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In many multimedia applications such as computer games, flight simulation, and special effects for movies, clouds play an important role. In this paper, we present a variety of
techniques for cloud modeling, cloud rendering, and cloud morphing in order to make the
visual appearance of clouds in these applications more effective and interesting. For cloud
modeling, we propose a polygon sampling technique that enables users to accurately model
various types of cloud shapes from a 2D image. Moreover, if a 3D model is available, we
provide a tetrahedron sampling method to model the cloud. In cloud rendering, we present
two line integral convolution (LIC) techniques. The first technique eliminates the Gaussian
blobs caused by the splatting algorithm that is commonly used in conventional cloud rendering while the second one produces a sky plane which increases the visual appearance of
the cloud rendering. Finally, we present a “greedy” morphing algorithm for the purpose of
cloud morphing. This algorithm allows a gradual transition of smooth cloud shapes during
the animation process with only a limited number of frames. Our techniques increase the
visual realism of the appearance of clouds.
Keywords: cloud modeling, cloud rendering, cloud morphing, line integral convolution,
Gaussian blobs

1. INTRODUCTION
It is visually pleasing to have clouds in a virtual scene with a wide sky. As a result,
many techniques have been devised for cloud rendering [1, 2]. Still, some problems remain
unsolved. In this paper, we present an effective framework in order to accomplish our goal
of producing clouds in a virtual scene. In particular, we provide three techniques for cloud
modeling, cloud rendering, and cloud morphing.
In cloud modeling, we adopt the particle approach, and present a polygon sampling
technique. By using this technique we obtain various 3D shapes of a cloud by first sampling the target 2D shape and then stretching it into 3D space. The 2D target shape can be
a cloud image provided by a user. In addition, we can take into consideration a 3D polygon model where our framework can segment this polygon model into a number of tetrahedrons in which the position of the particles in three-dimensional space can be determined by a proposed tetrahedron sampling method.
In cloud rendering, we adopt the splatting technique, [2, 3], which normally maps
Gaussian texture onto billboards. This technique has been widely adopted for most particle-based cloud systems in the computer graphics community. However, Gaussian textures
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have symmetric features in all directions causing an artificial Gaussian blob effect when
using the traditional splatting algorithm for cloud rendering [3, 4]. In a recent article published by Bouthors et al. [4] this visually implausible effect is evident where some artificial non-cottony sharp effects are visible at the edge of the cloud shape, Fig. 1 (a). In this
paper, we propose a line integral convolution (LIC) technique to solve the drawback of
Gaussian textures. The LIC technique considers various gradients to produce LIC textures
from an image given by users. Dissimilar to the Gaussian texture, the LIC texture is asymmetric and due to this significant feature more cottony effects are produced along the edge
of the cloud, as shown in Figs. 1 (c) and (d). Besides, we also present a LIC texture database, which provides various LIC textures produced by controlling a variety of length and
orientation when operating the LIC convolution process. This database enables our framework to allow different appearances in the cloud during the rendering process. In addition, the LIC technique can be used to extract the characteristics of a cloud photograph to
form a LIC texture. This allows us to produce a similar cloud layer by mapping it to the
sky plane, as shown in Fig. 14 (d), producing visually plausible results.

(a) Bouthors et al.’s (b) Real cloud photo- (c) Harris et al.’s method
(d) Our technique.
method [4].
graph.
[3].
Fig. 1. (a) The artificial non-cottony sharp effects are located at the edge of the shape (red circles);
(b) A realistic cloud photography contains cottony edges and convoluted visual effects (red
circles); (c) Artificial Gaussian blobs (red circle) along the edge of the cloud are noticeable
using symmetric Gaussian texture in Harris et al.’s work; (d) The clouds become cottony in
our system using an asymmetric LIC texture database.

The morphing effect is an interesting topic that has been studied in the computer
graphics community, and is an effective animation method used to create special effects in
the entertainment industry. For example, morphing techniques can make monotonous scenes
in movies and games much more vivid and attractive. In user-friendly animation applications, morphing is useful as an important technique for animating key frames. All frames
in an animation clip can be produced by the morphing technique as long as we provide key
models. In this paper, we extend our investigation to cloud morphing. In particular, we
propose a cloud morphing algorithm. To the best of our knowledge, we are the first to present an approach for cloud morphing by using the particle system. Our algorithm extends
the modeling technique to determine the corresponding particle attributes during cloud
morphing with the use of a “greedy” algorithm. Thus, our system can re-form the clouds
that are rendered and transform the appearance of the clouds gradually from the source
shape to the target shape. This provides very plausible visual results.
This paper is organized as follows. In section 2, we present an overview of cloud
modeling and rendering. In section 3, we explain the proposed techniques, including cloud
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modeling, cloud rendering, and cloud morphing. In section 4, we describe some experimental results and present some rendered images. Finally, in section 5, we present our
conclusion and suggest future work.

2. RELATED WORKS
This section presents an overview of traditional cloud modeling, rendering, and
morphing. Cloud modeling is designed as an effort to simulate cloud shapes for a 2D image or a 3D model. Cloud rendering, however, deals with the method of rendering a cloud
image, given a cloud model, by using an appropriate illumination model. We are unaware
of any professional literature for cloud morphing which uses the particle system. Instead,
we will briefly present works about morphing from the image, polygon, and fluid communities.
2.1 Cloud Modeling
The reference literature indicates that the particle system [5] was first used to simulate many natural phenomena, such as fire and gas. Later, because of its simplicity and effectiveness, this system was adopted for cloud modeling [3, 6-9]. Dobashi et al. provided a
method of modeling thin cloud layers with metaballs from satellite images by pixel calculation. However, it took much time to calculate the pixel relations. In this paper, a faster
sampling method is applied to model clouds, and the thickness of the clouds is assigned by
stretching them with a statistical method. As an alternative, Harris et al. [2] used the particle system to simulate clouds with real-time performance. Unfortunately, they focused on
the rendering method, thus little information was given to detail their approach to modeling the cloud in their cloud simulation system. Instead, cloud modeling was considered as
a “black box,” where an irregular random distribution of particles was used in the system.
Overby et al. [7] extended Harris et al.’s work and provided an approach to modeling cumulus clouds and stratus clouds. Wang [9] described a cloud system using particles to
interactively model a dozen different cloud types. This system improves upon an earlier
effort which could model only one type of cumulus cloud. Bouthors and Neyret [6] provided a method which used a hierarchy of quasi-spherical particles to model cumulus
clouds.
The voxel method is an alternative approach for cloud modeling which was proposed
to simulate stable fluids [10]. This approach models the clouds by using a number of grids
where the status of a grid represents the attributes of a cloud. The voxel method provides
the advantage of voxel smoothing and density calculation. It became a popular approach
for producing the animation of clouds [2, 11, 12]. However, the method needs a great deal
of computing time when the dimension of voxel increases. Dobashi et al. [11] provided a
description for cloud modeling using the voxel method. Harris et al. [2] modeled clouds
using the voxel method, and they used partial differential equations to describe the fluid
motion. Liao et al. [12] modeled clouds by the voxel method where a look-up table is employed at run-time to increase the performance.
The procedural solid noise technique is another approach for cloud modeling [1, 13].
In this approach, shapes of the cloud are modeled by using several dedicated functions
with appropriate parameters [14]. Unfortunately, it is difficult to find suitable functions
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and proper parameters to produce a cloud with a desired shape and to control the change of
the shape.
2.2 Cloud Rendering
The intention of cloud rendering is to render an image of a cloud using a particular
algorithm and a specific illumination model. An early approach for cloud rendering was
accomplished by a ray tracing algorithm [15]. However, the algorithm requires much computing time that is not suitable for a real-time system.
Cloud rendering using the splatting algorithm was first introduced by Nishita et al.
[16]. This algorithm was popular due to its simplicity and performance [6, 8, 9, 11, 12].
Dobashi et al. [10] used this algorithm to render clouds in their voxel-based system. Liao
et al. [12] provided a hierarchical texture caching technique to speed up the rendering performance. Harris et al. [2, 3] employed the splatting algorithm and achieved a real-time
performance in their particle system.
A recent publication by Bouthors et al. [4] presents an approach to produce the effect of interactive multiple anisotropic scattering in clouds which simulates light transport
inside a cloud. They use a complex structure to represent a cloud: a mesh is used to describe
the outer cloud boundaries at a low resolution, and a procedural volumetric hypertexture
adds details under the boundary up to a certain depth, until finally the core of the cloud is
considered homogeneous. Their algorithm accounts for all kinds of light paths through the
medium, and preserves the anisotropic behavior caused by various types of light paths.
Rendering is done efficiently in a shader on the GPU. Unfortunately, an artificial Gaussian blobs effect is still generated in the rendering result. Although this side effect can be
improved by using more meshes, this increases the workload for smoothing densities and
calculating attributes. The workloads required then hamper the system in its effort to accomplish the performance of real-time rendering. Angelidis and Neyret [17] presented a
simulation of smoke based on vortex filament primitives where ellipsoid blobs are adapted
to simulate the smoke. However, the shapes of the ellipsoid blobs are close to a symmetric
feature which still produces an artificial Gaussian blobs effect.
In this paper, we employ the particle system because it offers the advantage to achieve
real-time performance. We propose a LIC technique which provides a great deal of flexibility in order to produce non-symmetric LIC textures by controlling the length and orientation in the line integral convolution process. The LIC texture allows us to eliminate the
Gaussian blobs effect when using the splatting algorithm for rendering. Consequently, our
rendering result produces cottony effects around the border edge of a cloud, as shown in
Figs. 1 (b) and 12 (b).
2.3 Cloud Morphing
As we have mentioned before, the morphing effect is an important topic in the field of
computer graphics for a variety of applications in movies, games, and animation applications. So far, there are many morphing techniques for images [18] and polygon models [19,
20]; however, this is not true for clouds. In a fluid system, some morphing techniques were
provided for the physically-based voxel method, such as [21-23], but there are few articles
in the literature about morphing in particle systems. Wu et al. did present a paper entitled
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“particle morphing” [20]. To the best of our knowledge, however, their approach belongs
to the polygon morphing. A basic assumption of their approach requires that the source and
the target polygon contain exactly the same number of triangles, which can be achieved by
the mesh subdivision process. Once this assumption is held, each triangle of the source
object is mapped to that of the target, and each triangle of the source mesh is morphed to
its corresponding one in the target mesh along a modulated user-defined path. Since the
particle system has lower computation complexity than the voxel system, we believe it is
worth investigating techniques to create cloud morphing.
In this paper, we introduce a technique which extends our modeling and rendering
approaches for cloud morphing. The technique we present employs a greedy algorithm to
determine the correspondence for a particle between the source and the target shape. In
addition, using the approach of B-spline interpolation allows our algorithm to change
shapes from the source shape to the target shape smoothly. Our technique considers morphing between particles in the cloud particle system. The proposed technique allows that the
target shape has more particles than those of the source shape in order to provide the
morphing flexibility. We will detail our proposed three techniques in the next section.

3. PROPOSED TECHNIQUES
This section presents our three effective techniques. First, we describe a new technique for cloud modeling, followed by techniques for cloud rendering and morphing. The
flow chart of the proposed algorithms is shown in Fig. 2. The framework consists of three
techniques, cloud modeling, rendering and morphing. First, given a 3D polygon model or
a target 2D Shape as an input, our framework produces a cloud model using the proposed

Fig. 2. The flowchart of the framework.
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cloud modeling algorithms. In cloud rendering, an LIC texture database will be produced
first using a hybrid LIC technique together with a user-drawn gradient image and Gaussian
texture. Then, the cloud model will be rendered by referring to the constructed LIC texture
database using the splatting rendering algorithm. Finally, in cloud morphing, two cloud
models are considered as the source and target models. Then, the in-between frame models
can be generated using the proposed cloud morphing algorithm. We detail each process in
the following sections.
3.1 New Cloud Modeling Techniques
In this paper, we use the particle system for cloud modeling. We present the polygon
sampling and tetrahedron sampling for cloud modeling. The first technique aims at effectively sampling the inputs of 2D shapes, and the second one aims at an effective sampling
of the input of 3D models. Both sampling techniques determine the positions of particles,
from which we can produce smooth densities of the particle. Once the attributes of particles are decided, the cloud model is rendered by the splatting algorithm. The following
three subsections explain our approach of forming the cloud model and effectively making
a smooth density of the particle for cloud rendering.
3.1.1 Polygon sampling
Given an input image containing a target shape, such as the bunny in black shown in
Fig. 9 (a), we need to generate particles to represent this object in order to model a cloud.
We achieve the goal of particle generation by the sampling technique. In the beginning, we
transform the target shape to a polygon structure containing points and indexes. As shown
in Fig. 9 (b), the polygon structure can be constructed by tracing out the contour of an image, and recording its points and indexes as the green line. We then begin sampling in this
close region. Our method selects a point from the bounding rectangle of the polygon and
uses the grid method [24] to decide whether or not the selected point is in the polygon. By
the use of stratified sampling and repeating the above steps, we can sample a polygon with
the target shape. Since we perform with stratified sampling, uniform sample points are distributed in the polygon. However, uniform distribution makes the edge of the cloud noncottony. For this reason, we adjust the particle distribution by a heuristic method making
the distribution tighter in the center than around the edge. Finally, we stretch these points
produced in a 2D plane into a 3D space.
In the following sections we will explain the adjustment of the distribution, and the
selection of the third coordinate for 3D. We also present a method for calculating smooth
densities.
3.1.1.1 Adjusting the distribution
The point is uniformly distributed after the polygon sampling, as shown in Fig. 9 (a).
Unfortunately, the uniform distribution leads to a drawback where the details of the target
shape disappear even when we have generated large amount of particles; for example, the
ears of the Bunny rabbit are difficult to visualize. To maintain the details we adjust the
distribution in such a way that the distribution is tighter in the center but sparser around
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the boundaries. Our distribution adjustment method is a heuristic technique using a random
parameter (ε) in the range of [0, 1], which controls the shifting distance of a particle. First,
we produce the medial axis from a 2D skeletonization algorithm [25], as shown in yellow
lines inside the Fig. 9 (b). Then, each particle (p) finds the nearest point on the medial axis
(q). We can compute the normal vector Npq and the distance dpq between the particle p and
the point q. Finally, we move the original particle to its new position p′ using Eq. (1), where
dmax represents the maximum distance within the whole particles between a particle p and
its associated point q.
p′ = p + (dpd/dmax) × ε × Npq

(1)

3.1.1.2 Stretching 2D data set to a 3D space
We produce two-dimensional points (x, y) in a 2D plane after adjusting the particle
positions. We need to stretch them from a 2D plane to a 3D space in order to create threedimensional points (x, y, z). A naïve approach is to assign the z-axis coordinates randomly
within the maximum z-axis coordinates, Zmax. However, this approach may result in two
defects. The first defect is that a blob effect may appear around the edge of the cloud because there are as many particles around the edge as the center. The second defect is that
this may construct a cloud with an unnatural shape. The nature of clouds reflects that a
more reasonable distribution of a cloud model is that it is thicker in the center and thinner
at the edge. Thus, we derive the z-axis coordinates by a non-uniform sampling technique.
Let R(x, y) be the z-range of a two-dimensional points (x, y) in the XY-plane. R(x, y) can
be represented using Eq. (2.1),
R(x, y) = Dmax(x, y) − D(x, y),

(2.1)

where D(x, y) and Dmax(x, y) are the distance and the maximum distance between (x, y) and
the center (xe, ye). We then employ a probability density function (pdf), shown in Eq. (2.2)
to obtain a cumulative distribution function (CDF), shown in Eq. (2.3). By giving a random
number ε that is in the range of [0, 1], we can sample the z values as shown in Eq. (2.4).
f ( z) =

2
( R ( x, y ) − z )
R ( x, y ) 2

F ( z ′) = ∫

z′
0

2
( R ( x, y ) − z )dz
R ( x, y ) 2

z ′ = R ( x, y ) − R ( x, y ) × 1 − ε

(2.2)
(2.3)
(2.4)

In this way, a virtual 3D cloud model can be formed from points set in a 2D plane,
and the positions of the particles in the cloud are all decided.
3.1.2 Sampling in 3D polygonal model with tetrahedron
In addition to using a 2D shape to model clouds, it would be more convenient to have
had a 3D model. When modeling clouds from 3D models, sampling in a polygonal model
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is also a problem. As mentioned before, the main sampling distribution is tight at the center,
and loose at the edge. For this purpose, we use a non-uniform sampling method to solve
this problem. The point about this solution is that it becomes clear that each model can be
divided into tetrahedrons from the points on the medial axis. It implies that as long as we
can sample all of the tetrahedrons, the model is sampled too. The main advantage of the
tetrahedron is that its sampling can be easily controlled. For example, our demand here is
tighter at the apex and looser at the bottom, since all tetrahedrons use the points on the
medial axis which is undoubtedly within the model as the apex. Thus, all we have to do is
to find the medial axis of the model and sample them by the tetrahedron method. These
detail issues are taken up in the next sections.
3.1.2.1 Extracting the medial Axis by skeletonization
Extracting the medial axis from a 3D model is a well-known problem of computer
graphics. Thus, there are many existing solutions to this problem. The most useful and
famous method is skeletonization. It is a technique that finds the diaphysis of a model with
volume representation by thinning it. Recently, Cornea et al. [26] provided an algorithm to
compute curve-skeleton, which is called the medial axis here, as Figs. 3 (a) and (b). Thus,
in our method, we just only first voxelize [27] the model, and then extract the medial axis
by computing the curve-skeleton. Next, the medial axis is transformed back to the coordinate axis of the model. There is no need to go into detail about voxelization and curveskeleton here because these topics are discussed in previous literature [26, 27].
After extracting the medial axis, each triangle face takes the nearest point on it as the
apex constructing a tetrahedron, and then, the tetrahedron sampling method is taken.

(a) The 3D cattle model.
(b) The medial axis of the cattle model.
Fig. 3. Extracting the medial axis from a 3D model by the curve-skeleton.

Fig. 4. Each triangle face finds the nearest point
on the medial axis to establish a tetrahedron.

Fig. 5. The tetrahedron sampling chart.
Samples are produced, AE = h.
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3.1.2.2 Sampling in a tetrahedron
The next step reveals that for each tetrahedron in the model, the apex is on the medial
axis. Since we extracted the medial axis in last section, each triangle face can establish a
tetrahedron by connecting to the nearest point on the medial axis, see Fig. 4. It is now obvious that if all the tetrahedrons are sampled tighter at the apex and looser at the bottom,
the model would be sampled tight at the center, and also loose at the edge.
For our purpose, we derive a CDF for sampling a tetrahedron by deciding the height
h′, as seen in Fig. 5. The h′ can be formulized with respect to the height h of the tetrahedron, as shown in Eqs. (3.1) and (3.2).

CDF =

h′3+ n (ΔBCD)
h 2 (3 + n)
3+ n

h
h 2 (3 + n)

′3+ n
= h 3+ n
(ΔBCD) h

⎧ n = 0,
⎪ n = 1,
⎪
h′ = h n + 3 CDF , ⎨
⎪ n > 1,
⎪⎩ n < 0,

unform
linear increase
nonlinear increae
nonlinear decreae

(3.1)

(3.2)

Eq. (3.2) shows when n < 0, the distribution of points decreases nonlinearly from the
apex A to the bottom triangle BCD. When the height h′ is derived, a unique triangle ΔB′C′D′
is determined, allowing us to uniformly sample this triangle. Our demand for the distribution of samples is to produce more samples in apex A which is located at the inner part of a
cloud, and to generate fewer numbers of samples at the bottom triangle ΔBCD.
One well-known approach is that of uniformly sampling a triangle as shown in Eq. (4),
P = B ′ + ε 2 × ε1 × (C ′ − B ′) + (1 − ε1 ) × ( D ′ − B ′),

(4)

where ε1 and ε2 are two random floating numbers between [0, 1].
As to the sampling number, a user-controlled density D is defined as the sampling
number per voxel. Thus, in each tetrahedron, the sampling number SN is expressed by Eq.
(5),
SN =

V pyramid
Vvox

× D,

(5)

where Vpyramid is the volume of the tetrahedron, and Vvox is the volume of each voxel. Note
that although our system uses the particle system, we need to subdivide the 3D space of a
given 3D polygon model into a number of desired voxels in order to produce the sampling
numbers SN.
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3.1.3 Smoothing the particle density
In addition to determining the positions of the particles, another attribute of particles
needs to be computed in cloud modeling in order to render more realistic clouds. In previous papers about particle systems [1-3], densities are randomly assigned or procedurally
controlled. The above methods calculate unexacting densities, but may result in an unnaturally granular appearance on the cloud surface.
For this reason, we present an approach to smooth particle densities. First, we construct a voxel structure by dividing the bounding box of the cloud model into n × n × n / 2
voxels. Second, using Eq. (6), we calculate the density of each voxel based on the number
of particles it contains over the maximum particles in these n × n × n / 2 voxels.
Vd (i, j , k ) = N (i, j , k )/N max

(6)

In this equation, Vd(i, j, k) represents the density of V(i, j, k) we intend to derive, N(i, j, k)
indicates the number of particles inside this voxel, and Nmax is the maximum particle
numbers of all of the voxels.
Finally, we smooth the densities for each particle using a weighted function by considering the densities of the nearby voxels, as shown in Eq. (7):
pid =

N

∑

i , j , k∈Ω ( R )

Vd (i, j , k ) f (|Pip − V p (i, j , k )|),

(7)

where Pid defines the density of the particle Pi, N is the number of voxels near Pi in a
distance of R, Pip and Vp(i, j, k) defines the positions of Pi and V(i, j, k), and f is a weight
function dependent on the distance between Pi and V(i, j, k), a simple case is the inverse
proportion function. Using this smoothing method, the densities of particles may be closer
to their neighbors.
3.2 New Cloud Rendering Techniques
Once cloud modeling is completed by the techniques stated in section 3.1, we are able
to show the cloud on a screen by our cloud rendering technique, which we will explain in
this section. Our method improves the splatting algorithm cited previously by the use of
LIC (line integral convolution) [28]. This technique makes pixels of an image convoluted
when following a given gradient image.
In the original splatting algorithm, cloudy Gaussian map textures are mapped on billboards as particles. However, if all the particles are mapped in that way, this will result in
producing the side effects of the artificial Gaussian blobs shown in Fig. 1 (a). This is because the Gaussian textures have symmetric features in all directions.
For this reason, we use LIC to form various types of convoluted and asymmetric
cloudy textures with different lengths and directions from the Gaussian texture, and then
we map them on the billboards with a hybrid method. In this way, we can reduce the effects of the Gaussian blobs, and achieve more cottony and convoluted effects around the
edge of the cloud, as shown in Fig. 1 (b).
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Another advantage of LIC is that it can be used to produce a sky plane with a convoluted cloud layer from a realistic photograph of the cloud layer, as in Fig. 14 (c). The following section explains our new cloud rendering technique.
3.2.1 Cloud rendering
The splatting algorithm divides cloud rendering into two steps: the preprocess step
and the process step. The former calculates the base colors of particles by a scattering theory; the latter maps textures with different densities and colors on the billboard.
Our method of rendering a cloud with the splatting algorithm gives much better performance and offers better visual effects than other methods previously presented. With
the preprocess step, shades under the simulated cloud layer absorb less sun light. This effect cannot be produced by the procedural texture method. The process step maps textures
on the billboard by hardware performance. Given the abilities of the hardware, the performance rendering cloud can be real-time. However, such performance cannot be reached
by the ray-tracing technique.
Since the splatting algorithm is better than the procedural texture in visual effect and
the ray-tracing technique in its performance, we use the splatting algorithm. However, we
improve its visual effect for cloud rendering.
3.2.2 Hybrid LIC textures
As stated above, for reducing the Gaussian blobs and more cottony effects, we cannot
use just a Gaussian texture for the splatting algorithm. Consequently, other kinds of textures should be used for mapping on billboards.
Our method produces textures by the LIC technique from the Gaussian texture. In
this way, convoluted cloud textures are produced as indicated in Fig. 6. More obvious
cotton effects are shown by mapping them on billboards; see Figs. 11 and 12.

(a)

(b)

(c)

(d) Length = 20. (e) Length = 30. (f) Length = 40. (g) Length = 50.

(h) Length = 60. (i) Length = 20 (j) Length = 30 (k) Length = 40
with a rotation with a rotation with a rotation
angle.
angle.
angle.

(l) Length = 50
with a rotation
angle.

(m) Length = 60
with a rotation
angle.

Fig. 6. (a) A symmetric Gaussian texture; (b) User-draw gradient images; (c) The visualized gradient
image which demonstrates the feature of “normal to gradient”; (d)-(h) are produced LIC cloudy
textures with different lengths; (i)-(m) are the textures adjusted by an image-moment based algorithm rotated by an upright angle.
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Fig. 7. A two-dimensional gradient image with different vector directions where the LIC is operated
along the local stream line starting in cell (x, y) [28].

The original LIC technique takes three inputs, the gradient image, the source image,
and the convoluted length. The gradient image dominates the gradient data of the output
image; the source image dominates the pixel color of the output image; and the convoluted
length allows users to control the degree of convolution. The LIC algorithm calculates an
output image from the source image. Each output pixel is related to the corresponding
vector of the gradient image and the vectors walking forward one grid and backward one
grid, as in Fig. 7. This technique has already been introduced in the field of image processing [28]. Here, we use it to produce a convoluted cloud texture.
In our system, the gradient image is an input image drawn by users, and the source
image is the Gaussian map texture. By controlling the lengths and the gradient image of
the LIC technique, we can produce various user-controlled cloud textures, as shown in
Fig. 6. The input Gaussian texture in Fig. 6 (a) acts as the source image, and Fig. 6 (b) is
a user-drawn gradient image, while Fig. 6 (c) is the visualization of the vector distribution in Fig. 6 (b). Figs. 6 (d)-(h) indicates the result after the LIC operation with different
lengths. In addition, for a more suitable cloudy texture, we smooth the LIC results with
some iteration.
(1) The LIC Texture Database
In opposition to the Gaussian texture, the LIC texture is an asymmetric shape. Thus,
it is necessary to induce some control on the texture’s direction and LIC length, and we
build the LIC texture database to do this. After producing each length of LIC texture, we
rotate it to the upright angle as the 0° texture. The upright angle can then be calculated
automatically by the image-moment based algorithm [29]. By this method, each LIC texture with different lengths can be calculated by an object orientation, θ, and then the upright angle here is − θ. The 0° LIC texture can be derived by rotating the LIC texture, − θ,
shown as Figs. 6 (i)-(m). From the 0° LIC texture, 24 textures with different angles 0 −
360° can be made by rotating 15° for each iteration. In this way, the LIC texture database
with about 24* length textures is built.
(2) Choosing a Suitable Texture for Particles
For each particle, we assign the LIC length and texture direction as indexes to choose
a suitable texture.
When choosing the most suitable LIC texture for a particle, both the LIC length and
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the LIC texture direction must be taken into account. First, in view of the length of the LIC,
it becomes apparent that the further away from the center of the model that the particle is,
the longer the LIC needs to be in order to produce cottony effects. In this way, the edge of
the cloud would be seen as cottony and non-Gaussian blobs.
Thus, the length of each particle can be written as Eq. (8):
Pl = Minl + (

|Ppos − Cen|
Maxdis

) 2 ( Maxl − Minl ),

(8)

where Pl is the particle’s LIC length, Minl is the user-defined minimum LIC length, Ppos is
the position of the particle, Cen is the core of the cloud, Maxdis is the maximum distance
between the core and the particles, and Maxl is the user-defined maximum LIC length. By
using Eq. (8), the length of the particle will be longer at the edge and shorter at the center
of the cloud.
Second, the texture direction of the particle can be decided by the relation between
position of the particle and the center also. Thus, the texture direction of each particle θ
can be written as Eq. (9):

θ = cos −1

Proj ( Pvecx )
Proj ( Pvecx ) 2 + Proj ( Pvecy ) 2

,

(9)

where Pvecx and Pvecy are the vector between the center and the particle. The Proj() function
calculates the projecting coordinate of the vector to the view plane. This can be implemented by OPENGL function quickly. After deciding the length and texture direction of
each particle, the LIC texture can be picked from the texture database quickly.
3.2.3 LIC cloudy sky plane
Another use of LIC in cloud rendering is to produce a cloudy sky texture which is
mapped on a far sky plane. Previously, unnatural sky planes have been produced by procedural texture techniques because the functional control could not simulate a realistic sky
well.
Now, we can select a method to produce a realistic sky plane from a picture of a cloud
scene by using the LIC technique. First, we utilize a photograph of a real cloud scene as
a source image. Secondly, we process the picture by using the image matting algorithm
which is canvassed in [30]. This produces a texture with the cloud scene trait, see Fig. 14
(b). However, this texture still does not produce a good cloudy sky plane because of its
sharp edge. Instead, we use the LIC technique which causes the texture to be more convoluted, thus generating a more naturally fluid effect. The non-convoluted sky plane is the
input as a source image in the LIC technique, and the most suitable gradient image is the
photograph itself. Since we have both the source image and the gradient image, the LIC
technique can be adopted for them. Fig. 14 (c) is an example demonstrating an LIC cloudy
sky plane, while Fig. 14 (d) shows the result of mapping the cloudy sky plane to a sky
scene. By using the LIC sky plane, we reproduce the effects of far away cloud layers in a
sky scene.
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3.3 A New Cloud Morphing Algorithm
By using our modeling and rendering methods, it is easy to achieve cloud morphing
effects since cloud morphing is a technique that re-shapes one cloud model to another. For
this purpose, we need to have two cloud models, a source model and a target model with
equal numbers of particles first. Both of them can be produced easily by our cloud modeling method, and the cloud morphing algorithm can be started. All we have to do is deform the source to the target model.
3.3.1 Correspondence of the source and target models
We need to find the correspondence between the particles in the source and target
cloud models, because inappropriate correspondence may produce an unpleasant visual
morphing effect. A good frame model ensures that in both the source and target models the
traits are similar. In this paper, we provide a “greedy” algorithm to accomplish this goal. In
our method we compare the source model with the target model in order to determine the
pair of points which has the shortest path, as described below.
First, for each particle number i in the source model PSi we find the particle number
j in target model PTj that has the minimum distance (PSi, PTj). Then, we exchange attribute PSi and PTj, where {PS1, PS2, …, PSn} ∈ PS, {PT1, PT2, …, PTn} ∈ PT. For example, if we assume n = 5, this means that the source group {PS1, PS2, PS3, PS4, PS5} ∈
PS and the target group {PT1, PT2, PT3, PT4, PT5} ∈ PT. For PS1, assume that (PS1, PT4)
has the minimum distance. Then, the attribute of PT1 and PT4 will be exchanged in PT,
and this will produce a new sequence {PT4, PT2, PT3, PT1, PT5} in the target group.
Once all the particles in the source group are processed, we can produce a corresponding
sequence between the source group and the target group.
After handling the particles as above, particles in the target model will automatically correspond to the source model with the shortest distance. This process is the
greedy method of finding the correspondence with the shortest distance between the entire source model and the target model using a number of stages. The greedy method
chooses a local optimum at each stage. By using this method, we can obtain a potential
optimum mapping in the time complexity of only O(n2). Optimum mapping may exist,
and we need to find it by a brute force method; however, the time complexity, which is
O(n × n!), is much higher.
The method mentioned above is only suitable if the number of points of the source
model is equal to that of the target model. In other words, it is a one-to-one correspondence between both of them. However, not every model has an equal number of points.
The bigger the cloud is, the more points need to be sampled in order to describe it. To improve this greedy method, we propose a way of using this method in a reiterative manner
in order to find the one-to-multiple or multiple-to-one correspondence.
Our method assumes both the particle set of the source model {PS1, PS2, …, PSm} ∈
PS , and the particle set of the target model {PT1, PT2, …, PTn} ∈ PT, where m < n, and n =
a × m + k, and where k < m. At first, {PS1, PS2, …, PSm} finds a correspondence with {PT1,
PT2, …, PTn} by this algorithm, and the members of the set automatically fall into rank as
{PT1, PT2, …, PTm}. After that, a reiterative action between the set {PS1, PS2, …, PSm}
and {PTm+1, PTm+2, …, PTn} finds the final set {PTm+1, PTm+2, …, PT2×m}. Here, an element
in {PTm+1, PT m+2, …, PT2×m} finds its group, and maps to identical elements in {PS1,
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PS2, …, PSm}. By repeating this kind of action a times, {PT1×m+1, PT2×m+1, …, PT(a-1)×m+1}
automatically is a group mapping to the identical element PS1. Similarly, elements in the
set {PT1×m+z, PT2×m+z, …, PT(a-1)×m+z} map to the identical element PSz, where 1 < z < a − 1.
Finally, the remaining elements do not know that their group in PT is {PTa×m+1, PTa×m+2, …,
PTa×m+k}. Reverse mapping can be introduced here. Elements in the set {PTa×m+1, PTa×m+2,
…, PTa×m+k} can find their group by using greedy algorithm mapping from the target set
{PTa×m+1, PTa×m+2, …, PTa×m+k} to the source set {PS1, PS2, …, PSm} and add themselves
to their groups. In this way, a one-to-multiple correspondence can be found.
When, or if, m > n, there is a simple solution: the method above can be introduced by
reversing itself. The mapping can go from PT to PS, instead of PS to PT. In this way, a
multiple-to-one correspondence can also be found.
3.3.2 Cloud morphing technique
Since we have found a correspondence between the source and target model, a morphing technique should be proposed in order to move the source positions to the target positions. An easy morphing technique of linear interpolation can be applied to do this.
However, if all the particles move by a linear route, uneven lengths of the paths of particles
will happen. The result would be that some particles would be almost motionless, while
some others would move far between neighboring frames. Because of this, it would waste
more frames to make the morphing smooth. For this reason, a non-linear interpolation using B-Spline curve is provided here to make the lengths of the particles’ paths stable. A
B-Spline is a curve that fits generated data. Therefore, if the positions at the first frame
(source positions), at the last frame (target positions), and at the middle frame (refining
points) are known, all the other positions at other frames can be calculated by a B-Spline
curve. The point about our method is that the shorter the path of the particle, the farther
refining point we give it.
Thus, for each particle, we calculate a refining point based on its shortest path length.
The refining point RF can be shown as Eqs. (10.1)-(10.3):
JJJG
RF = S + T + ST ⊥ × h,
2
JJJG
JJJG
JJJG
JJJG
ST ⊥ = Normalize( rndx, rndy , ST ( z ) − ( ST ( x ) × rndx + ST ( y ) × rndy )),

h = rnd(Maxdis − dis),

(10.1)
(10.2)
(10.3)

where S is the source position, T is the target position, ST⊥ is a calculated vector perpenJJJG
dicular to the vector ST , h is the calculated distance between RF and ST , rndx and rndy
are two random floating numbers in the range of [0, 1], and the function rnd(i) means that
an entry i of this function will produce the desired random values in the range of [0, i].
The term dis represents the distance between the source and the target positions. The term
Maxdis is the maximum distance of all particle pairs, and the sketch of our idea is shown
in Fig. 8.
After getting the refining points, the B-Spline curve can be used to interpolate all
positions at each frame. As to the calculation, we decide F by a statistical method for a
smoother transformation, as shown in Eq. (11)
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Fig. 8. B-spline interpolation diagram. For balance the distances, the nearest correspondence points
have longer h.

F=

(dismean + 2 × disvar )
,
dissmooth

(11)

where dismean defines the mean of the distance between all pairs of corresponding particles,
disvar defines the variance of distance between all pair correspondence points, and dissmooth
is a user-controlled parameter meaning the longest distance the particles can move smoothly
between neighboring frames.
In this way, frame models can be produced with their frame number. All we have to
do now is to render them by our rendering method, and the cloud morphing effect is realized by our cloud morphing techniques.

4. RESULTS AND COMPARISON
In this section, we present results about cloud modeling, cloud rendering, and cloud
morphing. Our experimental results were conducted on a PC with 2.8 GHz processor and
128 MB display card.
In cloud modeling, we tested cloud models using polygon sampling. Fig. 9 (a) shows
the stratified sampling result. Fig. 9 (b) shows our polygon sampling result where the yellow line is the skeleton, and Fig. 9 (c) shows the YZ-plane sampling result that is produced
for particles. There were 8000 particles in the model, and it took 0.36 seconds to sample
the model. Fig. 9 (d) shows the rendered result before the particle adjustment where we
employed the conventional Gaussian texture for rendering. As expected, the Gaussian
blobs effect is visualized and the details of the ears are not preserved. Fig. 9 (e) shows the
rendered result using stratified sampling for modeling, but employs the proposed LIC textures technique for rendering. We find the Gaussian blobs effect has disappeared. However,
the details of the shape cannot still be preserved due to the stratified sampling approach.
Fig. 9 (f) shows the rendering result using our sample adjustment for modeling but using
conventional Gaussian textures for rendering. In contrast to Fig. 9 (e), Fig. 9 (f) preserves
the details due to the contribution of our particle adjustment strategy. However, the Gaussian blob effect is still visible. Finally, Fig. 9 (g) shows the rendered result using the particle adjustment for modeling and the LIC texture for rendering. This is the final result produced in our system: it preserves the details by using the particle adjustment strategy and
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(d) Stratified sampling and Gaussian
texture.

(g) Adjusted sampling and
(f) Adjusted sampling and
(e) Stratified sampling and
LIC textures.
Gaussian textures.
LIC textures.
Fig. 9. Cloud modeling from a binary image (a) XY-axis polygon sampling result; (b) XY-axis adjusted sample result with skeleton; (c) YZ-stretched sampling result; (d)-(g) rendering results.

(a)

(b)

(c)

(d)

(e)
(f)
(g)
(h)
Fig. 10. Model clouds from 3D models (up to bottom: Elephant, Teddy, Cow, Ateneal).

Table 1. Cost of our cloud modeling method.
Model
name
Elephant
Teddy
Cow
Ateneal

Triangle
faces
979
1,595
2,920
9,394

Sampling
points
9,404
13,492
15,909
34,832

Sampling
time (sec)
0.28
0.33
0.56
1.32

Performance
(FPS)
60-110
60-110
60-110
30-80

eliminates the Gaussian blobs effect by using the LIC texture. Our system demonstrates the
real-time performance by achieving the least frame rate of 90fps.
Fig. 10 demonstrates that four cloud models can be produced in our system by using
3D polygonal models, Elephant, Teddy, Cow and Ateneal. The sampling costs are detailed
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in Table 1. Similarly, with the aid of our sampling method and the LIC technique, the
details are preserved and the Gaussian blobs are unseen.
In cloud rendering, we first compare the rendering result of the cloud model “singlecloud,” which is provided in Harris’ skyworks [3]; see Fig. 11. Both the rendering performances reach real-time with a speed of 110fps and above. However, there are obvious
artificial Gaussian blobs in Fig. 11 (a), while there are cottony effects in Fig. 11 (b). We
also render a cloud scene call “small sky” in the Harris’ skyworks with both the traditional
splatting algorithm by Harris [3] and our hybrid LIC technique as shown in Fig. 12. There
are some cloud details in Fig. 13. Both rendering performances reached real-time with a
speed of 50fps and above. However, this makes it clear that our hybrid LIC technique has
no artificial Gaussian blob side effects, which is obvious in the results of Harris.
Fig. 14 shows the results of the LIC cloudy sky plane. Fig. 14 (a) is a photograph of
a cloud scene, and Fig. 14 (b) shows the results of extracting cloud traits by our method,
while Fig. 14 (c) shows the cloudy sky plane after the LIC process. Finally, Fig. 14 (d) is
the result of mapping the sky plane to form a scene.

(a)
(b)
Fig. 11. Single cloud model rendered with (a) Harris method using Gaussian textures produces Gaussian blobs and (b) our method using the hybrid LIC textures generates clouds with the cottony effect.

(a)
(b)
Fig. 12. A comparison of the rendered scene using (a) Harris method and (b) our method. When the
view is on top of the clouds, there are many artificial Gaussian blobs using Harris et al.’s
method, but they become cottony using our hybrid LIC texture approach.

(a) Harris et al.’s method [3].
(b) Our hybrid LIC textures.
Fig. 13. Cloud details in the rendered scene with (a) Harris et al.’s method (Gaussian textures) and
(b) our hybrid LIC textures. There are many artificial Gaussian blobs in (a), but in (b) the
clouds are cottony.
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(a)
(d)
(c)
(b)
Fig. 14. (a) Real cloud photograph (b) extracted cloudy trait (c) LIC cloudy sky plane (d) LIC cloudy
sky plane mapped to a sky scene.

(a)

(c)

(b)

(e)
(d)
(f)
Fig. 15. Cloud morphing from (a) the cloud font “CLOUD” to (f) the cloud font “MORPH.”

RMS

Cloud Morphing Comparison Using Three Methods
1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0

Random
mean=1.393 499 Frames

Greedy-linear
mean=1.371 388 Frames

Greedy-Bspline

mean=1.346 356 Frames

0

40

80 120 160 200 240 280 320 360 400 440 480 520 560

Frames

Fig. 16. The root mean square (RMS) error between two consecutive frames.

In the cloud morphing algorithm we implement an example morphing from the source
model, appearing as the word “CLOUD,” to the target model, appearing as the word
“MORPH.” There are 10,000 particles in the source and 15,000 particles in the target
model, and 356 frames models are produced in 29.453 seconds by using the greedy algorithm and the B-Spline interpolation. Re-forming processes are shown in Fig. 15 and the
attached file “01-Greedy Corresponding.avi.” For comparison, a morphing result using the
random particle correspondence is also provided as the attached file “02-Random Corresponding.avi.” It is evident that the morphing behavior is made smoother by the greedy
algorithm because of the shortest path correspondence between both models. Besides, the
two morphing results using the Bspline Interpolation (03-Bspline Interpolation.avi) and
the linear-interpolation (04-Linear Interpolation.avi), as shown as the attached files. We
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find that the linear interpolation produces more superfluous frames than the B-Spline one.
In Fig. 16 the root mean square (RMS) errors are indicated between two consecutive frames.
It is clear that the approach of using the Greedy correspondence and the Bspline interpolation (yellow line) produces more stable variation than the other two approaches.

5. CONCLUSIONS AND FUTURE WORKS
In this paper, we presented three techniques for cloud modeling, cloud rendering, and
cloud morphing. Two sampling techniques are proposed for cloud modeling, the LIC technique is presented for cloud rendering, and the greedy morphing algorithm is developed
for cloud morphing.
Given an image, a 2D polygon can be produced. By sampling this 2D polygon and
stretching samples into 3D space, we produced a number of cloud particles with the desired shapes in a short time. In addition, our system can model a cloud using a 3D polygon
model. By segmenting the 3D model into a number of tetrahedrons, we can operate the
proposed tetrahedron sampling method in order to produce cloud particles that are tighter
in the center but sparser around the edge.
We presented two approaches for cloud rendering. The first is the LIC texture database, and the second is the LIC cloudy sky plane. The LIC texture database produces LIC
textures using a different length and orientation. When rendered by the splatting algorithm, the LIC texture database reduces the visually implausible Gaussian blob effect that
is visualized when using the conventional Gaussian texture. In addition, the LIC texture
database produces various kinds of cloud appearances by using different gradient images.
The LIC cloudy sky plane produces the sky with texture from a real cloud photograph and
this increases the visual realism of the cloud rendering.
Finally, we provided a cloud morphing algorithm which has not been reported in previous literature. Our algorithm determines particle correspondence in the shortest path between the source and the target models. We adopt the B-Spline interpolation rather than
the linear interpolation to stabilize the distance between frames. This ensures a smooth
transformation for cloud morphing, producing coherent morphing effects.
In conclusion, experimental results demonstrate that our proposed techniques increase
the visual realism of the cloud appearance, making the results more effective and interesting.
In the future, we intend to develop an alternative approach for stretching particles in
2D to a 3D space. Another possible work is to find an even better correspondence technique for cloud morphing.
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