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Fig. 1. Teaser. This teaser shows an example of synthesizing realistic cracked terrain for virtual arid environment generation.
An original virtual terrain created with the existing procedural modeling approach (left half-figure) is automatically converted
into a virtual cracked arid terrain (right half-figure) using our approach to enhance the authenticity of virtual arid environments.

Abstract—Virtual environments play a pivotal role in various
applications such as video games, simulations, and virtual reality
experiences. Creating realistic and immersive virtual arid envi-
ronments necessitates the generation of terrain featuring cracked
surfaces, mirroring the parched landscapes of arid regions.
This paper presents a novel approach for synthesizing realistic
cracked terrain to enhance the authenticity of virtual arid
environments. We explore the underlying principles of terrain
generation, the significance of realistic cracked features, and the
computational techniques used to achieve this realism. Through
a series of numerical experiments, we validate the correctness
of our proposed technical approach for synthesizing realistic
cracked terrain for virtual arid environment generation.
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I. INTRODUCTION

Virtual environments are becoming increasingly indispens-
able for various applications, including gaming, education,
training, and simulation. Terrain generation is a fundamen-
tal aspect of virtual environment creation. Realistic terrain
models are vital for achieving immersive and visually ap-
pealing environments. Various methods, such as heightmap-
based representations [1], procedural modeling techniques [2],
data-driven approaches [3], environments synthesis for virtual
reality applications [4]-[6], genetic algorithms-based land-
scape [7], [8], parametric-controllable terrain [9], [10], De-

launay triangulation-based landscape [11], diffusion equation-
generated landscape [12], software agents-controlled terrain
[13], hydrology features [14], volumetric terrain [15], large-
scale terrain [16], GPU-based geometry clipmaps for ter-
rain generations [17], [18], generative adversarial networks-
based terrain generations [19]-[22], terrain point cloud ren-
dering [23], gradient terrain authoring [24], have been used to
create realistic virtual terrains and procedural landscapes.
However, there is no existing research work that has sys-
tematically explored the procedural modeling approaches to
synthesize realistic cracked terrain for virtual arid environment
generation. Therefore, given this observation, our focus is
on incorporating realistic cracked features into given terrains
through a novel procedural modeling approach. To create
truly immersive experiences in virtual arid environments, the
representation of terrain with realistic cracked surfaces is
paramount. These cracks mimic the natural effects of arid
climates and contribute to the overall authenticity of the
environment. In this paper, we propose a novel method for
synthesizing realistic cracked terrain to improve the visual
quality and immersion of virtual arid environments. As shown
in the example of Fig. 1, cracked terrain synthesized with our
approach is characterized by irregular patterns of cracks, gaps,
fissures, and fractures on the surface, resembling the natural
effects of desiccation and weathering. Simulating cracked ter-
rain adds an extra layer of realism to virtual arid environments.
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Fig. 2. Overview of our approach.

II. OVERVIEW

Fig. 2 shows the overview of our approach to generat-
ing realistic cracked terrains. The process begins with an
arbitrary input terrain with a rectangular shape, where we
initiate our approach by randomly sampling points within this
rectangular area as depicted in (a). Subsequently, we employ
the Bowyer-Watson algorithm [25], [26] to construct a graph
data structure which serves as the basis for our proposed
procedural modeling approach, called Delaunay Triangulation.
After computing the dual graph of the Delaunay triangulation,
the Voronoi diagram is created as visualized in (b). Then,
we propose a novel procedural modeling approach to draw
the Voronoi diagram on heightmap as shown in (c). We
illustrate our method for rendering the Voronoi diagram on
a heightmap, where each Voronoi cell’s edges and vertices are
given distinct elevations according to the gray color of the
heightmap. This heightmap drawn with the Voronoi diagram
forms the foundation for the final step in our process, where we
synthesize a remarkably realistic cracked terrain that mirrors
the intricacies of natural landscapes. In the end, a realistic
cracked terrain is synthesized as shown in (d).

III. TECHNICAL APPROACH

Given a rectangle area of arbitrary input terrain, whose
heightmap is denoted as h(u,v) € [0,1], (u,v) € [0, 1]2. First,
randomly sample n points within this rectangle area as V' =
{V1, V2, ..., Vp, }, where v; = (u;,v;) € [0, 1]2. Next, generate
the Delaunay triangles data structure G = (V, E) using the
Bowyer-Watson algorithm, where E = {e1, e, ..., ¢,, } are m
edges of Delaunay triangles. Then, let G’ = (V', E’) be the
dual graph of the Delaunay triangulation, then G’ is called a
Voronoi diagram. Mathematically, G’ = Vor(G) = (V', E'),
where V' = {v},vh, ..., v}, ...}, v = (u,v,) € [0,1]? and
B ={el, ey, .sep, s e = {vi, Vi = {(u}, v]), (u], v])}.
Finally, we draw the Voronoi diagram on the heightmap
h(u,v) to get a new heightmap h'(u,v) to synthesize the
cracked terrain. Mathematical, h'(u,v) is calculated as:

b (u,v) = (1 = ke(h(u, v),9, €N (u, v))h(u,v), (1)
where « is crack depth and the lowpass function ¢(z, v, €) is:
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where ¢ is border line, € is border error, and the errorpass
function d(d, €) comparing the distance d and error € is:
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In Eq. 1, crack map N(u,v) € [0,1], (u,v) € [0,1]% is an
alphamap to specify the distribution of the cracks on terrain,
which is mathematically defined as:

N(u,v) = {1 [|(u,v) — (u*,v*)]| < A/2

; 4)
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where ) is crack width and (u*, v*) is the point closest to one
of the Voronoi diagram’s edge. Mathematically, we have:

(w',v7) = argmin ¢ ((u",0"), {(uj,v), (uj,v))})  (5)
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where ((p,{q,r}) is the distance between point p and line
segment {q, r}, Mathematically, ¢(p, {q,r}) is calculated as:
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IV. EXPERIMENT RESULTS
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In order to validate the efficacy of our proposed technical
approach, a group of numerical experiments are conducted
on synthesizing cracked terrain for virtual arid environment
generation with different parameter settings. We implemented
our proposed approach using Unity 3D with the 2019 version
and generated these experiment results with hardware config-
urations containing Intel Core i5 CPU, 32GB DDR4 RAM,
and NVIDIA GeForce GTX 1650 4GB GDDR6 Graphics
Card. These numerical experiments are conducted under the
default parameter settings including: random sample points
count n = 200, crack depth x = 0.3, crack width A = 0.1,
border line ¢ = 0.4, and border error € = 0.2.

Fig. 3 shows the results of synthesizing cracked arid terrains
on different types of input terrains revealing distinct and fasci-
nating characteristics. As shown in (a), the cracked arid terrain
synthesized on mountain terrain exhibits rugged, undulating
features, with deep crevices and elevated plateaus, reminiscent
of the natural topography of arid mountain regions. As shown



(a) Cracked Arid Mountain Terrain.

(b) Cracked Arid Canyon Terrain.

(c) Cracked Arid Terrace Terrain.

Fig. 3. Different Terrains. These results are cracked arid terrains synthesized on different types of input terrains.

in (b), when the same cracked arid terrain synthesis process
is applied to canyon terrain, it results in intricate, winding
canyons surrounded by cracked, parched earth, creating an
intricate blend of erosion patterns. as shown in (c), in contrast,
synthesizing cracked arid terrain on terrace terrain showcases a
unique blend of geometric patterns, with terraced steps resem-
bling ancient agricultural practices. These results underscore
the versatility of the synthesis process and its ability to mimic
diverse landscapes while highlighting the interplay between
terrain types and the arid conditions they represent.

Fig. 4 shows the results of synthesizing cracked arid terrains
with varying numbers of random sample points (from 100
to 800) to demonstrate the impact of sample density on the
generated landscapes. (a) With n = 100 random sample
points, the terrain exhibits a sparser distribution of cracks
and features, resulting in a more simplistic, less-detailed arid
landscape. (b) Doubling the random sample points to n = 200
in (b) adds more intricacy to the terrain, with finer cracks
and patterns emerging. (¢) At n = 300 in (c), the terrain
becomes more complex, with a greater level of detail and



(a) Random Sample Points Count n = 100.

(c) Random Sample Points Count n = 300.

(e) Random Sample Points Count n = 500.

(g) Random Sample Points Count n = 700.

(d) Random Sample Points Count n = 400.

(f) Random Sample Points Count n = 600.

(h) Random Sample Points Count n = 800.

Fig. 4. Different Sample Count. These results are cracked arid terrains synthesized with different amounts of sample points.

texture, mimicking the subtle intricacies of arid environments.
(d) Further increasing the random sample points to n = 400
in (d) enhances the overall realism, portraying a dynamic arid
landscape with diverse features. The trend continues, with
the landscapes becoming increasingly sophisticated, showing a
richer portrayal of cracked arid terrains as sample points count
increases. These results underline the importance of sample
density in achieving high-fidelity synthesis of arid terrains.

Fig. 5 shows the results of synthesizing cracked arid terrains
across three distinct terrain subgroups - (a) Mountain Terrain,
(b) Ridged Terrain, and (c) Cross Hill Terrain - with varying
border line settings from 0.0 to 1.0 reveals a wide spectrum of

outcomes. As shown in the results, lower border line settings
such as 0.0 and 0.3 produce smoother terrains, more vegeta-
tion, with subtle surface variations, gradually transitioning to
increasingly rugged and cracked landscapes as the border line
setting progresses towards 1.0.

Fig. 6 shows the details of the synthesized cracked arid
terrain from five different perspectives, each rendered from
strategically placed cameras within the virtual landscape syn-
thesized through our innovative approach. From various an-
gles, it provides an in-depth exploration of the virtual terrain,
showcasing the varying scales of cracked patterns, subtle
elevation changes, and the interplay of light and shadow.



(1) Border Line ¢ = 0.0.

(2) Border Line ¢ = 0.3.

(3) Border Line ¢ = 0.5

(4) Border Line ¢ = 0.7.

(5) Border Line ¥ = 0.9.

(6) Border Line ¢ = 1.0.

(a) Cracked Arid Mountain Terrain.

(1) Border Line ¢ = 0.0.

(4) Border Line ¢ = 0.7.

(2) Border Line ¥ = 0.3.

(5) Border Line ¥ = 0.9.

(3) Border Line 1) = 0.5

(6) Border Line v = 1.0.

(b) Cracked Arid Ridged Terrain.

(1) Border Line ¢ = 0.0.

(2) Border Line ¢ = 0.3.

(3) Border Line i) = 0.5

(4) Border Line ¢ = 0.7.

(5) Border Line ¥ = 0.9.

(6) Border Line ¢ = 1.0.

(c) Cracked Arid Cross Hill Terrain.

Fig. 5. Different Border Line. These results are cracked arid terrains synthesized with different border line settings.

V. CONCLUSION

The creation of realistic virtual arid environments holds
immense potential for various applications, including video
games, simulations, environmental modeling, and geospatial
analysis. In this paper, we introduce an innovative approach
for synthesizing realistic cracked terrain for virtual arid terrain
generation. We discuss the methodology employed, which
involves terrain synthesis, crack pattern generation, and the
incorporation of various environmental factors to enhance
realism. Our approach allows for the generation of diverse arid
terrains, from mountainous deserts to ridge-filled landscapes

and more. Our approach offers a versatile tool for a wide
range of applications. We present results demonstrating the
versatility and fidelity of our approach, including variations in
terrain types, sample point densities, and border line settings.
By providing different parameter settings, our method has
the potential to empower game designers to craft convincing
virtual arid landscapes for gaming, simulations, and more. The
potential impact of this technology on industries such as video
games, and environmental modeling is significant, and it opens
up exciting possibilities for the development of highly realistic
and immersive virtual arid environments.



Fig. 6. Terrain Details. This figure shows the details of synthesized cracked arid terrain. Five different views are rendered from
five cameras placed in the virtual cracked arid terrain that is synthesized with our approach.
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