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Abstract. Like many natural phenomenon, clouds are often modeled
using procedural methods, which may be difficult for an artist to con-
trol. In this paper, a freehand sketching system is proposed to control
the modeling of volumetric clouds. Input sketches are used to generate
a closed mesh, defining the initial cloud volume. Sketch analysis as well
as the elevation at which the cloud is drawn is used to identify the cloud
type and then generate a mesh with the appropriate characteristics for
the determined cloud type. The cloud volume can then be edited us-
ing Boolean operations that allow for addition and removal of material
from existing clouds. The proposed modeling system provides an intu-
itive framework for generating individual clouds and entire cloud fields,
while maintaining the interactive rates necessitated by the sketch-based
paradigm.

1 Introduction

The visual aspects of clouds add
a great deal to interactive outdoor
scenes. The inclusion of fully volumet-
ric clouds through the use of particle
engines adds even more to a scene by
providing a realistic feel. However, the
variable nature of clouds makes them
very difficult and time consuming to
model by conventional means. Thus,
a faster and more intuitive interface
for modeling clouds would be ben-
eficial. In particular, a sketch-based
approach is ideal. The words sketch-
based tend to bring to mind some
of the more familiar sketch interfaces
that have been introduced; most of
which address mesh based construc-
tion and manipulation. However, in
some instances meshes may be inap-
propriate or insufficient to supply the Fig. 1. Using the binary cutting tool the
information required to achieve a de- artist is quickly able to shape a cloud as
sired effect. Particle systems, for ex- they wish

ample, are frequently used to model

R. Taylor et al. (Eds.): SG 2010, LNCS 6133, pp. 1— 2010.
© Springer-Verlag Berlin Heidelberg 2010



2 M. Stiver et al.

objects and phenomena that meshes are unable to portray. Due to their vol-
umetric nature, and the wide variety of shapes they exhibit, clouds are often
represented using particle systems [T9QUTTITIT3].

We propose a sketch-based particle placement system for the creation and
manipulation of clouds. Using our interface artists can create clouds by drawing
them directly into a 3D environment. An adjustable canvas is used to determine
the initial depth of the cloud. To further the natural feel of the interface we allow
the artist the ability to sketch multiple strokes during the cloud creation process.
The input strokes are decomposed and analyzed to determine the type (and
number) of convex sections the input sketch is composed of. This, in conjunction
with the altitude at which the cloud is drawn, is used to determine a cloud-type.
A mesh is then created using the artist’s sketch and the pre-determined cloud-
type. Finally, the mesh is filled with particles to create a fully volumetric cloud.
To achieve a realtime method for filling the mesh, we hash the mesh into a 2D
grid which is used to facilite real time in/out testing for the particles. Once a
cloud is created the artist then has the ability to alter the clouds through the
use of simple Boolean operations such as cutting and adding to a selected cloud
(see Fig. ).

The organization of the paper is as follows. In section 2 we summarize previous
works related to volumetric clouds and sketch-based interfaces and provide a
brief overview of cloud meteorology. Section 3 describes our method and gives an
overview of the interface and the techniques that are used in the proposed cloud
modeling system. Section 4 presents results, and section 5 gives our conclusion
and potential future work.

2 Backround and Previous Work

2.1 Volumetric Cloud Modeling

Volumetric cloud creation approaches can be separated into the categories of
procedural and simulation based methods. Procedural based cloud generation
provides a more viable solution for real time implementations and therefore we
focus our discussion on procedural techniques.

Harris et al [4] uses a particle system to create clouds and then dynamically
renders the clouds to imposters that are bill boarded to face the camera. This
allows for a real time cloud environment. Visual artefacts sometimes occur when
an object enters a cloud, these artefacts are reduced by using multiple layers of
imposters. A similar approach is used in the system implemented by Microsoft
Flight Simulator 2004; clouds at a distance are rendered to billboards in an
octagonal ring and clouds near the camera are rendered using particles [I6].
Groupings of cuboids are used to place the textured particles for the clouds.
Both these systems work well in real-time; however neither system specifies a
fast and interactive way to model clouds within their systems.

In contrast to these approaches Schpok et al, [I4] demonstrate an effec-
tive cloud creation method using volume textures which are divided into layers
with respect to the light vector and the view vector; spheroids are used in the
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placement of the textures. Harris et al [5] demonstrates cloud dynamics by us-
ing volume textures in a similar system. These systems make use of advanced
graphics hardware for improved performance and the methods used to place the
textured particles are either slow for large quantities of clouds or done through
simulation.

Cellular automata are frequently used in the rendering of dynamic clouds.
Dobashi et al [2] uses voxels that correspond to cells of a cellular automata; each
cell is set to either a 1 or a 0, and so can be expressed by Boolean operations.
Liao et al [I0] uses cellular automata to determine density distributions over
time for each voxel within the simulation volume. These processes are generally
slow and to our knowledge real time implementation is, at present, impossible
on graphics hardware.

Dobashi et al [3] describe a method for cumuliform formation using fluid
mechanics that takes into account physical processes to form the cloud to a user
defined curve. This work is very related to our method, however fluid mechanics
are not suitable for our purposes as in general they do not run in real time.

In a recent paper on cloud modeling [I7], we see the creation of precisely
specified cloud objects using sphere primitives. The artist is able to quickly create
specific shapes using a sketch based inteface. Specifically, the system employs an
interface similar to that proposed by Igarashi et al. [7], which may not be ideal
for clouds (this is dicussed in greater detail in section 3.1). The work is on the
creation of cumulus clouds and does not mention any other types of clouds or
cloud scapes. The physical formation process of clouds is also not taken into
account as they are more interested the creation of shapes and not the physical
placement of particles.

2.2 Sketch Based Modeling

Teddy [7] is perhaps the most well known sketch based modeling system; it
allows the creation of a surface by inflating regions defined by closed strokes.
Strokes are inflated, using the chordal axis transform, so that portions of the
mesh are elevated based on their distance from the stroke’s chordal axis. This
system creates models with a plush toy feel that are difficult to obtain using
traditional interaction techniques.

Plushie [TT] is another sketch based interface that creates a three-dimensional
object from an artist’s sketch by use of procedural modeling. The specific intent
of Plushie however is the creation of stuffed toys and facilitates this by creating
two-dimensional patches that can later be sewn together to create a plush toy.

Other procedural modeling systems include work done on more flexible objects
such as clothing. Igarashi and Hughes [6] present a method of cloth manipula-
tion where a two dimensional clothing model is placed onto a three-dimensional
model, or body, through the use of artists stokes. The placement and manipula-
tion of the cloth is controlled via interactive techniques such as surface dragging
and pushpins.

Other mesh creation algorithms include of those proposed by Cherlin et al, [I]
specifically, rotational and cross sectional blending. Rotational blending defines a
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parametric surface which extends of surfaces of revolution. Two curves are blended
together circularly about their local midpoints; the output created by this process
can easily be converted to high quality meshes. Meshes generated by this technique
describe certain objects well, however not all objects are suited to it (e.g. objects
with variable cross-sections). Cross sectional blending permits the cross-section
of the rotational blend to be modified from a circle to an arbitrary curve.

As was stated before, for the most part sketch-based systems focus on meshes
as they are the most common medium for geometric modeling. Our system re-
lies on this connection between sketch-based system and meshes for the paticle
placement phase. For this portion of our interface we borrow the techniques
presented by Cherlin et al(rotational and cross-sectional blending), as we have
found them to produce suitable meshes for most cloud types.

2.3 Cloud Meteorology

Elevation plays a key role in the formation of clouds in nature and we have found
it very useful for differentiating between cloud types within our interface. High-
level clouds are formed above 6,000 meters; these clouds are composed primarily
of ice crystals and are typically thin when compared to other clouds. Mid-Level
generally form between 2000 meters and 6000 meters, whereas low-level clouds
tend to form below 2000 meters; these clouds are composed mainly of water
droplets and generally have more vertical development than high-level clouds
(See Fig.[2). Clouds that span multiple levels such as cumulonimbus also exist
however we have yet to integrate them into our interface. Adding to the cloud
classifications, we have cumulus clouds which are associated with convection,
and stratus clouds that result from forced lifing of air. Cumulus are generally
more full and fluffy where as stratus tend to be more thin and wispy. Both cloud
types can occur at any of listed altitudes.

6,000 m

2,000 my

Fig. 2. The 10 different cloud types; From left to right; Top Row: Cirrocumulus, Cir-
rostratus, Cirrus; Middle Row: Altocumulus, Altostratus; Bottom Row: Stratus, Nim-
bostratus, Stratocumulus; Side (Top to bottom): Cumulonimbus, Cumulus



3 Methodology

In this section we outline the cloud
creation and manipulation processes
in our system, along with some of the
features of our interface. A mesh is
created from the artist’s input sketch,
height of the sketch and drawing style
(See figure B for the cloud creation
process). The mesh is then filled with
particles using an accelerator grid.

3.1 Creation of a Cloud

Clouds come in a multitude of shapes
and sizes, as such creating all the
different types of cloud using one
methodology is difficult. In order to
give our interface the ability to gen-
erate a diverse set of clouds, the cre-
ation of meshes and selection of tex-
tures changes based on how and where
the artist draws their strokes. The el-
evations combined with the general
features of the strokes are analyzed.
By using three separate elevation lev-
els and two sub-types we are able to
define six of the ten recognized cloud
types [8].

Two horizontal semi-transparent
planes are used to allow the artist
to see the level at which they are
sketching the cloud (Fig. @ displays
the interface). These elevations are
used to determine the clouds base-
type; a low-level base-type is cre-
ated by sketches that originate be-
low both planes; sketches drawn above
the lower plane will create a mid-level
base-type and sketches above both
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Fig. 3. The cloud creation process

Fig. 4. The canvas is seen at the center of
the image, the two horizontal planes speci-
fying cloud height are also shown

planes will create a high-level base-type. The sub-type of the cloud is deter-
mined by analyzing the users input sketch and can roughly be paralleled with a

subtype of cumulus or stratus.

The Canvas. As with most sketch-based interfaces we must address the prob-
lem of inferring a three dimensional object from two-dimensions. The inherent
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ambiguity in the process makes it difficult to determine where the artist intends
to place the object. In order to reduce this ambiguity, and enable the artist to
place clouds more precisely, a sketch plane has been added to allow the artist
to specify depth of placement. The sketch plane is designed to be in view at all
times. When the artist sketches, the cloud is created at the depth of the canvas.

Mesh Creation. As with the place-
ment of the cloud itself, inferring
depth for the mesh is a difficult task.
There are a multitude of different
meshes that can be made and for the
most part every sketch interface yields
different outputs for the same input
strokes. The type of mesh used in our
application is determined by using the
cloud base-type and the cloud sub-
type. A cloud in our interface has a
Cumulus or a Stratus sub-type as well

Fig. 5. The top two images display the use
of Teddy style inflation within our appli-
cation. Top left is the same orientation as

as a high, mid or low level base-type.

Two separate mesh interpretations
are used based on these given pa-
rameters; we have borrowed the ro-
tational and cross-sectional blending
techniques presented by Cherlin et al

the sketch was drawn and top right is the
above view of the created cloud. The bot-
tom two images use the same camera ori-
entations for a similar sketch using the ro-
tational blending algorithm. Teddy’s mesh
creation tends to produce a more squashed

mesh when viewed pependicular to the can-
vas; our method uses a more uniform inter-
pretation which we have found to be more
appropriate for clouds.

[1]. Rotational blending is used for
mid and low-level clouds in our appli-
cation, whereas cross-sectional blend-
ing is used for the high-level clouds. A
rotational blend has a similar surface
to that of a surface of revolution; however a surface of revolution rotates about
a line axis creating a uniform surface, whereas rotational blend rotates about a
curved axis creating a blended surface between two curves. Any type of mesh
creation can be used with our interface, however we have chosen the rotational
(or circular) blending because the meshes that are created by it are similar to
many low level and mid level clouds. The circular blend is a good interpretation
of a cloud and we have found it to be more visually appealing than other mesh
creation methods (such as inflation [7], see Fig. [l for a comparison).
Cross-sectional blending is used for the high level clouds in our system. Similar
to the rotational blend, a cross-sectional blend interpolates between two curves
to form a surface. However, where the cross-section of the rotational blend would
parameterize a circle, the cross-sectional blend uses predefined functions to de-
termine cross-sections. This allows us to obtain a mesh that is thin, long and
flat which turns out to be ideal for placing sparse sections of clouds as seen in
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figure 8 Additional cross-sections can be specified by the artist, thereby provid-
ing more control over the cloud volumes.

Filling The Mesh With Particles.
The cloud mesh is then filled with par-
ticles. These particles naturally create
noise on the boundaries of the cloud
which would otherwise require the use
of a very high resolution mesh. An
axis aligned bounding box is used in
the initial placement of potential par-
ticles. The size of the particles used is
based on the cloud type determined at
the mesh creation stage. The bound-
ing box is filled randomly with points;
the density of these points is deter-
mined by the volume of the bounding
box and the size of the particles. Each
particle is then tested to determine
whether it is within the mesh. Since
the mesh may not be uniform a ray
casting algorithm can be used for this

. Fig. 6. The perimeter of the cloud is pro-
purpose [L5]. However, this approach jected onto the accelerator grid to demon-

does n9t allow ff)r lnteractlYe rates to strate where the triangles of the mesh would
be achieved, which we require for our .y .ched

interface. Therefore we have found a
more efficient approach.

Determining the particles location can ultimately be reduced to a series of
triangle in and out tests by use of an accelerator grid. During the mesh creation
process the triangles of the mesh are hashed into a two-dimensional grid. To make
use of the accelerator grid the vertices, the maximum and minimum height, and
the normal of each triangle are calculated and stored in the appropriate grid
cell. The proper location is found for each triangle by projecting it onto the
accelerator grid (see Fig. [6).

The position of each particle is then hashed into the accelerator grid and
checked against all the triangles registered in that location. For inside/outside
tests, a ray is projected from each particle, along the axis perpendicular to the
accelerator grid. If there are an odd number of hits we conclude that particle is
inside the mesh, otherwise the particle is removed. This optimization makes the
filling process very quick, however since we reduce the problem to two dimensions
some ambiguities arise in the third dimension. In particular, a particle may be
above the minimum height of a triangle and below the maximum height, as
the triangles exist in three dimensions. In this situation we do not know if the
particle is inside the mesh or not, as a hit will be registered either way. This
situation is resolved by comparing the normal of the triangle with the vector
between the triangle and the particle in question as follows:
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. . f Inside, if M, -A,>0
Orientation = {Outside, if M, - A, <0 (1)
where M,, is the normal of the triangle n and A, is the normalized vector from
the particle p to the center of the triangle n. By using this calculation ray casting
is avoided entirely which permits the algorithm to be run more efficiently.

3.2 Editing

Since our end result is a grouping of particles we also define a set of particle
based editing operations. The nature of a particle based structure allows us to
implement some basic Boolean operations in order to manipulate the overall ap-
pearance of the cloud. Sketch-based techniques are once again used for sculpting
and extending the cloud models.

Sculpting. We use a closed sketched
curve (see Fig. [ top row) for cut-
ting away sections of the cloud. Af-
ter a closed stroke has been drawn
each particle within the selected cloud
is temporarily projected to the screen
and particles within the stroke are re-
moved. The technique which we use
for efficiently filling the mesh with
particles can be easily extended to cut
away particles in two-dimensions.

Fig. 7. The editing operations; Top Left:
artist sketching a closed edit stroke. Bottom
Left: artist sketching an open curve. The
results of these operations are displayed in
the top-right and bottom right respectively.

Extending. To add to the cloud in
a given direction an extending opera-
tion has been provided to the artist;
the interface determines that an ex-
tend operation is requested if an open
curve is drawn on the cloud. A new
mesh is then generated from the artist’s edit stroke based on the selected clouds
type. This new mesh is then filled to create an addition to the pre-existing cloud.
By adding to the cloud in this manner there is the possibility of creating an area
of the cloud that is very dense with particles. This may cause issues, as over-
lapping particles may cause irregularities. To avoid this overlap, each particle of
the pre-existing cloud is checked to see if it resides inside the new mesh and is
deleted if this is the case. The new mesh is then filled using the accelerator grid.

The initial depth of the addition is determined by temporarily projecting the
particles to the screen and comparing the start of the sketch to these projected
particles. The closest particle to the start and the end of the sketch are used as
depth markers for the new mesh.



4 Results

Figure B displays the cloud creation
process from start to finish, the artist
uses the canvas to select a proper lo-
cation/altitude, and then proceeds to
sketch their cloud. The cloud is then
lit and displayed for the artist to ob-
serve and edit, all at interactive rates.
The mesh used for filling is never
made known to the artist.

In order to demonstrate the ef-
fectiveness of our interface we have
implimented a simple one-pass light
scattering algorithm. Although bet-
ter lighting algorithms have been pro-
posed [I2IT0M4J5IT6], we have found
this simplified lighting model pro-
duces reasonable results while permit-
ing interactive frame-rates.

Figure [ shows high level clouds
created by our interface in just a few
minutes. These high level clouds are
created in our system using a flat and
wide cross-sectional blending surface
with larger, more spaced out parti-
cles. To our knowledge these types
of clouds have not been attempted
by any other sketch-based interface.
Complex scenes such as these can be
created without having to rigorously
place shapes or containers.

Different particle types, based on
the sub-types of the cloud, can be
seen in figure B which also shows our
technique being used on a pre-defined
mesh. This allows complex forms to

Sketch Based Volumetric Clouds 9

Fig. 8. Result created by our interface in
a couple minutes, mostly high level clouds
are displayed

be used as the starting point for interactive editing (see Fig. ).

All our algorithms run in real time on a 2GHz computer for particle groupings
of less than 10,000 particles. Cloud edges can be improved by increasing the
mesh resolution, however we use low resolution to facilitate speed when adding
particles to the cloud. Since the mesh is used as a placement tool, we find that
this sacrifice in accuracy is acceptable as the particles provide the variation that
an artist may be trying to achieve (see Fig.Bl). However, if more accurate clouds
with respect to the sketch are required a one-time sacrifice in speed when filling
the mesh would also be acceptable. The placement algorithm starts to slowdown
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(e) () (&) (h)

Fig. 9. (a) The Stanford bunny that has been filled with particles using our algorithm.
(b-g) Different textures are used on the same particles to achieve different effects. (h)
A rotated view of the formed cloud.

when the number of particles being placed is relatively large compared to the
processing speed of the computer (we noticed the slowdown at around 10,000~
20,000 particles on a 2.0GHZ computer). A reduction in this slow down may be
accomplished by fine tuning the accelerator grid for more complex operations.

5 Conclusion

In this paper we have introduced a novel sketch based cloud modeling interface by
use of particle placement and manipulation. The user draws a sketch and a mesh
is then created using a rotational blending or cross-sectional blending surface.
The mesh is populated with particles using an accelerator grid in conjunction
with a triangle in-out test. Using this method we are able to place particles for
clouds in a more efficient manner than was previously possible.

Our system is able to take a wide range of sketches as inputs, which are then
interpreted based on sketch stylization and altitude. Basic Boolean operations
also allow clouds to be manipulated once they have been created and placed.
Such tools, to our knowledge, have not been proposed previously in the field of
cloud modeling. The interface proposed by Wither et al [I7] demonstrates some
similarity to our interface, however we have included a methodolgy to create
several different cloud types at interactive rates; as well as the ability to quickly
define cloud fields. The content artists in games or flight simulators may benefit
from the speed and flexibility of our approach when creating or manipulating a
cloudy scene.



It is also worth noting that all
the results presented in this paper
were obtained without hardware ac-
celeration and in general the proposed
method operates in real time for rea-
sonable sized clouds.

In our system, we emphasize an
artistic interface for the creation and
manipulation of clouds. The ease of
using the interface provides a simple
and manual yet direct approach for re-
shaping and deforming the base cloud
at different time points, thus provid-
ing a means for specifying the dynam-
ics of clouds (See Fig. [[0). However,
a more intelligent system that sup-
ports the dynamics of cloud deforma-
tion by taking in to consideration the
exact physical model may be a bet-
ter approach. The challenge is how to
provide a natural interface appropri-
ate for artists to control this physical
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Fig. 10. A sequence of frames (left-to-right,
top-to-bottom) manually created using our
interface

model and its parameters. Exploring sketch-based interfaces for interactive con-
trol of physically-based deformation of clouds is a topic for future work.
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