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We address the problem of generating physically based arid terrain efficiently by presenting a unified framework for
creating six kinds of typical arid terrain with aeolian erosion. Previous research mainly focuses on hydraulic erosion or some
specific landforms by using ad hoc modeling techniques. Based on the physics of blown sand, the essential idea of our
method is the following. We divided the whole simulation into three stages: Erosion, Movement and
transportation/deposition. First, we combine the wind drag force with erosion model to realize aeolian erosion. Second, we
add the wind parameters, buoyancy equation, thermal diffusion to position based fluids, allowing a saltation motion of sand
flow. Besides, we handle the creep motion by moving the surplus solid particles to the neighbors if there are too many sand
particles accumulate in one place. Finally, we simulate sand flow as open channel flow, associated with sediment transport
between particles. Moreover, we propose a boundary filter to maintain the sediment concentration so that the sand flow
particles could be reused and retain the process erosion all the time. The results include the final polygon mesh simulated

from the volume model. Our implementation is based on GPU and simulates in an interactive framerate for scenes with up

to 50,000 voxels.
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1 Introduction

The erosion process caused by wind is called aeolian
erosion, which is the main erosion process in arid and
semi-arid regions due to low precipitation and sparse
vegetation in the long term. Through this procedure,
diverse strange but appealing landforms take shapes
gradually. Those eroded aeolian landforms such as
mushroom rocks are highly suitable for expressing
mood and constructing atmosphere so that they have
appeared widely in various applications. They can be
found in flight
simulators?, western films®, documentary films?,
animated films, science fiction films®, open world
games” and architecture design®. Therefore, the process

simulators), military training

of aeolian erosion has a significant role in contents
creation, especially when building up an arid
environment.

An aeolian process has a variety of physical
characteristics due to the motion of sand flow. The
prevailing wind leads the shape change of rocks, which
creates sharp edges and clear facets. The jumping
motion of sand results in those arid terrains almost
always contains overhangs or concavities. Also, for

those landforms with loose sand surface, selective
erosion of wind takes more granular material than hard
rocks. In actual development, those physical features are
almost impossible to generate in traditional methods
such as 2D heightmaps’3®, Voronoi diagram
algorithm’?), Besides, photogrammetry method is also
extremely time-consuming and lack of diversity.
Previous research dominantly focuses on hydraulic
erosion and other ad hoc method as well. Therefore,
with the purpose of generating arid terrain, physically
based aeolian erosion method remains unexplored.

To solve this problem, we propose a unified acolian
erosion framework to generate six types of arid terrain.
Based on physics of blown sand®V, we divided the
process into three stages: erosion, movement and
transportation/deposition. In the erosion stage, shear
stress is replaced by a wind drag force, which accurately
reflects the erosion of wind. Then in sand movement
stage, we relate the prevailing wind velocity, direction,
duration and vertical distribution to position based fluids,
combined with buoyancy in result from the vertical
distribution of temperature and thermal diffusion,
allowing a more realistic saltation motion of sand flow.
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Next, in the transportation/deposition stage, we simulate
sand flow as open channel flow, associated with
sediment transport. And we also propose a boundary
filter to control the sediment concentration, allowing
that the sand flow particles could be reused and maintain
the erosion process all the time. The principal
contributions of our research are:
® Combining wind drag force model into fluid
simulation and erosion model.
® A sand movement model associating with wind
velocity, direction, duration, and buoyancy.
® Boundary filtering of sediments and reuse of
sand flow particles.
® A unified framework to simulate six kinds of
typical arid terrain containing concavities.

2  Related Work

2.1 Overview

Terrain generation has been a significant topic in the
domain of Computer Graphics (CG). Previous research
mainly focuses on two directions. First is hydraulic
erosion especially that caused by rivers and rainfall.
Nevertheless, the erosion of wind for arid terrain
remains unexplored. Second, there are some ad hoc
modeling techniques, especially research about sand
simulation approximates the sand movement. Although,
those methods are efficient and straightforward,
whereas lack of physical variations leads to the results
following the same pattern. Besides, multi-fluid and
multiphase fluid simulation leads to a high quality and
high accuracy result while they cannot execute in an
interactive framerate.

2.2 Terrain Generation with Hydraulic Erosion

As an essential topic, terrain generation has been
researched for more than thirty years. The fundamental
work®® proposed the fractal terrain which is a kind of
random generated technique using mid-point
displacement algorithm with a 2D heightmap. The
disadvantage of fractal terrain is the deficiency of
realistic characteristics like erosion.

After that, hydraulic erosion was proposed initially in
1988 by Kelley”, who advanced a procedural method to
generate watersheds. Hydraulic erosion became widely
researched since then. These methods!D!?139141530)
mainly focus on the valleys and mountains eroded by
river network and rain. While terrain in arid climate
cannot be generated through them, we still borrowed

some ideas such as splitting the whole process into

multiple independent  steps, volume
representation and layered structure to approximate
realistic strata structure.

Then physically based method became popular, and

choosing

Musgrave et al.'”’ nominated two crucial work. First is a
hydraulic
transportation and deposition of rain. Second, They

erosion model involves sediment
introduced the thermal weathering process which is a
fast and straightforward way to deal with all sorts of
material loose. The first method is further developed by
Kristof et al.'®, which combined smoothed particle
hydrodynamics method with terrain generation, and
they proposed the advection equation in SPH and donor-
acceptor advection scheme which solves sediment
transportation quite efficiently. We extended this
method with a new erosion model which is described in
Section 4. Also, the second one cannot generate
complex concavities, but it can still be used in our
research as a part of sand flow simulation, and we
explained it in Section 3.

Moreover, like other parallel erosion methods'™®'),
our simulation runs on GPU as well, and the detailed

architecture is explained in Section 6.

2.3 Terrain Generation with Ad Hoc Techniques
Additionally, there is some inspiring research about
particular features of the terrain. Ito et al?” used
phenomenological techniques to simulate mountains
full of joints. Benes et al.?) proposed a two-layer model
that with different erosion effect to generate table
mountains, which is a typical landform of the arid
environment. Jones et al.??* performed a method
combining cavernous weathering and spheroidal
weathering with curvature estimation so that rocks can
be worn out to mushroom rocks. Methods as mentioned
earlier only focus on one or two specific kinds of
landforms, and they are not physically based methods,
so the diversities of the visual results are limited.

There is some research mainly focus on the
simulation of sand. Onoue and Nishita?? described an
efficient method to simulate sand dune and wind-ripple.
Benes et al.?® proposed the model of material
accumulation, which also works in the creation of wind-

ripple. Moreover, another research?®

put out a more
complex physical model with plants for wind-ripple
evolution. Those three studies focus one specific

landform as well, but the influences caused by wind is
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considered, which is very inspiring to our research and
we discussed a more complex sand flow simulation in
Section 3.

2.4 Multi-Fluid & Multiphase Fluid Simulation
Liu et al?” combined the dust simulation with
aerodynamics and synthesized the animation of the
sandstorm. While it’s not a terrain generation research,
the sandstorm model is very inspiring to our study.
Besides, some multiphase fluid simulation studies
) described how sand and water could be coupled
together. Although the result is stable and excellent, the
computational cost is too high for the real-time
application. For more controllability, we simulate the
process in an interactive framerate.

3 Sand Flow Simulation

3.1 Overview

In arid regions, lack of rain leads to typical features such
as sparse vegetation, furthermore lack of soil moisture
and a large amount of unconsolidated sediments. Then
They become important agents to wind activity, and
those sand grains carried by prevailing wind shape the
land surface as well through continuing impact and
wearing out. Therefore, the complexity of sand flow
motion is that it has characteristics of both air and sand
grains.

3.2 Sand Movement

When the wind velocity exceeds a critical value, the
sand grains on the ground start to move and even fly
with the wind. Based on different wind velocity,
different diameters and mass of sand grains, the motion
of sand flow varies in a diversified way. It can be
categorized into three typical patterns referring to
Bagnold’s book?": creep, suspension and saltation, as
shown in Figure 1.

First, the large sand grains are too heavy to be lifted
by the wind, so they can only slide or roll along the land
surface, which is called creep. Creeping sand grains
account for about 25% of the total sand particles in
transport. With both high mass and high momentum,
even at a low speed, those sand grains can bring about
more fly sand grains and change the sand surface of the
ground by the impact.

Second, the small-sized sand grains are basically dirt
and dust, which are so light that the wind can easily raise
them. Suspension occurs when the wind blows them

into the air then they cannot deposit on the ground for a
long time. Instead, they just drift horizontally following
the wind. Those grains are around less than 5%, so the
eroded effect of them is negligible.

Third, Saltation is the major fraction of sand
movement which occupies more than half of total sand
quantity. On account of drag force or collision, sand
grains are thrown into the air, and their momentum
continuously increases when following the air flow.
After a while, the energy attenuates, and those sand
grains are pulled downward by gravity correspondingly.
Then the grains may hit other sand grains to trigger new
saltation or creep, which could lead to significant
damage to the terrain surface.

Suspcn510n(<70pm)/,,> V. 5
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Creep(SOO 1000pum)  Saltation(70- 500um)
Figure 1 Sand Movement

3.3 Fluid Simulation

In this paper, we consider the sand flow as fluid and
simulate it by position based fluids*®. The saltation
could be realized combining with buoyancy equation.
When sand grains are piled too much, gravity makes
them collapse, which could be seen as a sort of creep®?.

331  Navier-Stokes Equation
Navier-Stokes equation plays a key role in fluid
simulation. To simulate the sand flow, here we choose
the Lagrangian approach to approximate the Navier-
Stokes equation

ov

== —(v-V)v—%Vp +oav+f, (1)

with respect to the incompressibility constraint
V-v=0. )

v is the velocity vector field, ¢ the time step, p the
pressure scalar field, p the mass density scalar field, f
the external forces and p the viscosity.

The advantage of Lagrangian approaches is the
particles are not necessarily full of the simulation
domain which can reduce overhead.

3.3.2  Smoothed Particle Hydrodynamics
In order to approximate the Navier-Stokes equation (1)
and its incompressibility constraint (2), we select the
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meshfree method SPH to handle it. The method solves
regular fluid parameters like density and pressure by
interpolating among discrete particle positions, which
speed up the calculation process significantly. By using
the following formula, any scalar physical quantity A at
position r could be interpolated from the neighboring
particles:

A (r) = ijjz—jW(r—rj,h), 3)

where m; is the particle mass and p; is the fluid
density. The term W denotes a smoothing kernel around
the particle r with radius 4. When h > 2As the
simulation is able to maintain stability, where As denotes
particle spacing. When dealing with different quantity,
there are different kinds of kernel functions.

In SPH method, the simulation would become
unstable when particles do not have enough neighbors.
The general way to address this problem is to take small
time steps to avoid density estimate inaccuracy.
Otherwise, the quantity of particles has to be improved
sufficiently to avoid the unstable situation, at a high
computational cost.

3.3.3  Position Based Fluids

By introducing the Position Based Dynamics (PBD)
framework, the incompressible flow simulation can be
unconditionally stable and robust. PBD method solves
the fluid dynamics system with Gauss-Seidel iteration.
Instead of updating position after force solving, it solves
position first then derives momentum changes implicitly,
which avoids the instabilities related to the explicit
methods. And the fluid simulation algorithm within the
PBD framework is called position based fluids.

In PBD, dynamics system is solved by constraint
projection. Given point position p, the constraint
function is written as C(p + Ap) = 0, which can be
approximated by

C(p+A4p) =~ C(p) +VpC(p)-p=0. (4
Position correction Ap is what we want to find to
update positions. Restricting Ap to be at the same
direction with VpC(p) then

Ap = AVpC(p). ®)
Associating with kernel function of SPH, the position
update can be represented as

Api = izj(}\l + }\]) VW(pl - p]’ h)’ (6)

A = — CiP1Pn)
: Tk |Vp, Cil?+e

where ¢ is a customized relaxation parameter, A the
scaling factor and VW denote the gradient kernel
function.

3.34  Buoyancy
Since the high transmittance*” of solar radiant energy
passing through the air, the ground is heated more
quickly than air. The difference in temperature among
different height become an important factor of buoyancy.
Hence, we introduce the buoyancy and thermal
diffusion to calculate the temperature change.

The buoyancy equation is as follows, S is the

buoyancy coefficient, T,mpient the ambient
temperature.
Fbuoyancy = B(T — Tampient)Y» ()

Besides, air near the ground is heated more rapidly
than air midair. We set a heat zone which is able to heat
particles when they close to the ground. And the
particles keep losing temperature after they rise from the
ground. By this method, we can also approximate the
jumping motion of sand saltation.

Next, the uneven temperature distribution would
cause thermal diffusion. With the SPH’s kernel function,
it can be written as follows:

DT

Tj+T;
— AV2T — itTi
=aVT = —a),;m;

Dt Z] ] pj

VZ inscosity (T' h) .

®)
a = A/cyp is the thermal diffusivity.

3.3.5  Vorticity Confinement

Turbulent motion of wind is a vital factor of aeolian
erosion. Additional damping added by PBD weakens
the effect, which can be fixed by introducing the
vorticity confinement. At first, it requires calculating the
vorticity at each position of particles like this:

wi:V)(V:ZjvijXijW(pi_pjrh)9 (9)

where v;; = v; — v;. Then the corrective force can be
obtained by

fiimrticity — E(N x wi)a (10)
with the vector N = %, where 1 = V|w|;.
336  Wind Velocity

In addition to the fluid simulation, we add the horizontal
wind velocity to the original velocity to simulate the
motion brought by global climate. In the planetary
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Figure 2 Six Types of Arid Terrain

boundary layer, vertical distribution of horizontal mean
wind speeds is in accordance with the log wind profile
which accounts for surface roughness and atmospheric
stability.

V=KV +Vma) 18D, (D

where k is the wind velocity coefficient, and we set it
to 10. The y, is surface roughness, and here is 0.2.

3.3.7  Boundary Filter

Simulating sand flow over a large-scale terrain with
PBF method appears unfeasible on current computers.
To account for this problem, the sand flow particles are
constrained in a limited area and simulated as recycled
open channel flow. When sand flow particles cross the
boundary, they are reused on the other side.

To avoid that the erosion process stopped due to
saturated sand flow particles, we set a boundary filter,
which is used for moving particles from one side to the
opposite side and at the same time clear the sediments
of q% sand flow particles. As shown in Figure 3, here
we set q to 60. The yellow particles are particles carrying

sediments.
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Figure 3 Boundary Filter

4 Aeolian Erosion

4.1 Overview

For sand grains, the wind-driven process is precisely the
process of lift, transport, and deposit. Also, that process
could be seen as erosion for the land surface. While the
variations of landforms caused by water are generally

more notable than sand flow, the persistent wind driven
geological process takes primary roles in an arid and
semi-arid climate, and it’s what we called aeolian
erosion.

Acolian erosion contains two sorts of the process:
abrasion and deflation. The sand grains, lifted into the
air during the saltation or dragged by wind in the creep,
collide with exposed rock or sand surface and keep
wearing down the surface. Dreikanter is a typical
landform as a result of the abrasion process. In the
process of wind deflation, those ground surface with a
great number of loose sand grains or soil particles is
easily eroded by lift force of the wind. The deflation
hollow is a representative landform of the deflation
process.

4.2 Drag Force

‘When carrying out a force analysis on a sand particle in
saltation, the forces acting on it are the drag force of air,
the Magnus force, the Saffman force and the gravity
force[36]. But the most important forces are drag and
gravity.

1
Fy=-mg = _g”D3psandgs (12)

1
Fy = 3 CaApairvrVvr, (13)

where v, is the relative velocity between the sand
grains and air particles. D is the diameter of the

spherical sand particle. A = %DZ is the area of the

cross-section of the sand grain. Moreover, C; is the
coefficient of drag which can be represented by a
function of Re,.. According to the empirical formula of
White[39]:

24 6

= e P T 04 (14)

where the Reynolds number Re, = %, and v is the

kinematic viscosity of air, here we set v = 1.46 X
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Figure 4 Six Types of Terrain Models

10~5m? /s,

4.3 Erosion Model
When sand flow hit the landform, we consider the force
as shear stress

1
tq = Fg/A =5 CaPairVrVr, (15)

then the shear stress erosion equation can be used, and
the erosion mass is as follows:
Se = XjiKs(t—19). (16)
The corresponding air particles conserve the eroded
sediments. If the initial mass of the solid particle has
been eroded completely, it would be removed when
being written into volume texture.

4.4 Transportation

We see sand flow as sediments suspended in the air, so
it moves following the velocity of the wind. This
transport of sand particle is usually represented by
advective quantity M4, = —Vvs-VS . S is the
sediment mass, vy the sediment settling velocity.
According to White*¥, they proposed a donor-acceptor

advection scheme which implements material
advection in SPH method.
Madv

(S
|y (v 8P (gl ), very 20
]

v

S
! lmip_l-("s'fij)F(|1‘ij|'h)' Vs Ty <0
13

(17)
where VW(ri]-, h) = fijF(|rij|,h),
Ijj =1 — I,
fyj = ry;/|ry]
and F is the derivative of the kernel function taken
with respectto |r;;].
The equation shows when the relative position is in
the same direction as the advection vector vy, donor
particle pass on the sediment to acceptor particle. And

the settling velocity for sand particles is as follows:

Vo =512 Pl gl (S), (18)

where p; is the sand density, p, the air density, 7y
the radius of the sand particle, p the viscosity of the air.
If the sediment concentration is higher than the
advection rate is lower, which is represented by the

hindering settling function.
S e
—(—=— <
£(s) =11 )5S Smar (19)
0, S > Smax

where S is the solid volume fraction at acceptor
particle and S, is the maximum concentration in
the sand flow particle. And we set the exponent e to 4.

4.5 Deposition

When the drag force is not sufficient to maintain the
sand concentration in transportation. Then part of sand
grains lost speed and fall down to the ground. It’s what
we called deposition. And in the simulation, if a sand
flow particle gets close enough to existing solid
particles or boundary particles, it deposits on them then
the new solid particle generates. This equation can
represent the process:

Sa ZZj%(Madv_Mc)x (20)
J

where M, is the critical sediment mass for deposition,
and p; is the density of sediment material.

The newly deposited strata of solid particles are the
softest layer in our simulation, which makes them very
quickly to be eroded again.

4.6 Creep

Compared to the fluid simulation, creep is closer to a
rigid-body motion. In our research, we did not divide the
particles into different-sized groups because the multi-
fluid simulation is with high overhead. Referring to the
research by Wang3¥, we consider this situation as a kind
of creep, that sand grains accumulate too much at one
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Figure 5 Architecture Overview

position and the slope angle get over the talus angle then
it collapses and shape changes. We simulate the process
following this equation:

_fyitalyi-yvi—T.)  vi-veT
Yi= { Vi Yji=Yi>Ta @0

5  Arid Terrain

5.1 Overview

As shown in Figure 2, we focus on six types of arid
terrain in this research: zeugen, yardang, mushroom
rock, table mountain, deflation hollow and dreikanter,
which are all prominently shaped by aeolian erosion.
There do exist many other landforms in an arid
environment such as canyon, alluvial fan, sand dune, but
they are either associated with one or more non-aeolian
process like tectonics, glacial and alluvial forces, or
occurs on a tiny scale that cannot be treated within the
same framework.

Zeugens look like ridges in deserts, which has a layer
of resistant rock underlain by a layer of weak rock. Wind
abrasion process turns desert surface into ridges and
furrows. With time the furrows are gradually widened
and the hard rocks remain and become zeugens. As the
abrasion continue to act on them, they get lower and
consequently they are undercut and worn away.

The appearance of yardangs is similar to zeugens, but
they are smaller. Yardangs are ridges formed on vertical
strata while zeugens are on horizontal strata. The
resistant rocks are developed and lie parallel to the
direction of the prevailing wind. And these landforms
are usually undercut on their windward sides.

A Mushroom rock is also called rock pedestal,
hoodoo. Its tower-like shaped features formed from
horizontal bands of differing hardness rocks and
abrasive action of wind. Continuing erosion results in
the softer parts being worn away at a more rapid rate

resulting in the formation of mushroom shapes. We
model it with a changing direction wind and horizontal
Strata.

Table mountain is also called mesa. It’s a kind of flat-
topped tableland with one or more steep sides, common
in the Colorado Plateau regions of the United States. The
harder rock in a table mountain act as flat protective caps
for the underlying rocks. The sediments eroded is
accumulated around the bottom.

Deflation hollows are where loose sand grains are
blown away by wind then the land surface sinks to a
level in which soil particles are too heavy to be lifted or
underground water exist. That armored surface
stabilizes the sand and prevents the surface being
lowered further.

Dreikanter is a type of ventifact that bears the
abrasion in the long term so that characteristically it
forms a pyramidal appearance with sharp edges and
mostly three wind-abrased facets. In the early stage, the
shape is flattened and polished in the direction of the
prevailing wind. It changes the mass distribution,
resulting in the rock turns another surface toward the
wind. The process continues, new faces generated.

5.2 Terrain Model

To realize overhangs and concave terrain, we choose
volume texture as input data structure so that the strata
information can be conserved as voxels. Moreover, the
characteristics of wind are considered in this model as
well.

As shown in Figure 4, A zeugen is modeled with
horizontal strata of different hardness, and the wind
keeps changing. Next, a yardang is modeled with a fixed
direction wind and vertical strata. Then we model the
mushroom rock with a changing direction wind and
horizontal strata with a hard top layer. And the model of

-7-
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Figure 7 The Simulation Results of Six Sorts of Landforms

choose the bitonic sorting algorithm to sort hash grid of
all the particles. Bitonic sorting is a parallel algorithm
particularly suitable for GPU particles,
O(nlog?(n)) with a delay of

a deflation hollow includes changing direction wind and
shallow horizontal strata, the center of which is a soft
layer. As for the dreikanter, instead of rolling it based on
rigid body physics, we model it with three fixed
directions consistent wind and high resistant hardness.

6 Implementation Details

6.1 Architecture Overview

As shown in figure 5, the whole process is executed on
GPU so that it can simulate in a real-time framerate. And
the pseudocode is showed in the appendix. In the
beginning, the strata data is edited in MagicaVoxel,
which is an opensource 3D volume modeling software.
Then the initial terrain is imported as a volume texture,
where every voxel is defined as a 32bit integer with
different resistance to erosion. Layer O is the layer of
sand, which is also most easily eroded.

Then it is transformed into solid particles so that the
terrain can interact with fluid particles. At this time, sand
flow is simulated by a fluid simulation method and
erode the solid particles procedurally. In order to speed
up the nearest neighbor search in fluid simulation, we

whose
complexity is
0(log?(n)).

During the aeolian erosion, completely eroded solid
particles are marked so that they are removed when
transformed back to the volume texture. A user can
pause the process in any time to finally generate the
polygon mesh from the volume texture.

We choose the Marching Cubes method to build the
meshes. In this method, every voxel in volume texture
represents a cube corner either being inside or outside
the volume. The value of each 8 voxels decides the cube
type, which is a case index with 256 possible values.
Then the newly generated vertices lie on the 12 edges of
the cube. By a lookup table, the triangle indexes can be
found. And this simulation is based on the volume
texture so the vertex is exactly in the middle of the edge.
Unity3D helps us recalculate the vertex normal, which
significantly smooths the whole surface.
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Figure 10 Rendering Result of Mushroom Rock
6.2 Specification

Our simulation ran on an NVIDIA GTX 980M, Intel
Core 17-4790K 4.00GHz, and each stage of the solver is
fully parallelizable. It’s implemented with compute
shader in Unity3D. The input volume data is edited in
Magicavoxel. Then we transferred the .vox file to

volume texture. We generated 10,508 boundary

o)

Figure 13 Rendering Result of Dreikanter
particles, 7,320 sand flow particles, 35,109 solid
particles, and the frame rate is around 38 fps. We hashed
more than 50,000 particles into a 3D grid then do the
bitonic sorting algorithm every iteration. The grid we
got can be used in the nearest neighbor searching.

Finally, we choose marching cubes to generate polygon
meshes.
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7  Results

The program restricted the simulation region to the size
of 100 X 50 X 100 containing 500,000 voxels in the
volume texture.

Figure 6 shows an overview of various aeolian eroded
landforms.

Figure 7 shows the simulation results of all Six sorts
of landforms.

Figure 8 shows the rendering result of a zeugen.

Figure 9 shows the rendering result of a yarding. The
images demonstrate the significant visual difference
between vertical strata and horizontal strata.

Figure 10 contains the rendering of a mushroom rock
whose shape is eroded unevenly and the sharp edges and
clear facets demonstrate the features of wind.

Figure 11 is the rendering result of a table mountain,
which present a visual appearance with eroded top and
deposited bottom.

Figure 12 presents the simulation effect on the loose
sand surface which caused a deflation hollow.

Figure 13 shows the simulation of fixed direction
persistent wind abrasion is able to create a dreikanter.

8 Conclusion

We have presented a unified aeolian erosion method that
can handle Six kinds of arid terrain with different strata
settings. With fluid simulation and wind parameters, the
typical features like sharp edges and clear facets caused
by prevailing wind can be generated by our approach.
Besides, with the buoyancy equation and thermal
diffusion, it is possible to simulate the saltation of sand,
which is very helpful to create vertical variations of
concave rocks. Combined with the volume structure of
landforms, it can be proved that our approach
significantly simplifies the generation of arid terrain. By
choosing the position based fluids algorithm, we can
also simulate in an interactive framerate, which
improves controllability as well.

9 Limitations and Future Work

Although the deposition of sand has been accomplished
in present simulation, this research mainly focuses on
landforms eroded by abrasion and deflation process so
the deposited landforms like sand dunes cannot be
handled. Besides, in the arid environment there exist lots
of landforms that related to other complex geological or
climate factors. Therefore, in the future, we hope to find
aunified and concise way to deal with those landforms.

Another limitation of the present framework is the
simulation scale. The sand ripples generated within the
wind field affected by existed obstacles haven’t been
implemented. It’s because present resolution cannot
support that kind of tiny-sized landform, but it can be
created combined with a traditional 2D heightmap.
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11 Appendix

Algorithm 1 Simulation Loop
1: for all voxels i do

solidParticles. Add(z) > volume texture to solid particles
find neighboring voxels j
if ipeight — Jheight > tan(talusangle) then
solidParticles. Add (ihcighe41) &> apply creep
end if
: end for

: for all fluid particles i do
caleulate fruoyancy

U 4 Vi + Vuind + At fere(2:)
;] x; + Aty

: end for

: for all fluid particles i do

find neighboring fluid voxels j
caleulate \;

caleulate Ap;

x; a2 + Ap;

apply vorticity confinement

: end for

20: for all fluid particles i do

find neighboring solid voxels j
calculate farag

caleulate eroded sediments S, i apply acolian erosion
calculate transported sediments M, 4, © apply sediment transportation
calculate deposited sediments Sy 1> apply sediment deposition
: end for

: for all fluid particles i do

find neighboring solid voxels j
calculate temperate T

30: end for

- for all solid particles i do

- apply forces
i predict postions

C Do m oot Wt

W

=

1

> update postions

Mo e
= S © m o

Rl Il R

w 2
S & ® S & E B e

&> solve thermal diffusivity

2w

32 remove eroded particles

33 vorel «— i > solid particles to volume texture
34: end for

35: if generate polygon mesh then

36 apply marching cubes

a7 return 0

38: end if
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