left), whereas a high frequency noise
with a user-prescribed hard region (right) generates varied landforms.

Another frequently observed limitation of standard stream power
erosion is the exaggerated self-similarity of patterns across scales.
Therefore, we introduce spatial variations through a varying co-
efficient k(p) (instead of a constant). We define k(p) by using a
user-controlled hardness function, denoted as p : Q — [0, 1], with
p(p) = 0 for a high erodibility, and p(p) = 1 for resistant bedrock:

k(p) = k(1= p(p))
High values of p lead to more deeply eroded areas and can be used
to create valleys, whereas low values prevent erosion. Discontinu-
ities in the function p tend to generate cliffs. A practical method to
introduce variety and reduce self-similar erosion landmarks across
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scales is to define p as a fractal noise (Figure 9). Introducing random-
ness in the hardness function also reduces the axis-aligned artifacts
produced by the regular grid discretization [Schott et al. 2023].

4.3 Thermal stabilization

Stream power erosion usually yields steep incisions in the relief,
which can be observed even with our modified version. Thermal
erosion introduced by Musgrave et al. [1989] and later reused in
the context of layered terrain simulation [Cordonnier et al. 2017]
typically balances this phenomenon: parts of the terrain with gran-
ular material layers at steep slopes slide until reaching a stable talus
angle. Formally, let yo denote the talus angle, also referred to as the
critical slope so = tan(yo); let k; the maximum amount of matter
moved by the erosion; the evolution of the surface h of the terrain
follows the equation:

h
i_t(p) = —ky max(s(p) — so, 0)

We propose an iterative algorithm variant that can be implemented
in parallel on graphics hardware. Every cell of the terrain changes
its elevation depending on how many neighbors are outside the
prescribed slope threshold. Let ; (p) = #{q € V(p) | si(p,q) < —so}
(conversely f;(p)) denote the number of neighboring cells below p
(above) and with a steeper slope than the critical slope so, we have:

hi+1(p) = hi(p) + ky (i (p) - Bi(p))

¢
“ 7 4

) . 4
Constant critical slope s, ‘ . Perturbed critical slope s,(p) ‘

Fig. 10. Using a space varying critical slope threshold sy (p) produces irreg-
ular slopes with a less artificial aspect.

The balance between the number of neighbors above and below
the slope threshold @ and f determines if the elevation of a cell
should be lowered or raised. Using a constant critical slope s¢ yields
uniform slopes over the entire terrain (Figure 10). To overcome this
limitation and similarly to the stream power erosion, we define
the critical slope as a spatially-varying function so : Q@ — Ry
as suggested by Cordonnier et al. [2016]. Perturbing the critical
slope with high-frequency fractal noise effectively reduces uniform
slope artifacts. Note that using a spatially varying critical slope
does not guarantee that the prescribed value is respected even if a
convergence is observed. From a user perspective, the variations of
angles are more valuable than a strict angle guarantee.

4.4 Sediment deposition

The sediment deposition aims at distributing the sediments pro-
duced by fluvial erosion and thermal stabilization. Our algorithm
takes its inspiration from the capacity-limited models used in com-
puter graphics [Musgrave et al. 1989] and geomorphology [Braun
and Sambridge 1997] to transport sediments.

Those models consistently handle bedrock detachment, sediment
transport, and deposition in a coherent framework. Instead, we dis-
miss bedrock detachment (which removes some amount of bedrock
transformed into sediments) already performed by fluvial erosion
(Section 4.2) and propose sediment creation, transport, and deposi-
tion steps. We iteratively perform sediment deposition as follows.
Let g; denote the thickness of the suspended sediment at step i. We
first initialize go = 0. We then iteratively perform sediment simula-
tion by computing the amount of created sediments c;, the transport
of sediment t; and the deposition of sediments d;. The amount of
suspended sediment results from sediment creation, transport and
deposition:

gir1(p) = ci(p) + ti(p) — di(p)

Simultaneously, the terrain height is updated as follows:

hiv1(p) = hi(p) +d;i(p)

Sediment creation is proportional to the fluvial erosion intensity:
we add a quantity proportional to the stream power (see Table 4 for
deposition constants and values):

ci(p) = kcei(p)

We transport sediment by consistently using the same flow rout-
ing coefficients w;(p, q) (see Equation 1) as the weights used for
computing the drainage area a (Section 4.1):

P = D wilp@gi(Q)
qe Vi (p)
Deposition results from the competition between two quantities:
the amount of available suspended sediment ¢; and the intensity of
stream power e;. Therefore, we compute a deposition index ¢;(p) =
ti(p) — ei(p) from which we derive the amount of sediment d;:

di(p) = min (t;(p), kg i (p)) if p;i(p) > 0, and 0 otherwise

The parameters k. and k; denote the creation and deposition coef-

400 éteps V 800 steps

Fig. 11. Impact of different deposition iteration counts: sediments are pre-
dominantly deposited in valleys, preserving the critical angle of thermal
stabilization in steep and elevated terrain areas.

ficients respectively (Table 4). Figure 11 shows the same terrain pro-
gressively covered with an increasing amount of sediments, which
is directly controlled by the number of iterations of the algorithm.

5 CONTROL

Our multi-scale erosion method produces a high-resolution ampli-
fied that may still exhibit hydrological inconsistencies. Moreover,
erosion often inevitably decreases the elevation of feature regions
such as ridges or peaks that the user might want to preserve. There-
fore, we present two algorithms for correcting the elevation of the



amplified terrain. Height retargeting enforces specific elevation
constraints through a diffusion-based retargeting step (Section 5.1).
Multi-scale breaching guarantees the hydrological exactness of the
final terrain (Section 5.2) with a process that eliminates depressions
and pits without introducing artifacts such as cell-size canyons.

5.1 Height retargeting

We propose a method for restoring the elevation of points of interest
C(Tp) in the amplified terrain T, = A(Tp). Without loss of general-
ity, we describe the case where we automatically detect ridge lines
and peaks, but our technique also generalizes to other components
such as valleys or cliff faces.

Fig. 12. Thresholding operations on the drainage area a of the terrain,
allowing the detection of ridge lines with a varying level-of-detail.

Detecting peaks and ridges on a terrain is a typical difficulty in
geomorphology and terrain modeling. Our approach builds on the
computation of the drainage area a and exploits that points with
low values correspond to crests and peaks. Thus, we define the set
of constrained points C = {cy} that have a drainage value lower
than a user-defined drainage threshold a(cy) < ao. This operation
comes at no extra cost as a was computed during the amplification
steps (see Section 4.2) and allows the detection of the ridge network
with a varying level of detail according to the chosen threshold ag
(see Figure 12).

Let ho denote the elevation of the input terrain Ty, and h # the ele-
vation of the multi-scale amplified terrain A(Tp). For every control
point ¢ € C, we define the elevation error:

d(ck) = ho(ck) — halek)

Restoring the elevation of every point in C by adding the error
d(cg) yields discontinuities. Argudo et al. [2019] partially addressed
the case of distant peak and saddle control points by elevating the
heightfield in a compactly defined region of influence around control
points according to a decreasing falloff function of the distance.

One crucial limitation of this
method is that it cannot handle
crest lines or close control points
with overlapping regions of influ-
ence or different elevation errors
d(cg). Here we consider the general
problem of interpolating irregular
data: we aim at interpolating the er-
ror everywhere between all points
d(ck) to build a continuous error
map E : Q% — R that we can add to
h.# (see Figure 13). Although this is

ho(cy) 5(cy)

Fig. 13. Retargeting process.

Terrain Amplification using Multi-scale Erosion + 7

a problem with a wide range of solutions, we found that a simple dif-
fusion process delivered satisfying results. Let Eq the initialization
of the error map:

V¢ € C,Eo(cy) = 5(ck) VpeC,Ey(p)=0
We build E using a diffusion-based error propagation approach
while preserving the error at the constraint points. Let A denote the
Laplacian operator, handling the diffusion, and m : Q2 - {0, 1} the

indicator function of C, i.e., m(p) = 1 only for constrained points.
At every diffusion step, the map E;41 is iteratively defined as:

Ei+1(p) = m(p) Eo(p) + (1 - m(p)) (E; — AE;)(p)

T e .c'
LA T

Fig. 14. Use of the retargeting algorithm as post-processing on an eroded
terrain. The peaks and ridges elevations are restored, without damaging the
features of the terrain.

In our experiments, we used n = 500 iterations without letting
the diffusion converge onto the full domain Q. The diffusion can
also be replaced by any diffusive operation (gaussian blur, mean
filtering, ...). The smooth diffused error is finally applied to obtain
the final retargeted elevation of R o A(Tp):

hg(p) = ha(p) + E(p)

Using a constrained diffusion process allows us to specify elevations
for peaks, saddle points, crest lines, or even entire regions, auto-
matically detected or prescribed by the user (see Figure 14), while
maintaining coherent values outside those points. The computed
error map is smooth enough to allow the retargeting of the con-
strained points without damaging erosion features. Moreover, each
erosion process only affects the elevation of peaks and crests by a
small amount. Therefore, applying one retargeting step at the end
of the amplification is sufficient to fulfill every constraint.

5.2 Hydrological coherency

Hydrological coherency is a fundamental aspect of geological real-
ism. Except for the rare presence of endorheic lakes [Cordonnier
et al. 2016], water should flow towards the boundaries of the terrain
and reach the seashores.

A straightforward strategy to obtaining consistent drainage is to
apply a breaching algorithm [Barnes et al. 2014; Garbrecht and Martz
1997]. Unfortunately, the one-cell-wide carved channels produce
unrealistic sharp ravines or canyons crossing the previously gen-
erated landforms (see Figure 16, left image). Although multi-scale
erosion amplification improves the drainage area consistency (see
Figure 17, center image), the global drainage network still contains
local depressions and pits.

We modify the original breaching algorithm to avoid one-cell-
wide channels with a multi-scale approach. Let B denote the breach-
ing operator from Barnes et al. [2014]. We define the multi-scale
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Fig. 16. Comparison between the original breaching algorithm (with one-
cell-wide channel highlighted in red) and multi-scale breaching on a syn-
thetic fractal terrain (with carved regions outlined in green).
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Fig. 17. Influence of our erosion method and multi-scale breaching on the
water flow; regions with inconsistent drainage are highlighted in red.

breaching B by combining a series of partial breaching operations
Pr,.k € [0,n — 1] at different scales with decreasing radius of
influence rg. In our implementation, we use the geometric law
Tk+1 = 0.57g.

B(T) =Pp_y10...0Py(T)

At every scale k, the partial breaching operator #; modifies the
elevation by computing the amount of bedrock that should be re-
moved T — B(T) and smoothing it using a compactly supported
kernel gj. or radius r:

Tisr = Pr(Tp) = T — (T — B(Ty)) * gk

We call P a partial breaching operator because the convolution re-
duces the impact of the effective full breach operator B and diffuses
the error within the range r¢. This process produces a succession
of carvings with decreasing radii. The final partial breaching step
Pn is performed with r, = 1, i.e., P, = B, which yields a final hy-
drologically consistent terrain. This multi-scale breaching produces
carvings without artifacts (see Figure 16, right image).

6 RESULTS

We implemented our method in C++ and the presented algorithms
were coded as GLSL compute-shaders. Stream power erosion &,

thermal erosion 7~ and sediment deposition process D lend them-
selves for parallel implementation on graphics hardware, which in
turn allows for integration into a real-time authoring framework.

Experiments were performed on a desktop computer equipped
with Intel® Core i7, clocked at 4 GHz with 16 GB of RAM, and an
NVidia GTX 3080 graphics card. The terrains were rendered using
Mitsuba and streamed into Eon-Software Vue to produce photo-
realistic landscapes (Figure 25). The multi-scale amplification code
is available at https://github.com/H-Schott/MultiScaleErosion.

6.1  Amplification

Landscape designers traditionally draft an initial low-resolution
model by organizing a variety of landforms, such as principal moun-
tain ranges, valleys, canyons, and coastlines. They combine proce-
dural primitives or patches extracted from digital elevation models
and then apply erosion algorithms to add realistic and detailed ter-
rain features. Figure 18 shows that our method perfectly adapts to
this workflow to enhance low-resolution terrains produced with
a variety of techniques, using procedural noise [Ebert et al. 2002],
orometry [Argudo et al. 2019], example-based models [Zhou et al.
2007], and large-scale tectonic-simulation [Schott et al. 2023].
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Fig. 18. Results of our amplification on various types of low resolution ter-
rains: procedural, example-based, orometry and tectonic-simulation-based.

Readily available low-resolution digital elevation maps often
serve as a basis for authoring more complex terrains but lack details
and need to be amplified. Our multi-scale approach can also be used
in this context for generating hydrologically consistent details while
preserving the input terrain structure. Figure 19 shows the example
of a simple low-resolution fault progressively amplified into a real-
istic canyon. Figure 15 shows a typical amplification process where


https://github.com/H-Schott/MultiScaleErosion

Fig. 19. Amplifying a procedurally generated incision into an eroded canyon
with a x16 amplification factor; without relief re-targeting or breaching.

the user progressively upsampled and eroded the terrain at differ-
ent scales, leading to a total amplification factor of 32 (going from
ro = 128 to rp = 4096). Figure 23 illustrates the difference between
our multi-scale amplification and a standard erosion simulation
producing one-cell-wide drainage patterns.

6.2 Control

Our multi-scale amplification comes with control parameters for
authoring details. The intensity of fluvial erosion can be controlled
through the use of the hardness map p, which not only removes
regular grid discretization artifacts (see Figure 9) but also allows the
user to increase or reduce the erosion intensity in specific regions.
Figure 20 illustrates this case.

Fig. 20. Impact of the hardness control map p on a x16 amplification.

Separating the different erosion processes (fluvial and thermal
erosion, and sediment deposition) also provides additional control
over the different amplification steps. Our method allows the user to
incrementally amplify the terrain by checking the output of every
step and adjusting parameters, such as the amount of sediments and
the intensity of fluvial erosion, without changing the previously
created details.

Working with a multi-scaleprocess also provides better control
over the erosion landmarks scale. In practice, the user can specify
the amplification factor of every amplification step Ay. For instance,
terrain B in Figure 21 was amplified using two amplification steps
with factors x4 (see Table 1), whereas other terrains (A, C and D)
used four X2 amplification steps. The user can also set the erosion
and deposition intensities.

Finally, the retargeting post-process offers a way to precisely set a
chosen elevation on any selected area without damaging the erosion
features resulting from the amplification.

6.3 Comparison with other techniques

Several methods have been proposed for amplifying terrains with
details, a process sometimes referred to as terrain augmentation

Terrain Amplification using Multi-scale Erosion + 9

Terrains Erosion iterations
128 256 512 | 1024 | 2048 | 4096
Figure 15 | 2600 | 1800 | 4200 | 1600 | 700 | 400
® A . 6000 | 2200 | 1500 | 700 | 400
g B g 4200 | 2800 | 1500 | 600 | 300
&D C Z 3500 | 2200 | 1500 | 600 | 400
D 4200 | 2800 | 1500 | 600 | 300
= A . 5300 | 1900 | 1400 | 1700 | 800
g B g 0 - 4800 - 600
L%D C Z 1200 | 1200 | 700 500 | 400
D 7400 | 2200 | 2700 | 2000 | 750

Table 1. Number of erosion iterations along with the resolution at which
the amplification was performed.
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Fig. 21. Comparison of x16 amplifications with different parameter sets,
applied on the same low-resolution terrain.

in the literature. Here, we compare our approach to some of the
most recent methods: learning-based [Perche et al. 2023], gradient-
aligned procedural noise [Grenier et al. 2024], and example-based
sparse modeling [Guérin et al. 2016]. Figure 22 shows three different
terrains with various landforms and topography.

Sparse amplification relies on a dictionary of terrain patches con-
structed from digital elevation models and produces realistic local
features. However, contrary to our method, the output may not
satisfy hydrological constraints (see Section 5.2), and assembled
patches do not produce coherent erosion patterns. The rationale
for this is that the patch selection and blending process does not
guarantee spatial coherency. Augmenting the patches with orienta-
tion and drainage information improves the matching process and
yields a more coherent terrain [Argudo et al. 2017], at the cost of a
larger patch database. Terrains A and C show ridge lines damaged
by the sparse-amplification, in particular some sharp ridge lines
were replaced by gentle-slope patches in the sparse dictionary.

The procedural technique proposed in the work of Grenier et
al. [2024] generates ravines and elevation details that resemble ero-
sion patterns through carefully designed Phasor noise kernels. Com-
pared to standard isotropic noise-based amplification approaches,
this technique synthesizes details aligned with the slope of the ter-
rain. Still, the resulting features are not as realistic as our multi-scale
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Fig. 22. Comparison of our multi-scale amplification with recent amplification methods: learning-based, procedural, and sparse modeling. The amplified
terrains have 2048 X 2048 resolution with a X8 amplification factor, obtained from 256 X 256 input terrains.

erosion-based method: in particular, the lack of a sediment depo-
sition process leads to the absence of valleys with gentle slopes.
Terrain A shows noticeable artifacts over ridge lines and charac-
teristic noise patterns located over the smooth slopes of terrain B.
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Fig. 23. Comparison between stream power erosion performed at 40964096
resolution, and multi-scale amplification with a x16 factor, from 256 X 256
to 4096 X 4096 resolution.

One of the best terrain amplifications that adapt to various in-
puts and coherently increase resolution is the StyleGAN-based deep
learning approach proposed by Perche et al. [2023]. Our multi-scale
amplification also compares favorably to this approach and pro-
duces a wider range of landform details. In particular, fluvial erosion
creates realistic ravines and the sediment deposition step produces
hydrologically coherent reliefs with sedimentary valleys at the bot-
tom of mountain ranges. This type of amplification only enhances
existing landforms but does not augment the relief with detailed
erosion landmarks.

6.4 Performance

We implemented the erosion operators &, 7 and D on graphics
hardware. Table 2 reports the performance statistics for one iter-
ation at 256 to 4096 resolution. Timings show that amplification

steps become computationally intensive above 2048 resolution. Still,
the average time for computing one erosion step remains below
11 milliseconds. Note that the number of erosion iterati