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Fig. 1. Our method simulates a migrated meandering river network using a vector-based data structure. The migration models conform to the topography
and dampens migration according to the slope or user-prescribed constraints. We record the evolution of the river network, approximate the erosion and
sediment deposition processes to produce a vegetation density map, and augment the terrain with oxbow lakes filled with sediments and vegetation.

We present a method for interactively authoring and simulating meander-
ing river networks. Starting from a terrain with an initial low-resolution
network encoded as a directed graph, we simulate the evolution of the path
of the different river channels using a physically-based migration equation
augmented with control terms. The curvature-based terms in the equation
allow us to reproduce phenomena identified in geomorphology, such as
downstream migration of bends. Control terms account for the influence of
the landscape topography and user-defined river trajectory constraints. Our
model implements abrupt events that shape meandering networks, such as
cutoffs forming oxbow lakes and avulsions. We visually show the effective-
ness of our method and compare the generated networks quantitatively to
river data by analyzing sinuosity and wavelength metrics. Our vector-based
model runs at interactive rates, allowing for efficient authoring of large-scale
meandering networks.
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1 INTRODUCTION

The effective authoring of realistic and hydrologically consistent
synthetic terrains is an open problem for many reasons. The chal-
lenge stems not only from the complexity of the underlying natural
phenomena that shape the terrain, but also from the design of author-
ing tools that should provide a balance between physical accuracy
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and precise user control while allowing for interactive feedback
during editing.

Existing techniques frequently focus on mountainous landforms
such as large-scale dendritic mountain ranges, mesoscale canyons
and glacier valleys featuring moraines and screes, and small-scale
erosion landmarks such as ravines. In contrast, generating plains
with the complicated and diversified shapes of meandering river
networks together with their associated landscapes received less
attention in Computer Graphics, even though they play a crucial
part in the overall visual aspect.
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Fig. 2. Background on the geomorphology of rivers: meandering systems
are found mostly in regions where the slope is small.

Rivers (also referred to as channels) organize themselves in vari-
ous networks depending on their geographical locations (Figure 2):
from confined, small torrential streams in mountains, they form
braided systems before evolving to single, meandering and poten-
tially large rivers in the alluvial plains.

Anastomosed systems were often presented as a braided mor-
phology observed also in plains. [Makaske 2001] clarified this, by
defining them as composed of two or more interconnected channels
that enclose floodbasins. Thus, floodplains can also develop locally
braided systems, depending on the combined effects of flow dis-
charge, sediment load, avulsion rate, and local slope. In this work,
we focus only on meandering systems. Those are characterized
by their dynamic: erosion on the river outer bank occurs together
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with deposition on the inner bank, leading to a progressive lateral
migration of the channel [Huggett 2003].

Simulating realistic and hydrologically-consistent river networks
is a demanding task. Existing techniques [Génevaux et al. 2013; Kel-
ley et al. 1988; Peytavie et al. 2019] first compute a low-resolution
river network before carving the riverbed into the bedrock and
finally generate a plausible animated water surface according to
the underlying relief of the riverbed. However, the resulting rivers
are generated as static elements: their evolution through time and
the strong impact on the surrounding landscape is neglected. The
challenge stems from the fact that meandering channels are highly
dynamic objects that migrate gradually, but also abruptly due to
avulsions and cutoffs [Slingerland and Smith 2004; Stouthamer and
Berendsen 2001]. The lateral migration rates can cover a wide range
of values, up to several meters per year [Black et al. 2010] depending
on various contextual parameters such as the sedimentary charge in
the river, water discharge, climatic conditions, or vegetation. These
complex, intricate parameters produce sinuous irregular trajectory
patterns. In reaction, the surrounding landscape (topography, vege-
tation) is directly impacted by this migration.

Here, we introduce a new simulation method to reproduce the
large-scale meandering behavior of rivers. We employ a physically-
based approach to deform the trajectories of the different channels,
accounting for environment parameters such as the local slope, up-
stream water discharge, and user-defined constraints. We replicate
observed phenomena such as complex bend development, oxbow
lake formation due to cutoffs, avulsion events, sediment deposi-
tion, and vegetation growth along the banks leading to landscapes
featuring realistic river trajectories.

More precisely, the contributions of this paper include: 1) A
method for simultaneously simulating and authoring the evolu-
tion of a meandering river through time using a curvature-based
migration approach and allowing control over the simulation using
a range of authoring tools (Section 4); 2) A framework for simulat-
ing abrupt events such as cutoffs and avulsions that dramatically
change the channel paths, and also providing additional control to
the designer (Section 5); 3) A global river network data structure, en-
coded as a directed graph of channels, adapted to compute collisions
between the time-evolving channels (Section 6).

We bridge the gap between simulation and authoring by aug-
menting the channel migration equation with terms implementing
attractive and repulsive regions for controlling the simulation, and
for prescribing the trajectory of some parts of the different chan-
nels. Moreover, the recording of data during the simulation allows
for computing some abiotic parameters, performing local terrain
amplification and river bed carving, and generating vegetation (Sec-
tion 7). Our method is compatible with other state-of-the-art terrain
modeling techniques, operates interactively, and can be integrated
into a production pipeline.

2 RELATED WORK

Here we review erosion simulation methods applied to river syn-
thesis and focus on approaches addressing the creation of river
networks. We refer the reader to [Galin et al. 2019] for a complete
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review of terrain modeling techniques covering procedural gener-
ation, erosion simulation, and example-based synthesis. We also
review related work in Geosciences aiming at reconstructing com-
plete meandering channel complexes.

2.1 Methods from Computer Graphics

Some procedural generation approaches directly incorporate low
resolution rivers in the terrain generation process. Kelley et al.[1988]
first proposed a mid-point displacement algorithm to generate wa-
tersheds and river networks. Subdivision rules [Prusinkiewicz and
Hammel 1993] and modified stochastic subdivision algorithms based
on fractional Brownian motion [Belhadj and Audibert 2005] were
proposed to refine the river paths. Hnaidi et al. [2010] proposed a
general algorithm based on control curves for simultaneously manip-
ulating rivers and ridge lines, and generating a terrain conforming to
those constraints using a diffusion equation. This method was later
extended by employing gradient space modeling [Guérin et al. 2022].
Génevaux et al.[2013] proposed a hydrologically-consistent terrain
generation capable of producing large-scale river trajectories con-
sistent with the Rosgen classification [Rosgen 1994]. Peytavie et al.
[2019] presented an extension for generating static river trajectories
and carving complex riverbed.

Procedural approaches mostly employ fractal spline curves as
an approximation of the complex time-evolving patterns that can
be observed and therefore fail to capture the complex shapes of
channels, arising from a multi-factorial migration process. Moreover,
they do not simulate their evolution throughout time.

Particle-based methods [Kristof et al. 2009; Skorkovska et al. 2019]
and shallow water erosion [Benes et al. 2006; Stava et al. 2008] repro-
duce ravines and gullies by simulating the transport and erosion of
particles on the terrain, and can even yield meandering patterns and
oxbows [Kurowski 2012] under the correct parameter setting. Lim-
ited in spatial scale, those methods do not lend themselves to repro-
ducing large-scale meandering networks and only provide indirect
control over the paths of rivers. Recent large-scale tectonic terrain
generation techniques based on stream power erosion [Cordon-
nier et al. 2016; Schott et al. 2023] generate hydrologically-correct
river networks. However, the time and spatial scale prevent those
approaches from generating meandering river networks. Overall,
existing erosion simulations do not lend themselves to controlling
and generating meandering river networks.

We depart from existing procedural and erosion simulation ap-
proaches and present a controllable framework for simulating and
authoring meandering river networks. Contrary to previously de-
scribed techniques, we rely on a simulation of the evolution of the
different channel trajectories using a physical model inspired by
geomorphology allowing us to approximate moisture and sediment
deposition, later used to generate plausible vegetation cover and
sediments on the terrain.

2.2 Methods from Geosciences

Rivers have been studied for many years in Geosciences and various
methods exist for their simulation. Here, we only review approaches
that model the river as a discrete set of points, often denoted as
the channel centerline, which are the most relevant to our method.
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Fig. 3. Starting from an initial river network N'(0) automatically computed or provided by the user, the network simulation is performed on each channel T';,
and collisions between channels are finally resolved, leading to a network at time step N'(¢ + &t) exhibiting meandering patterns. Previous trajectories of all

channels are recorded in the simulation data D = {N(#)}.

We refer the reader to [Brown and Pasternack 2019] for a complete
overview of other techniques, and to geostatistical literature for
cell-based methods.

Motivated by the need to perform accurate petroleum reservoir
simulations, object-based methods were developed early to recon-
struct complete 3D sedimentary records in fluvial environments
[e.g., Clemetsen et al. 1990; Deutsch and Tran 2002; Viseur et al.
1998]. In this context of high uncertainties - past conditions are
unknown and data are heterogeneous and sparse -, the methods are
generally stochastic and generate independent single channels in
the 3D volume to facilitate data conditioning [e.g., Bertoncello et al.
2013; Deutsch and Tran 2002; Deutsch and Wang 1996; Rongier et al.
2017b; Viseur et al. 1998]). To our knowledge, gradual migration
has rarely been integrated into these works, or, for efficiency pur-
poses, with geostatistical rules [e.g., Parquer et al. 2017; Rongier
et al. 2017a]. Also, the proposed methods directly simulate sinuous
centerlines without integrating topographical settings.

In parallel, process-based approaches have been developed to
reproduce a geological history: from an initial location, and, if pos-
sible, topography and geological settings, these works integrate
cutoff events, which are a key stabilization process in meandering
systems, and avulsion, which is a sudden change of trajectory of
the channel where the old path is completely abandoned. More re-
cent works have focused on specific phenomena such as lateral or
downstream bend migration [Posamentier and Kolla 2003], chan-
nel bend retro-migration [Nakajima et al. 2009], or avulsion [Pyrcz
et al. 2009]. Recent work from [Sylvester et al. 2019] analyzed the
time-evolving behavior of real meanders using precise river eleva-
tion data. Their results suggest that lateral migration varies linearly
with local and upstream curvature. Interested by generating the
sedimentary pile, these algorithms generally integrate aggradation
(or vertical migration), which moves the channel upward, even if,
except for some vertical outcrops, most of the research on the river
trajectory analyzes planar views from satellite or bathymetric data.
However, aggradation changes the elevation of the terrain at large
timescale, and can thus be neglected at the considered landscape
and temporal scale. As the past topography and geological settings
are rarely known with the required precision, the process-based
methods mainly allow the geoscientists to test their hypotheses
about the past settings and understand the geological history. The
vegetation is generally not considered, and the user is not supposed
to interfere during the simulation.

Existing works in Geosciences usually study the evolution of
a single idealized channel throughout time. We present a method
that overcome this limitation by enabling artists to author complex
networks extending over plurikilometric terrains. Relying on the
physically-based algorithm proposed by [Sylvester et al. 2019] for
its computational efficiency, we augment it to simulate the evolution
of the trajectory on each channel of the network, while accounting
for the surrounding terrain as well as user-defined constraints.

3 OVERVIEW AND NOTATIONS

Our method computes the temporal evolution of a meandering river
network over an input terrain 7~ under the combined action of
migration forces due to curvature and slope and various events
including avulsion and cutoffs (Figure 3). For the sake of computa-
tional efficiency and providing a real-time simulation compatible
with authoring, we do not account for the influence of vegetation
as reported in [lelpi et al. 2022] and the incremental sediment de-
position during the migration of meanders [Howard and Knutson
1984]. Instead, we record the evolution of the meandering network,
which allows us to approximate the sediment deposition processes,
which in turn, combined with the abiotic parameters derived from
the channels, facilitates the generation of vegetation on the terrain.

3.1 River network and channel models

The evolving river network N(t) is
a time-varying oriented geometric
graph or tree, whose edges are chan-
nels T';(t), i.e. curves over the terrain G®
7, and whose nodes are static junc- Te(®) e)
tion points q; ;. connecting channels
(Figure 4). The leaves of the tree rep-
resent the sources, and the root the
outlet. In general, only two channels
meet at a junction, therefore we rep-
resent N(t) as a set of binary trees.
Channels within the river graph are connected through junction
points, referred to as g, connecting two upstream channels I';
and I'j that meet and merge into a downstream channel I' (see
Figure 4).

At the heart of the simulation is the channel model, defined as
a time-varying piecewise cubic spline curve I' in the plane with n
sampling points {px (+)}, k € [0, n(t)[, evenly spaced at a distance

T,(t) Junction q;

Fig. 4. Channels T;(t)
and junction points Q-
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dp- As meanders form in flat regions, a commonly used and valid
approximation in Geosciences consists of performing computations
in 2D at this stage. We denote I'(¢) the channel curve at time step ¢,
and we refer to a point along the curve as p(u, t), with u € [0, 1] the
curvilinear abscissa (see Figure 5). Channel points have exactly one
upstream and one downstream neighbor, except for the first and
last points, which are connected to other channels in the network
(see Section 6).

= (t;(p)/It:(P)IN*
t(t) = (pi+1(t) - pi—1(t)) /2

ﬁ%\ Pt (6)
pi-1(O) O
I Sampling point py(t)
p(u,t) N

Fig. 5. Achannel is defined as a set of equally-spaced sampling points pg (¢)
along the trajectory at a given time step #, with corresponding normals
ng (¢) and tangents tg ().

Channels are not only characterized by their sampling points

{pr ()}, but also by their flow ®r, width wr and depth dr (Figure 6).

Those parameters are computed according to power laws [Dunne
1978] that relate the drainage area to the width and depth of the
channel. Let a denote the drainage area, the width of the channel is
related to the drainage by the power law wr « a®>. The width and
depth of the river are then correlated by wr = 18.8 dr 4! [Konsoer
et al. 2013]. In our implementation, these values are constant for a
given channel, a valid approximation often used in Geosciences and
discussed in Section 8.5.

Width w, O—~+——Sampling point
— InﬂectionQ\ Pr(®)

\ / ‘ oint™~ X D)
Depthd ( P Sampling ]
e\e(\g}“ \ distance

M/

Fig. 6. A channel is characterized by its width wr and its depth dr. These
are directly correlated to the wavelength A of the meander bend, which is
defined as the distance between two successive inflection points.

3.2 Workflow

Let 7~ define the initial input terrain, and h : R? — R its elevation
function. It may be either a discrete heightfield or a procedural
representation [Galin et al. 2019]. The initial river network N (0)
may be either provided by the user or computed as described in
[Peytavie et al. 2019]. In our framework, we first perform breaching
on the terrain [Barnes et al. 2014] to remove unwanted pits (local
minima), then compute the drainage area a, and finally select cells
with a drainage value above a user-controlled threshold value to
identify the cells that form the low-resolution river network.

The simulation computes a new network N (t + t) in three steps
(Figure 3). We first compute channel migration, responsible for the
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formation of meanders on each channel of the network (Section 4).
Then, we simulate abrupt events such as cutoffs and avulsions (Sec-
tion 5), which can drastically change the trajectories of the different
channels. Finally, we resolve collisions that may occur between the
migrated trajectories, and optionally place procedural river junc-
tions patterns to better reproduce the various archetypes identi-
fied in Geomorphology (Section 6). Throughout the simulation,
we record all channel trajectories leading to a simulation history
D = {N(t)}. We can later use this history to procedurally compute
abiotic parameters (Section 7) and place vegetation over the terrain.

4 CHANNEL SIMULATION

The simulation of the evolution of a given channel proceeds as
follows. First, we compute channel migration (Section 4.1) which
moves the sampling points p; of the channel laterally from the
local and upstream curvature (Section 4.2) and resample the curve
(Section 4.3) throughout time to guarantee stability. The channel
migration (Section 4.1) is based on the model described by [Sylvester
et al. 2019]: our contributions lie in the introduction of new terms
to account for the topography of the terrain (Section 4.4) and the
additional control provided to the user through control regions
(Section 4.5).

Symbol | Value | Unit | Physical meaning
ot 106 d Time step, Sylvester [2019]
@ -1 - Migration weight, Howard [1984]
Y 2.5 - Upstream weight, Howard [1984]
k 0.164 | m/d | Migration speed, Sylvester [2019]
0.011 - Friction factor, Sylvester [2019]
op 50 m | Sampling distance
) 0.15 - Slope threshold
te 0.1 - Crevasse curvature threshold
Pe 0.05 | [0,1] | Crevasse probability
DPa 0.05 | [0,1] | Avulsion probability
o 45 ° Avulsion initial angle
&a 0.05 - Avulsion slope threshold
€m [0,1] | m/d | Moisture accumulation
r'm 6wr m Radius of moisture
€s [0,1] | m/d | Sediment accumulation
rs 4wr m Radius of sediment

Table 1. List of constants (upper rows) and simulation parameters (lower
rows) with the corresponding notations, nominal values, and interpretation.

We report the values for the different parameters and constants
of the simulation throughout the text and in Table 1. We emphasize
the difference between constants taken from geomorphology and
the parameters set by the user.

4.1 Channel migration

For a given channel I, the migration process computes new positions
for the sampling points. Every point px () at a given time step ¢



migrates towards the direction of the normal to the channel ng ().
Let ti.(t) = p;c(t) denote the tangent of the curve and its unit
version 1. (t) = t;(t)/|ltx(t)||. We define the unit normal as the
orthogonal vector oriented toward the sign of the local curvature
ng(t) = . (t)*. Let 5t the time step, points then migrate according
to their migration rate y following the equation:

Pi(t+6t) = pie(t) + g () p(pr(2)) 6t )

The time step Jt is set to 106 days. Smaller values may not be
relevant because of the migration speed of meanders, and larger
values up to a year may be used safely without breaking the sim-
ulation. The challenge of Equation 1 stems from the computation
of the migration rate y, which intuitively defines the movement
speed through time. Howard and Knutson [1984] found that it can
be directly correlated to the curvature of the river: high curvature
sections are the fastest moving parts of the river. In the following
sections, we describe the computation of the migration rate in ge-
omorphology (Section 4.2) and the trajectory resampling process
(Section 4.2), and then explain how we incorporate new terms to
provide control to the user (Section 4.4 and Section 4.5).

r'(t) 2

N

Maximum Inflection point

curvature

\ Maximum

curvature

Fig. 7. Synthetic view of the channel migration using the simple migration
rate p1,: the curve T'(¢) transforms into I'g (¢ + 8t) and, in this case, the
maximum migration point corresponds to the maximum curvature point.

Let x” and x”’ (respectively y” and y’”) denote the first and second
derivatives along the x axis (respectively along the y axis) of the
curve. The local curvature ¢r(u, t) is defined as:

a x(ut)y” (u,t) —y' (u,t) x"" (u, t)
L T EF I

The channel is defined by a set of discrete points, thus derivatives
are approximated using central differences. The local migration rate
o is then defined by scaling the curvature according to the river
width wr, and k the local migration rate constant, set to 0.164m/day:

po(u, t) = wr k ¢r(u, t) (2)

The value of k was set according to data for real river data (see
Table 1). While this parameter could provide additional user control,
we found it simpler to only disclose the timestep dt to the user
and set the other coefficients as constants in the code. The linear
scaling by the channel width wr implies that the frequency of me-
ander bends is proportional to the dimension of the river (width
and depth), which has been identified and reported in multiple stud-
ies in Geomorphology [Leopold and Wolman 1960; Williams 1986].
Our simulation conforms to this observation, as demonstrated in
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Fig. 9. The global migration rate y accounts for upstream curvature, which
introduces a lag between the point of maximum curvature and the point of
maximum migration.

Figure 10 where the wavelength of meander bends increases pro-
portionally to the width of the channel.

Using the local migration model transforms the original curve
I'(t) into a new curve I'g (# + &t) with increased bends (see Figure 7,
blue and grey curves). In this case, the maximum curvature point
corresponds to the maximum migration point. Inflection points,
i.e. such that ¢r(u,t) = 0, correspond to the intersection points
between I'(¢) and I'(¢ + &t). However, using only the local migration
does not lead to realistic meandering patterns, as meanders are also
influenced by upstream trajectories. Particularly, high curvature
upstream bends tend to increase the migration rate [Howard and
Knutson 1984].

4.2 Upstream curvature-based migration

Following the model proposed by
Sylvester et al. [2019], we consider the
influence of the upstream curvature
to compute a more accurate global mi-
gration rate 1. Let o denote the sinu-
osity of the channel (Figure 8), which
is computed as the ratio between the
curvilinear length of the curve [ and
the distance between the first and the
last points of the section:

Fig. 8. Sinuosity.

1
o =1/llp(0,t) = p(L,)|l, l=/0 IVp(Z.olldg (3)

The global migration rate along the curve is finally defined from
the combination of the local migration rate y and the integral of

upstream migration rates:
o -1
[ P d{}

4
The variable { denotes the upstream distance from the point p(u, t),
and w, y are constant weighting parameters with values of —1 and 2.5
that control the influence of local and upstream curvatures, respec-
tively. As we found these difficult to control, we do not expose these
parameters and rather provide control on the migration process
through specific terms in the equations (see Section 4.5). Multiply-
ing by o implies that meanders with lots of bends migrate faster.

p(u,t) = o po(u, )+

v /0 po(u=2, Dk(D)d

ACM Trans. Graph., Vol. 42, No. 6, Article 241. Publication date: March 2023.
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The kernel k is an exponentially decreasing weighting function:

k() =e 6)

The term « is defined from a friction factor and the river depth dr
which is assumed to be uniform along the channel: « = 2f/dr. It
defines a relation between the river depth dr and the influence of
upstream points: a point in a deeper river is influenced by points
further away upstream. The friction constant f influences the size
and amount of meander loops: low friction values lead to less me-
anders, while high values are correlated to high frequency, small
meander loops. We set f to 0.011 to best reproduce the migration
of real meandering rivers.

w =200m

Fig. 10. Comparison between meandering rivers of different widths (100
years simulation): the wavelength A is proportional to the river width wr.

This definition of the global migration rate y in Equation 4 intro-
duces a lag between the maximum curvature point and the max-
imum migration point, as emphasized by [Sylvester et al. 2019].
Figure 9 shows the channel I'(¢) (in blue) evolving into I'y (¢ + 6t)
(in yellow), which significantly differs from the channel computed
using the simple migration rate ' (t + Jt) (in grey). This formula-
tion reproduces meander loops progressively moving downstream
throughout time (Figure 11), a well-known phenomena called down-
stream migration.

18y

y

Fig. 11. Different steps of the meandering river simulation of a single chan-
nel. The latest trajectory is shaded in light blue, while older paths are shaded
in brown. Upstream curvature impact meander bends that progressively
migrate downstream.
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4.3 Resampling

At every time step, the migration process (Section 4.1) moves the
sampling points p;(t) laterally based on the local and upstream
curvature. In practice, this leads to unevenly spaced points p; (£+6t),
which create instabilities after several simulation steps. To ensure
stability, we apply a resampling step after the migration.

Piecewise cubic I'(t + dt)
T Om =

o
Resampled t\
. a O
o points pg (t + dt)

Unevenly spaced points p;(t + dt)

p; () + u;(®)

Piecewise cubic resampling

Fig. 12. After channel migration (Section 4.1), sampling points may be
unevenly spaced, which is corrected by resampling the piecewise cubic
curve I'(¢ + 8t) passing through the displaced sampling points.

We first compute the piecewise cubic spline curve I'(t + dt) pass-
ing through the migrated sampling points p;(t + dt) along with
their tangents t(¢ + 5t). We then sample this curve at regular in-
tervals dp, and use these samples as the new sampling points of
the channels py (¢ + 6t) (Figure 12). The sampling distance must
respect the constraint §p < wr (we use dp = 50 m for all channels
in our experiments). Note that the number of points of a given chan-
nel may change during resampling, but this is not a problem for
the simulation. The only constraint is that the first and last points
in the channel should be anchored and static, which is crucial for
managing junctions as described in Section 6.1.

4.4 Terrain influence

Terrain topography has a strong influence on the development of
meanders. In large plains, the channel is not constrained, which
leads to complex meandering systems. Areas with a steep slopes
prevent the development of meanders and create straight trajec-
tories (transition zone), as reported by the Rosgen classification
[Rosgen 1994]. In valleys, the channel may be meandering but re-
mains constrained by the surrounding mountains (see Figure 13). In
this section, we extend the migration equation from geomorphology
to account for the influence of terrain topography on the migra-
tion process. While not mandatory in geomorphology, it is crucial
in our context where artists aim at modeling river networks over
large-scale complex terrains.

River network

Fig. 13. Influence of the slope over the meandering process.

Recall that channel migration is defined by Equation 4, where
pt denotes the migration rate of the point. To model the terrain



influence, we define a modified rate 1 from the migration rate y
(Equation 4), as a function of the local slope of the terrain s(p) =
IVR(p)Il:

A(u,t) = (gosop(ut) p(ut) (©)
The falloff function g : R — [0, 1] is the smoothstep function, taking
null value above a slope threshold sy specified by the user. Figure 27
shows a three-stage meandering systems with meanders and oxbow
lakes in plains, straight river trajectories due to steep slopes, and con-
strained meandering patterns in valleys surrounded by mountains.
The user may modify the topography of the terrain interactively
during the simulation and see the channels adapt automatically (see
accompanying video).

4.5 Controls

Combining the physically-based simulation of meandering river
with user-control is a crucial feature of our approach, where we aim
at preserving the overall realism of the meanders while allowing
creativity for artists. We developed two different strategies: feature
points and control regions. Feature points are a direct and straight-
forward approach for controlling the trajectory. The user may move
and lock the position of the sampling points pg or divide a given
channel T'; into two connected sub channels. In contrast, control
regions operate indirectly and either influence the direction of the
migration, or dampen the migration rate, which is useful for han-
dling junctions (see Section 6.1). These regions are defined through

29 years

4 «_ Attractor
region

- Repulsive
region

49 years

Fig. 14. Control regions allow the user to constrain the simulation without
directly moving the sampling points of the channel, which may lead to
unrealistic river trajectories.

a scalar field ¢ : R2 — R, which can be interactively modified by the
user using classical brush tools. We directly influence the migration
direction by computing the gradient Vc(p) of this scalar field. By
using radial functions, we easily define attraction (where c(p) > 0)
and repulsive (where c(p) < 0) constraints. In our method, we mod-
ify Equation 1 from geomorphology to incorporate the control field
gradient direction as:

Pi(t +61) = p(t) + p(pi (1)) (nge(2) + Ve(p)) ot @

Figure 14 shows the influence of attractive and repulsive regions
on the simulation. While negative areas are intuitive to control,
we found that attraction regions more difficult to manipulate as
they tend to over-constrain the simulation, leading to unrealistic
trajectories.
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Oxbow lake — j

Self-intersection New path

Fig. 16. Oxbow lakes automatically form where a meander starts to self-
intersect, leading to an abandoned channel.

5 EVENTS

The dynamic of meandering rivers does not only depend on the
migration of the channel but also catastrophe events. In particular,
cutoffs are a crucial process and occur frequently during migration
(Section 5.1). Additionally, the presence of crevasses and later the
triggering of avulsions (Section 5.2) play a critical part in the gen-
eration of meandering trajectories. Our approach simulates those
processes either using a stochastic approach or according to author-
ing controls.

5.1 Cutoffs
Cutoffs occur when the channel starts
to intersect itself. The channel aban-
Oxbow . . .
lake dons its current trajectory, which

becomes an oxbow lake and contin-
ues onto the shorter path (see Fig-
ure 15). The oxbow lake can remain
partially filled with water or dry out
depending on environmental condi-
tions. Vegetation may grow in these
locations due to the water stored in

Cut
pr(u,t)
—_—

r(t) I(t + 8t)

Fig. 15. Cutoff event lead-
ing to the formation of an

oxbow lake. the ground. Cutoff events are a funda-
mental process of meandering rivers
as they regulate the formation of
bends.

During the simulation, we trigger a cutoff event when the distance
between two (non consecutive) points within a channel is inferior
to the channel width wr [Howard and Knutson 1984]:

3G, j) € [o,n =11 | lIpi(t) = p; ()| < wr

We insert a new segment between p; and p;, and the abandoned
part is removed from the channel and saved in the recorded data
D = {N(¢)}. Figure 16 illustrates the cutoff process.

A fundamental aspect of oxbow lakes is their influence on the
surrounding landscape. Figure 17 displays the recording of oxbow
lakes through a simulation over hundreds of years. The channel belt,
characterized as the terrain region covered by previous channel
trajectories, depends on the river width and terrain topography.
Section 8 details the computation of the vegetation density and the
sediment layers from the recorded data of oxbow lakes.

5.2 Crevasses and avulsions

Crevasses randomly occur when the water flow exceeds the chan-
nel capacity, breaks the levee, and generates large sediment lobes

ACM Trans. Graph., Vol. 42, No. 6, Article 241. Publication date: March 2023.
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Young

200 years

old 100 years

300 years

400 years

Fig. 17. Recording of all oxbow lakes through the simulation, shaded from oldest (green) to youngest (yellow). The union of all ancient trajectories form the

meander belt.

that are fluvial sediment deposited in the floodplain. They usually
occur at high curvature spots along the channel (Figure 18, left), but
the exact formation process remains an active area of research in
Geomorphology. We model crevasses stochastically as follows: at
every step, we select channel points py (¢) with a curvature ¢ above
a given user-defined threshold t. = 0.1, and trigger the formation
of a crevasse based on a probability p, = 0.05.

Avulsions occur at the location of crevasses. As for crevasses,
their exact activation conditions remain an active research topic in
Geomorphology and may be related to intense rainfall causing a
sudden overflow in the channel.

The upstream part of the chan-
nel remains unchanged whereas

Crevasse N

ew the downstream part is abandoned
channel

and replaced by a completely new
- path, starting at the location of the
O crevasse (see Figure 18, right). Sim-
old ulating avulsion requires defining
channel T(t + 6¢t) a hydrologically consistent trajec-

tory compatible with the terrain to-
pography and collision detection
with the set of channels of the net-
work, which may be computation-
ally intensive.

Motivated by the interactivity required by an authoring approach,
we simulate local avulsions that connect a crevasse with another
point downstream within the same channel and let aside paths that
may connect to other channels in the network (see Section 8.5 for a
discussion). For every crevasse located at a point a in a channel T, an
avulsion may occur with a probability p, at each simulation step. We
select the endpoint of the avulsion b at a random distance within the

Fig. 18. Avulsion process in a
channel.

channel T at a downstream location.

The initial avulsion direction d is

first compfutfld randomly zn)the d}il— d /o New path N

rection of the tangent t(a) wit a ) O—q
P — @ ob

an opening angle @ randomly se-
lected in [0, ], with g set to 45
degrees in our implementation (see
Figure 19). The new path T con-
necting a to b is then computed it-
eratively by performing a random
walk from a towards b using the channel sampling distance as a
stepping distance. To ensure that the path converges to the endpoint
b of the avulsion, we adapt the walking direction at every step. Let &
denotes the unit straight-line avulsion direction @ = (b—a)/||b—a]|.

Fig. 19. Procedurally gener-
ated avulsion path.
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The next direction for a point p along the avulsion path is computed
asd(p) =ta+ (1 —t)dwith ¢t = |[|p — b||/||]a — b||. Therefore, the
stepping direction progressively changes so that stepping progres-
sively converges to the b. We finally displace the direction by a small
random angle in [-5,5] degrees to avoid unnatural smooth paths.

Figure 20 shows the development of an avulsion on a single
channel, leading to the formation of a new path T and an abandoned
trajectory. While this technique is computationally efficient and
authorizes some form of trajectory control through the angle a, the
path T may not be hydrologically consistent as there is no guarantee
that it follows the steepest slope of the underlying terrain.

Crevasse
New path

Avulsion

™ Abandoned path

Fig. 20. During an avulsion event, the crevasse becomes the starting point
of a new channel.

To solve this problem, we locally change the elevation h of ter-
rain along the path of the new channel. For every point pg in the
new I, we compute the slope in the direction of the tangent tj.
If 0 < si(pg) < €4, we carve the terrain to preserve a hydrologi-
cally consistent network; otherwise the slope is incompatible with
the flow (and would require significant carving) and we abort the
avulsion completely.

Because meandering rivers materialize in plains, the terrain slope
remains small. Therefore, it is generally possible to breach the terrain
with a limited amount of removed material and successfully synthe-
size a hydrologically-consistent channel. More accurate strategies
would be possible yet at the expense of a more computationally in-
tensive algorithm preventing interactive feedback (see Section 8.5).

6 NETWORK SIMULATION

The previous section describes the meandering river simulation of a
single river channel. In this section, we extend the simulation to an
evolving river network N (t) whose set of channels {I';}, i € [0,n[
are migrating. We first describe junctions between channels and
the graph structure of the river network (Section 6.1), and then
address collision events that occur during the simulation and require
updating the graph structure.



6.1 Junction models

Recall that junctions are geometric nodes q; ;. in the graph N con-
necting two upstream rivers I'; and I'j into a downstream river I'y
(Section 3.1).

Simulating the evolution of junctions is a challenging topic of re-
search and results from different physical processes [Guillén-Ludeiia
et al. 2016]. Therefore, junctions remain static during the simulation.
Our model takes inspiration from the observation made in Geomor-
phology that the connection angle between two channels depends
on their respective flows. When the junction involves two channels
with significantly different water flows (thus, different widths wr;
and wr j), the connection is almost orthogonal, while two channels
of similar flows usually lead to a narrow connection angle junction
[Hooshyar et al. 2017] (see Figure 21).

<= R
-

=

Fig. 21. We define procedural junction templates for modeling channels
intersections (shown as insets), with a near perpendicular angle for rivers
with different flow values (left), and a small angle for channels with similar
flow values (right).

We propose the following procedural approach for handling junc-
tions. The migration is progressively attenuated near both ends of
the channels to avoid displacing junction points during the simula-
tion (Section 4.1). This constraint allows us to procedurally place
channel junction templates based on the flows of the respective
channels (see Figure 21). The templates are parameterized and can
be tuned by the user in a post-processing step.

6.2 Collision between sections

Junction templates and the migration falloff applied to the channel
ends prevent collisions in the vicinity of junctions. Still, collisions
between different channels may occur when the lateral migration
rate is as high as several meters a year. This is solved by performing
topological operations on the underlying graph of the network. We
identify three cases: upstream collision, downstream collision, and
collisions between disconnected channels (Figure 22).

Upstream and downstream collisions involve three connected chan-
nels I';, T'j, Iy, connected at a junction point g; . For this type of
collision, we define a new junction point q; jk at the intersection
point between I'; and T'; (upstream or downstream, respectively),
and the downstream section of channel T'; is abandoned (see Fig-
ure 22, left and center). Those two cases neither require the creation
of a new channel nor a redirection of the flow.

If a collisions between disconnected channels in the network I'; and
I'; occur, we first change the network topology and the update the
characteristics of the channels. a new junction point g; jk 1s created
at the intersection point. If the flow of channel T'; (respectively T ;)
is greater than the flow of channel I'; (respectively I';), we create
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Fig. 22. Three different cases arising in collision detection.

a new channel I'y with the trajectory of the downstream part of
the channel T; (respectively T'j), and remove the remaining part of
the other channel from the network. Finally, we update the channel
characteristics by recomputing their characteristics (such as flow,
width, and depth), which affect the migration process, and therefore
the channel sinuosity.

N(100)

ol
1;%

Fig. 23. Generalizing the channel simulation to an entire river network
allows generating complex terrains. In plains, meandering patterns arise,
while channels on steep slopes remains straight and follow the gradient of
the terrain.

Figure 23 shows the result of the network simulation on a 35 x
35km terrain with multiple channels. Junctions remained static
throughout the simulation.

7 GENERATION FROM RECORDED DATA

As meandering rivers develop rapidly, they have a powerful impact
on the surrounding ecosystem. Reproducing the complex dynamics
between ecosystems and meanders would involve a computation-
ally intensive combined simulation of the two phenomena, which
remains a challenging area of research in Geosciences [Ielpi et al.
2022].

Simulating the evolution of the river network through time pro-
vides us with information embedded in the description of the previ-
ous river trajectories (river paths, oxbow lakes) for all simulation
steps in the recorded set of networks { N'(¢) }. Therefore, we exploit
these data to procedurally generate sediment deposition and com-
pute abiotic parameters (Figure 25) which are needed for generating
the vegetation density within the river belt and the bedrock covered
with sediment.

We compute soil moisture from the simulation recorded data D =
{N(t)} as a scalar field m : R — R, defined as the combination
between the stream power field p : R> — R [Cordonnier et al. 2016]

ACM Trans. Graph., Vol. 42, No. 6, Article 241. Publication date: March 2023.
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Fig. 24. Computing abiotic parameters such as soil moisture and sediment deposition allows for complex landscape modeling with visible old channel paths
and oxbow lakes, and vegetation developing within the belt of the different channels.

Channel I'(t)

Sediment s(t)
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Fig. 25. Moisture and sediment deposition maps computed from the
recorded simulation data D = { N (¢)}.

and the sum of past moisture fields m; : R? — R:

m(p) =p(p)+ > mi(p),  mi(p) = em (gpr 0 d(p, ND) (8)
i=0

The parameters ¢, € [0, 1] represents the moisture accumulated
at every step. A high number of simulation steps n accounts for
older trajectories, whereas n = 1 considers the latest network N (t)
only. The falloff function g 5 weights the influence of the channels
according to the distance to the nearest channel of the network
d(p, N;) and a radius of influence r,, (Figure 26).

I Moisture

‘ 0 Tm
O
pk(t)  d(p, M)

Fig. 26. Moisture g4y and sediment gg profile curves.

The computation of the accumulation of sediment is approxi-
mated similarly. At every step, we compute sediment deposition
along the channel trajectories as follows:

n

s(p) = ) si(p),

i=0

si(p) = & (95 0 d(p, Ni)) ©
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The profile curve of the falloff function gg is parameterized by the
width of the channel (see Figure 26) and a radius of influence r;. The
parameter ¢ € [0, 1] denotes the accumulated sediment quantity in
meters for each simulation step.

Figure 24 shows the effect of accumulated sediments located on
ancient oxbow lakes and along the past channel trajectories. Com-
bined with soil moisture, we also generate the vegetation density
from the recorded data, with dense vegetated areas emerging within
the river belt and close to old channels and oxbow lakes. These
procedural and controllable approximations are used to efficiently
augment the terrain with vegetation and sediments, without re-
sorting to an otherwise complex simulation that would not allow
interactive editing.

8 RESULTS AND DISCUSSION

We implemented our method in C++. Experiments were performed
on a desktop computer equipped with Intel® Core i7, clocked at
4GHz with 16 GB of RAM, and an NVIDIA GTX 1080ti graph-
ics card. The output was directly streamed into E-On Software
VUE ® to produce photo realistic landscapes (Figure 21, 24, 27,
28). The source code for reproducing the results is available at
https://github.com/aparis69/Meandering-rivers.

8.1 Control and authoring

All the images in the article were authored in real-time and demon-
strate the authoring capacities of our method. Figure 29 illustrates
characteristic consecutive steps in an interactive editing session.
Starting from an initial low-resolution river network A (0), the
designer let the simulation initiate the meandering process. She
raised hills and mountains around a specific channel, constraining
its path, before introducing repulsive constraints to gradually guide
the migration process toward the center of the landscape. She finally
modified the network by extending a mountain range, which deleted
a meandering channel, and added a new channel.

Figure 27 shows a three-stage meandering complex. In plains,
the channel migrates freely and meanders as well as oxbow lakes
develop. Steep slopes cancel the migration term and therefore pro-
duce straight river trajectories in the transition zone. In valleys
surrounded by mountains, the channel exhibits constrained mean-
dering patterns that sometimes stabilize during the simulation.


https://github.com/aparis69/Meandering-rivers
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Fig. 27. Result of the simulation where the channel is constrained by the surrounding mountains (right) and free in plains (left).

Controlling physically-based simulations may be challenging,
particularly in the case of highly dynamic systems such as me-
andering rivers. Nonetheless, our model bridges the gap between
authoring and simulation. First, the vector-based curve representa-
tion of rivers is efficient and allows real-time feedback even with
landscapes featuring hundreds of channels. Second, the migration
equation includes terms that allow control at channel and network
scale.

At channel scale, the user may adjust the parameters of the sim-
ulation such as the width and depth of the channels (Section 4).
She may modify the relief of the terrain at any time and let the
simulation adapt (Section 4.4). Attraction and repulsion regions are
particularly adapted to precisely locate meandering zones in the
landscape while preserving the overall consistency of the physically-
based approach (Section 4.5). In our implementation, the system
automatically triggers avulsions in a stochastic way according to a
probability prescribed by the user (Section 5.2). Alternatively, the
user may also activate such events manually.

At network scale, the designer may modify the nodes or the tra-
jectories of the underlying graph, create or remove channels, or
directly change their trajectories (see accompanying video) while
the simulation runs. We handle junctions between multiple channels
using procedural patterns based on archetypes identified in Geo-
morphology (Section 4.5). Even though our framework currently
implements two types of junctions, it can be easily complemented
with other template models.

Landscape artists need tools to automate the creation of plausible
river trajectories over large terrains while guaranteeing control. We
submitted our work to professional landscape artists working in the
entertainment industry. They confirmed the need for interactive
techniques for authoring river trajectories and controlling the me-
andering processes. In particular, the ability to naturally enhance
the river trajectories while respecting the terrain constraints was
identified as a crucial feature; our approach to bridging the gap
between simulation and control is a step forward in this direction.
Note that artists mentioned the need for authoring braided rivers
and deltas, which is a promising avenue for future research.

8.2 Performance

Table 2 reports the statistics for different scenes shown throughout
this paper. Timings show that the simulation runs in real-time for
networks of moderate size (number of sampling points #I" < 5 000),

and at interactive rates even for large networks featuring hundreds
of river channels.

. Domain Simulation

Figure

Size #I' | Steps #C | ts (ms) | . (s)
10 16 X 25 | 2521 350 54 7.6 2.7
11 10 X 10 403 130 1 0.6 0.8
14 10 X 10 323 160 2 0.6 1.0
27 3520 | 1571 | 1134 530 12.5 14.2
29 35%x35 | 9807 | 1400 | 5132 36.2 51.6

Table 2. Statistics for different scenes: size (in km xkm), number of sampling
points #I', simulation steps, number of cutoff events #C, time for single step
ts (ms), and total simulation time . (s).

In our experiments, processing time grows linearly with respect
to the number of sampling points #I" and the number of cutoff events
#C. Figure 29 illustrates the most computationally intensive case
with ~ 10000 sampling points processed at each simulation step,
and ~ 5000 cutoff events.

8.3 Validation

As rivers are an active research subject in Geomorphology and,
more broadly, in Geosciences, different metrics exist to describe,
compare, and quantify meandering rivers. While we do not aim
at an exhaustive comparison, we implemented several metrics and
compare the obtained values against real data. Particularly, we focus
on the meander wavelength and sinuosity of the channels (Table 3).

Meander wavelength 1 is defined as the spacing between two
consecutive inflection points in the channel [Reinfelds and Bishop
1998]. Various authors have studied the relationship between me-
ander wavelength and river width and all end up with a power
law relation of the form A = awrb with 6.28 < a < 12.34, and
[1 < b <1.13] [Leopold and Wolman 1960; Yalin 1972]. Williams
[1986] provides the associated error estimations, which indicate that
values for A can be expected to fall within about —40% to +65% of
the estimated value. With that in mind, one can estimate realistic
wavelengths to be comprised between [314, 990] m for wr = 50 m,
[628,2150] for wr = 100 m, and [1256, 4674] for wr = 200 m. All
the generated networks show acceptable values as compared to real
systems (Table 3).
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Figures Width wr | Wavelength A | Sinuosity o
10 [50, 200] [710, 1680] [1.9,3.8]
11 200 2160 2.4
14 200 1840 1.9
27 200 1600 3.1
Observed Any [314,4674] > 1.5

Table 3. Geomorphological properties of different scenes: river width wr
in meters, meander wavelength A in meters, and sinuosity o. The last line
reports the range of values measured for real rivers: intervals for the wave-
length have been computed using formula and associated standard deviation
found in literature for the considered channel width.

We also analyzed our results with respect to channel sinuosity
metric. Recall that the sinuosity o is defined as the ratio between the
curvilinear length of the curve and the distance between the first
and last points of the channel (Equation 3). Standard classifications
state that the meandering stage of a river starts at ¢ > 1.5. Our
results consistently conform to observations in Geomorphology as
reported in Table 3.

Fig. 28. Visual comparison of a synthesized meandering river in a rain forest
and a real image (from Adobe stock.)

Finally, we provide a visual comparison of a synthetic river against
a photograph (Figure 28). In this scene, the user manually created
an initially straight channel, and ran a 100-steps simulation, be-
fore adding vegetation. This demonstrates that our method can
reproduce various bend patterns commonly observed in real rivers.

8.4 Comparison with other methods

Our method compares favorably to previously published work in
Computer Graphics. Procedural approaches for modeling river net-
works [Génevaux et al. 2013; Peytavie et al. 2019] synthesize static
channels and do not simulate their evolution throughout time. There-
fore, they do not capture the complex time-evolving patterns arising
from a multi-factorial migration process. Moreover, while those
approaches based on Rosgen classification [Rosgen 1994] reproduce
different types of rivers such as braided rivers or mountain creeks,
they define river trajectories and riverbed profiles procedurally as
a collection of static spline-based template primitives stored in an
atlas. This approach lacks information to generate sediment along
past trajectories as well as moisture data for adding a vegetation
cover to the terrain (Section 7) because of the fixed models stored
in the atlas of river segments.
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Surface erosion algorithms based either on particles [Kristof et al.
2009; Skorkovska et al. 2019] or shallow water simulations are com-
putationally intensive, do not provide direct control, and require a
fine-tuning of the initial conditions to reproduce interesting mean-
dering patterns. In contrast, the curve-based model provides both
physical accuracy and allows for interactive feedback during au-
thoring.

Based on the algorithm proposed by [Sylvester et al. 2019], our
method naturally inherits from the hydraulic rules proposed by
[Howard and Knutson 1984; Ikeda et al. 1981] and from the empir-
ical observations made by various geomorphologists (such as the
relations between width and depth, and between the local migration
rate, the width, and the curvature). In contrast, we account from
contextual parameters like topography, and upstream migration
rates, which is not the case for geostatistical approaches.

For authoring and efficiency purpose, and as we aim here at
modeling landscapes and not a plurimetric sedimentary record as
geoscientists do, our approach is simplest than the physical-based
one initiated by [Lopez 2003; Lopez et al. 2009] in the Flumy soft-
ware: we do not integrate the long-term vertical aggradation, the
levee breaches and crevasse splay generations, and the rock type
diversity that they manage. However, we model river networks, i.e.
ensembles of connected channels, while models from the geoscien-
tific community only deal with one single, possibly migrating river
or several independent channels stacked in a sedimentary pile.

Concerning the interactivity, our approach uses topography as a
way to indirectly control the river trajectory, in an intermediate way
between the repulsive and attractive vectors proposed by [Rongier
et al. 2017b] in L-system channel modeling and the topography
modification used in Flumy [Anna Bubnova 2018]. Contrary to both
of these methods designed to well honor data, here we aim a smooth
interactive control during the simulation.

8.5 Limitations

Our method simulates synthetic meandering rivers with properties
comparable to real ones. However, it does not come without limita-
tions. First, our model is based on a 2D physically-based simulation
[Sylvester et al. 2019] that models a merely regular downstream
migration of the channel centerline. The mapping of this model on
the 3D terrain may produce riverbed geometries slightly flowing
upward, which sometimes occurs in real rivers. Like in all realiza-
tions based on [Ikeda et al. 1981] equations, the resulting meander
geometries seem to be slightly distorted oppositely to the flow di-
rection. This is mainly visible when the simulation is run from an
initial nearly linear initial trajectory on a flat topography (e.g., Fig-
ure 11, 16). The carving process may be easily modified to guarantee
that the river flows downward along the entire trajectory.

Other studies, e.g. on Mississippi [Parquer et al. 2017], have
demonstrated that lateral migration show much more diversity than
what has been modeled in [Sylvester et al. 2019], and that uncoupling
lateral migration into tangential and normal offsets could improve
realism and increase the range of patterns that can be created. If
such decomposition would potentially slow down the simulation
process, the geostatistical approaches proposed by [Rongier et al.


https://stock.adobe.com/fr/images/aerial-view-over-a-tropical-forest-with-a-river-meandering-through-the-canopy-and-a-clouded-sky-with-room-for-copyspace/429523632?prev_url=detail
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Fig. 29. Overview of a typical authoring session: starting from a low-resolution river network N(0), the user freely modifies the relief, introduces repulsion
regions and even adds new rivers: the simulation automatically computes the evolving network N (#) according to the designer’s prescriptions.

2017a] would be worth investigating, at least to compare with the
physically-based approaches.

Second, the current models for channel does not really integrate
the observed asymmetry of the erosion (on the outer bank) and
deposition (on the inner bank) which constitute the sandy deposits
of the accretion bars: sandy banks should be more visible on the
inner banks, gradually colonized by vegetation, while the outer
banks should be more abrupt, with a sharper transition from river to
vegetation. For efficiency purpose, a symmetric sediment deposition
profile curve is used to model levees, which permits to approximate
the inner bank deposition as demonstrated in Figure 25.

Third, we do not model the mutual feedback between vegetation
and the development of the river, which is still an active area of
research in Geosciences [lelpi et al. 2022]. Instead, we rely on an
efficient procedural approach for computing abiotic parameters
such as soil moisture and sediment deposition (Section 7), which
are then used as input parameters to generate vegetation density
interactively.

Also in details, abandoned meanders are generally filled by shales,
while accretion bars are made of sands. Integrating these particular-
ities could be a way to differentiate the vegetation in the landscape,
as shales and sands have quite opposite permeability, porosity, and
mineralogical composition, all factors strongly impacting the species
that would develop. These approximations are a typical tradeoff
between interactivity and accuracy.

Finally, we model channels with a constant width wr and depth
dr. Although standard an approximation in Geosciences [Sylvester
et al. 2019], this strategy does not account for probable variations
along the channel path. This restriction is partially alleviated by
the interactivity of our system and control tools: the user may split
a channel into two distinct ones and adapt their characteristics as
desired. In the same spirit, we only simulate local avulsion within a
given channel (Section 5.2). A more complicated, therefore compu-
tationally intensive, algorithm could generate more complex paths

between different channels and properly recompute the flow and,
consequently, change the river parameters. Previous methods in
Geosciences rely on an L-system for computing the new path of
the channel [Rongier et al. 2017a] but do not lend themselves to
a complex river network. A possible solution would compute the
anisotropic shortest path between the avulsion point and a ran-
domly selected point in the downstream river network, accounting
for the slope and the existing channels to avoid unwanted collisions.

9 CONCLUSION

We introduced a method for modeling meandering river networks at
the interface between interactive authoring and accurate simulation.
Inspired by physically-based models proposed in Geomorphology,
we augmented the global migration equation with extra terms and
parameters to account for topography characteristics and user con-
straints, allowing for efficient user control. The proposed migration
model inherits from the impact of the local and upstream curvature
and reproduces patterns and landforms observed in rivers such as
bend migration, oxbow lake formation, and changes of trajectory
due to avulsion. We extend the simulation to a complete river net-
work encoded as a directed graph and show how to solve collisions
and procedurally handle junction points between channels. The user
may control the simulation directly by interacting with the river
control points, or indirectly through control regions that influence
the migration of the different channels. Our method conforms to
observations in Geomorphology concerning statistical measures of
the channel trajectories.

This work unlocks several avenues for future research. A direct ex-
tension would be to model the two-way coupling between ecosystem
and meander simulation in the spirit of the interleaved simulation
introduced in [Cordonnier et al. 2017]. Simulating and authoring
other macroscale landforms such as braided rivers and deltas ex-
amined in Geomorphology [Murray and Paola 1997; Thomas and
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Nicholas 2002], and more generally coastlines, is another direction
particularly worth investigating.
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