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Abstract

Methods to display realistic clouds are proposed. To display redis-
tic images, a precise shading model is required: two components
should be considered. One is multiple scattering due to particles
in clouds, and the other factor to be considered is sky light. For
the former, the calculation of cloud intensities has been assumed
to be complex due to strong forward scattering. However, this pa-
per proposes an efficient cal culation method using these scattering
characteristicsin apositive way. Thelatter isavery significant fac-
tor when sky light israther stronger than direct sunlight, such as at
sunset/sunrise, even though sky light has been ignored in previous
methods.

This paper describes an efficient caculation method for light
scattering due to clouds taking into account both multiple scatter-
ing and sky light, and the modeling of clouds.

CR Categories and Subject Descriptors:

1.3.3 [Computer Graphics]: Picture/lmage Generation

1.3.7 [Computer Graphics]: Three-Dimensiona Graphics and
Realism

Key Words: Clouds, Multiple scattering, Sky light, Participating
Media, Optical Length, Photo-realism, Radiative Transfer

1 INTRODUCTION

Display of natural scenes such as mountains, trees, the earth, the
sea, and the waves have been attempted. This paper discusses the
display of clouds. The display of clouds is indispensable for the
background images of buildings and flight smulators. For display-
ing clouds, mapping of fractal textures onto ellipsoidsis often used.
However, we discuss a display method taking account of light scat-
tering due to cloud particles illuminated by sky light. The color of
clouds varies according to the relationship between the viewing di-
rection and the position of the sun. Theintensity of cloudsisdepen-
dent on absorption/scattering effects due to clouds particles.

The abedos of clouds are very high: It is well known that
for objects with such a high albedo multiple scattering can not be
ignored[4]. Clouds are illuminated by both direct sunlight and sky
light affected by atmospheric scattering. Their reflected light from
theground (or the sea) also can not beignored, and wetake these ef -
fectsinto account. That is, this paper discusses not only alocal illu-
mination model of clouds, but also aglobal illumination model tak-
ing into account the color variation of incident light on them passing
through the atmosphere and sky light.

A brief description of our proposed method isasfollows. Clouds
are defined by density fields, which are modeled by the metaball
technique. Shapes of clouds are modeled by applying the fractal
technique to metaballs. The particles they consist of have strong
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forward scattering characteristics. Thiswasconsidered asone of the
difficultiesdueto theintensity calculation in the previous work. We
use this characteristic in a positive way. That is, the space, which
should be calculated, is restricted because the scattering direction
isvery narrow. For the calculation of multiple scattering, the space
containing the clouds is subdivided into a number of volume ele-
ments (voxels). Asapreprocess, asample space isprepared, which
isdefined as aparal el epiped consisting of aset of somevoxelswith
the average density of the clouds, the high order of scattering at a
specified voxel from the other voxels in the space is calculated and
stored, before the calculation of scattering due to every voxel inthe
total space. By using this pattern which is the contribution ratio at
each voxel in the sample space to the specified voxel, the calcula-
tion cost for the total space can be reduced. At least the 3rd order
of scattering is calculated in our paper. The spectrum and spatial
distribution of sky light are precalculated by taking into account
Rayleigh scattering and Mie scattering by assuming negligible at-
tenuation due to cloud particles. The intensity of the first order of
scattering at each voxel due to sky light (including reflected light
fromtheground) can beeasily cal culated by using theoptical depths
from the cloud surface, stored in alook-up table.

Finally, several examples are demonstrated in order to show the
effectiveness of the method proposed here.

2 Previous Work

Density volume display methods such as those of clouds in previ-
ous work are divided into two categories, mapping technique and
physical model taking into account scattering/absorption dueto par-
ticles. For theformer, Gardner[7] used amapping technique of frac-
tal textures onto ellipsoids. For the latter, the displaying of the at-
mosphere(sky color), water color, and particles such asice hasbeen
developed: a) for light scattering from particlesin the air, the shafts
of light caused by spot lightg18][9], light beams passing through
gaps in clouds or through leaveq[15], the sky color taking account
of atmospheric scattering[14][12], scattered light due to nonuni-
form density particles such as clouds and smoke[18][24][10][26],
the color of the atmosphere viewed from space[20], the effect of the
radiosity of a participating medium[23], and multiple anisotropic
volume scattering[16][10][1]. b) the display of the color of water
affected by particlesin thewater, such aspondg[11], the color of the
seaasviewed from outer space]20] and optical effects such as shafts
of light within water[22]. and c) the display of Saturn’srings (re-
flective ice particles)[2], and subsurface scattering such as skin[8].

In this paper we focus our discussion on multiple scattering. For
high albedo particles, multiple scattering should be calculated. On
this, Kgjiya[10] wasfirst to offer asolution. For multiple scattering
the two-pass method[10][16][23] is usually used. Thefirst pass de-
positsflux from thelight source and the light scattered at each cloud
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Figure 1. Light paths through clouds.

voxel. The second pass gathers the scattered light along each view-
ing ray. Kgjiya used spherical harmonics to express the intensity
distribution of scattered light at each voxel as a function of direc-
tion. As cloud particles have strong forward scattering character-
istics (caused by a narrow phase function), arelatively high order
of spherical harmonics are required for representation of the dis-
tribution of light scattered. In the case of the phase function de-
scribed in section 3.3, the 20th order of harmonics and more than
400 coefficients at each voxel may berequired. Max’s approach[16]
isto alocate the radiosity leaving each volume element into a col-
lection of M direction bins of constant intensity. This discrete or-
dinate method also requires many direction bins to express such a
narrow scattering beam. Even though the distribution of scattering
becomes dlightly isotropic after multiple scattering, some error ap-
pearsin thefirst order of scattering. Blasi[1] used the Monte Carlo
method for determining the scattering direction of photons, but he
did not cal culate the scattered component intheviewing ray. There-
fore, this method can not be considered as one which takes into ac-
count anisotropic phase function. Hanrahan[8] proposed a method
for subsurface scattering, but this method is limited to layered sur-
faces such as skin and leaves; this method is not applicable to com-
plex shapes such as clouds. Stam [26] took into account multiple
scattering to display gaseous phenomena such asfire. He employed
L U-decomposition to solve amatrix equation. Heignored the phase
function.

Here, we propose a method which takes into account multiple
scattering, sky light effects, and reflection from the ground.

3 Shading Model for Clouds

3.1 Basic ldeas

In order to render the particles in clouds, the following elements
should be taken into account: (i) Phase functions should be taken
into account; scattering by small particles such as air moleculesis
called Rayleigh scattering, and scattering by aerosolssuch asdust is
called Mie scattering. The sizes of particlesin clouds arerelatively
large(i.e., 2-40 um), so the particles have strong forward scattering.
(if) The multiple scattering of light among particles in clouds can
not be neglected because their albedos are very high[4][25]: 0.7 -
0.9 for cumulus and stratus. (iii) The clouds areilluminated by both
direct sunlight and sky light. And they are adlso illuminated by the
reflected light of direct sunlight and sky light from the ground (i.e.,
reflected groundlight). (iv) The effects of the atmosphere should be
considered. The scattered light at the clouds is attenuated by par-
ticles in the atmosphere and reaches the viewpoint. Sunlight is ab-
sorbed when light passes through the atmosphere. (v) The density
distributions of clouds are not uniform.

Asshown in Fig.1, the following optical paths or optical effects
also should beconsidered. (1) Particle P inacloud isilluminated by
direct sunlight (Z,.,), scattered light from the other particles (path
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Figure 2: Block diagram for the intensity reaching the viewpoint
passing through clouds.
P, P, P), sky light (or sky radiance), and reflected light from the
earth. (2) Thelight reaching viewpoint is determined by every par-
ticleontheviewing ray; theincident light of sky light to thecloud at
Py (1), particlesin clouds (P, P, ), and particles in the atmosphere
(P, P,). Theintensity is obtained by integrating al the scattered
light due to these particles. The attenuation of light due to these
particlesis also considered. (3) The sky light consists of light scat-
tered by particlesin the air. The spatial and spectrum distribution
of sky light depends on the sun position. The atmosphere consists
of air molecules and aerosols; their scattering characteristics obey
Rayleigh scattering and Mie scattering, respectively. The density
distributions of air molecules and agrosols vary exponentially with
altitude. (4) Thereflected light from the earth consists of the direct
sunlight and sky light. The direct sunlight is attenuated by the path
P, P, and thereflected light isalso attenuated by the path P. P. The
scattered light due to particles on these paths are added.

As described above, the optical paths are complicated, we can
expressthese optical effectsastheblock diagram, asshowninFig.2.

This paper discusses arendering algorithm for clouds taking into
account at least the 3rd order of multiple scattering.

3.2 Calculation of Light Scattering for Clouds

Let's discuss first the calculation method for single scattering due
to cloud particles.

Asshownin Fig.1, let'sdenote theintensity of incident sunlight
toacloud as I.. and the intensity of that behind the cloud (i.e., sky
light) as I, the intensity of light from the cloud a P,, I,,, whichis
the summation of the attenuated light of scattering on P, P, of the
viewing ray and the attenuated sky light I; dueto the cloud. I, can
be obtained by the following equation:

I.(A) = IL(Nexp(—7(PaPs, )

N / LB F(B)exp(—r(PPu A)dl, (1)

a

where the first term means the incident light at P, is attenuated by
particles on the path of P, P,, and the second the scattered light
dueto particles on the path. X isthe wavelength of the light, F' the
scattering phase function indicating the directional characteristics
of scattering, 6 the scattering angle (see Fig. 1), p the density, I
theintensity of the sky light in the viewing direction,  the optical
length obtained by integrating the attenuation coefficient 3 along
the path, i.e, given by 7(S,X) = [ Bp(s)ds (S is path length).
Astheincident light at point P has been attenuated due to move-
ment through the cloud (P, P), the incident intensity at P is ob-
tained by,
Ip(A) = Ie(N)exp(—T(PPe, A)), @)

where I.. isthe attenuated light of I, which isthe solar radiation
at thetop of theatmosphere. Equation (1) isrewritten by using gains
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Figure 3: Calculation of multiple scattering and reference pattern.

G, and Gs;
Ia(A) = Is(A)Ga(A) + I (N)Gs(A). (©)

Therefore, theintensity reaching the viewpoint isrepresented by the
block diagram as shown in Fig. 2. Asshown in Figs. 1 and 2, the
types of theincident light onto the cloud aretheintensity of sky light
in the viewing direction, I, the attenuated intensity of Iy, Sky
light I, and the reflected light from the ground. See reference
[20] for the cal cul ation method for atmospheric scattering. Thelight
reaching viewpoint P, can be obtained as the remainder after scat-
tering and absorption due to air molecules along the path between
P, and P,. Thecalculation methods for multiple scattering and sky
light (including reflection from the ground) are described in section
3.4 and 3.5, respectively.

3.3 Phase Function

Scattering of light due to particles (water droplets) in clouds obeys
Mie scattering. The characteristics of scattering depend on the size
of the particles, and have strong forward scattering. That is, when
the scattering angle 6 (see Fig. 1) is greater than 10°, the scattering
intensity becomes less than 10%, compared to that at angle 0°. As
various sizes of particles exist, the phase function is expressed by
the linear combination of several phase functions;

F(0) =) wiFi(9), @

where K isthe number of types of functions, and w; is weight for
phase function i. The Henyey-Greenstein function is well known
asaphase function. Recently, Cornette[6] improved it, which gives
more reasonable physical expression:

3(1 —g¢%) (1 + cos®6)
2(2+ g2) (1 + g2 — 2gcosf)3/2’

where g is an asymmetry factor and is a function (see [20]) which
is determined by the cloud condition and the wave length (see
references6] for the parameters of clouds). If g = 0, thisfunction
is equivalent to Rayleigh scattering. In this paper, two functions,
Rayleigh (e.g., 5%) and Mie scattering (the remainder) for cloud
particles, are combined.

For scattering due to clouds the spectrum of scattering is not
much influenced compared with scattering due to air molecules.
Therefore, the color of clouds depends on the spectrum of incident
light.

F(97g) =

©)

3.4 Multiple Scattering

For solving multiple scattering phenomena, two methods have been
developed; solving integral equations and using the Monte Calro

method. This paper combines both of these. The space including
some clouds is subdivided into a number of volume elements, and
shooting/receiving energy among them is calculated. For calculat-
ing its exchanging energy among the elements, aform factor gener-
ally used in radiosity methodsis useful. Rushmeier[23] introduced
thevolume/volume formfactor: form factor Fj; representstheratio
of the total scattered and emitted energy leaving element V;, which
is absorbed or scattered by volume element V;, but her method is
limited to isotropic scattering. The phase function is an important
factor for energy transport. In our method the form factors are cal-
culated by taking into account the phase function. That is, inthe nu-
merical integral for form factors the phase functions having angles
between the viewpoint and sub-voxels are multiplied. Let's con-
sider the beam spread which is an angle including most of scattered
energy (see 6, in Fig. 3). Every volume element within the beam
spread of the phase function is subdivided into smaller sub-voxels
compared with the regular voxels.

Let’s denote the intensity at point P in direction w as I(P,w),
the extinction coefficient per unit length as 3, the length of cloud in
viewing ray S, the path lengthfrom P ass (s = 0a P, Ps ; S
from P). Then I(P,w) isexpressed by

I(P,w) = I(Ps,w)exp(—71(PPs))+
s
[nercen-r(Pe ) - [FO1P.0 105, 0

s=0 4w

where ¢ is phase angle between w and w': w’ isangular variable for
integration. The problem isthat I exists in both sides of the equa-
tion. To solvethis, thisspaceissubdivided into anumber of volume
elements. If we denote the number of voxelsas IV, and the number
of the discrete directions as M, then M N matrix equations should
be solved.

For anarrow phase function (strong forward scattering), the ma-
trix becomes sparse because even if some volume elements existing
outside of the beam spread shoot their energy to the volume element
P to be calculated, the energy hardly contribute to the intensity at
P intheviewing direction. Theform factorsfor distant pairsof ele-
mentsarevery small. Therefore, we can predict which voxel affects
a specified volume element. That is, a sample space is prepared,
light scattering in the space is calculated before the calculation of
scattering due to every voxel in thewhole space. By using the con-
tribution pattern of voxels in the sample space, the calculation cost
can be reduced. Fig.3 shows a sample space, the ellipsoid means
the scaled phase function when the viewpoint is assumed as alight
source. Thisregion tells us which voxels contribute to scattering at
point P. The contribution ratio of voxel at P; to P ishigh because
it exists within the beam spread.

For agiven viewpoint and a light direction, assume the uniform
density (average density), and then calculate the voxels which af-
fect a specified voxel. The scattered light in the viewing direction
at point P through every path of the 2nd and 3rd orders of scattering
arecalculated (e.g., P1 P; 2nd order path,Ps P> P; 3rd order pathin
Fig.3). These results, the 2nd and 3rd order components, are stored
at each voxel andthetotal scattered intensity at P dueto every voxel
is caculated. By using these results, each contribution ratio to the
total intensity can be obtained. We refer to this contribution-ratio
patternin alook-up table as areference pattern (or atemplate). For
simplifying, the z-axis of thevoxel isassumed to bein linewith the
viewing ray. That is, the edges of the voxel coincide with the prin-
cipal axes of the eye coordinates system.

For IV voxels, the number of paths for the 2nd order of scattering
is (N —1), and the number of pathsfor the 3rd order of scatteringis
(N —1). Inour experiments, when 8 x 8 x 16 voxelsare used asa
reference pattern, 1,046,529 paths wererequired for the 3rd order of
the scattering, but only 400 paths effectively contribute 90% of the



total intensity. The above size of voxelsisjust an example, we used
more large sizes of the reference patterns as described later. For the
3rd order of scattering, it is equivalent to that the intensity is deter-
mined by multiplying two form factors and three phase functions of
angles of 87, 65 and 6%, as shown in Fig.3.

In our examples, the percentages of the 2nd and 3rd order of scat-
tering are roughly 10-40% and 1-3% for small phase angles (less
than 10°), 40-70% and 2-10% for large phase angles: these data de-
pend on the conditions such as cloud density. For the large phase
angles, the higher order of scattering may be required. But to save
the computation time, we truncated more than 4th order of scatter-
ing.

In generdl, as geometric factors, such as form factors and phase
angles, are much more effective compared with the density distri-
bution, we assumed that the contribution pattern of voxels taking
into account non-uniform density is close to the reference pattern
of uniform density. The voxels in the whole space are scanned by
thereference pattern; this processissimilar tofilteringinimage pro-
cessing, in our case the reference pattern being equivalent to a3-D
filter.

The proposed algorithm includes the following steps:

step 1) : The center of thereference patternis set to voxel P tobe
calculated, and the intensities of light scattered due to other voxels
affecting voxel P arecal culated and are accumul ated on the strength
of the reference pattern; the voxels whose contribution ratios are
higher than a given threshold are selected. The form factors be-
tween each pair of voxels are stored over the look-up table along
with thereference pattern. In our method, the modified form factors
are stored as described before: they are obtained by multiplying the
values of phase functions.

step 2) : Theattenuation ratio (or optical length) for the sunlight at
each voxd isstored. Moving the reference pattern, voxel by voxel,
over the whole space, the light scattered (the 2nd and 3rd order of
scattering) in the viewing direction at each voxel can be stored. The
density distribution of the sample space for the reference pattern
and the whole space to be calculated are different. So, the attenua-
tion between the voxel s should be cal cul ated, even though the stored
data in the reference pattern for the form factors and the values of
phase functions can be used.

step 3) : For each pixel, theintensity is obtained by line integral:
the intensity of the 1st order of scattering at a sampling point on
theviewing ray is cal culated by using the attenuation ratio stored at
each voxel, and the intensities of the 2nd and 3rd order of scattering
at the sampling point are interpol ated from them stored at voxles.

As examples, Fig.4 shows the distribution of voxels with high
contribution ratios in the cases of the phase angle of 10° and 160°,
respectively. In thefigure, the viewpoint islocated on the | eft side,
the black lines show the paths having a high contribution to the 2nd
order of scattering (i.e., scattered twicelike path P, P inFig.3), the
green lines show the 1st path with a high contribution to the 3rd or-
der of scattering (i.e., scattered threetimes), and the pink lines show
the 2nd path with the maximum contribution to the voxels with a
high contribution to the 3rd order of scattering. Let's consider the
2nd order scattering. As shown in Fig.5, the distribution of voxels
which have high contribution ratios (e.g., more than 80%) are cate-
gorized into the following two cases.

CaseA): light source and viewpoint arelocated in the opposite sides
(Fig.5(a)).

Case B): light source and viewpoint are located in the same side
(Fig.5(b)).

In both of these cases, three sub-spaces, Ry, Ry, and R., contribute
to the light scattered at voxel P in the viewing direction. The 1st
order of scattering due to particles in Ry is strong because of the
small phase angle, even though the 2nd order of scattering at P is
weak because of the large phase angle. Even though the 1st order
of scattering in Ry, isweak because of alarge phase angle, the 2nd
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Figure 4: Examples of reference patterns.

order of scattering at P is strong because of the small phase angle.
In R, distances of voxels from P are very close, so the form fac-
tors are large even though the phase functions are small. As shown
inthesefigures, the sub-spaces with high contribution rati os depend
onthelight and viewing directions, and they a so depend onthesize
of voxel, density, and extinction coefficients. Thus the size of the
reference pattern is adaptively determined. First, we prepare alarge
sample space (e.9., 30 x 30 x 30 voxels). And we can get the rea
sonable size of the reference pattern by the following method. To
get the reference pattern, every possible path in a sample space is
examined, and the bounding box of voxels having high ratiosis se-
lected as the reference pattern.

Even though the computational cost is reduced by this method,
it is not sufficient. Therefore, we employ the following additional
stochastic method. The voxels to be calculated are selected by us-
ing random numbers within the paths with ahigh contribution ratio.
The summed intensity of these pathsis corrected by using theratio
of the selected paths: assuming the number of the calculated paths
to beny, the number of paths with ahigh contribution rateto be n»,
the summed intensity as I, and the total contribution ratio dueto n.
paths as r, then the intensity can be estimated by Irna/n.. Inour
experiments, only 10% of the voxels in the reference pattern con-
tribute 50% of thetotal intensity in acase. To use these voxelswith
high possibility we can improve the accuracy. We uses the constant
density assumption for the sample space. If the sub-spaceto becal-
culated has wide range of density, it is solved by increasing ratio r.
We set » = 0.8 in our examples. In the preprocessing stage (i.e.,
step 1: obtaining the reference pattern), the paths, whose contribu-
tionratio are higher than r, are selected. Though we have discussed
multiple scattering up to the 3rd order, the idea using the reference
pattern can be expanded to higher orders.

Applying the method described above, theintensity at each voxel
can be obtained and be stored. In the rendering step, the intensities
at each sampling point on the viewing ray are integrated. In order
to obtain high accuracy, the intensity of the first order scattering is
calculated at each sampling point even though tri-linear interpola-
tionisused for theintensity of the higher order of scattering and the
attenuation (or optical depths) stored at each voxel.

3.5 Atmospheric Effects (Sky Light)

Clouds are visible even if the sun is hidden behind other clouds, af-
ter sunset or before sunrise; in other words, the intensity of the sun-
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Figure 5. Sub-spaces with high contribution ratios.

light israther feeble. Thisimpliesthat sky light can not be ignored.

The intensity of sky light is determined by the scattering and/or
absorption of air molecules and aerosols. The former obeys
Rayleigh scattering (proportional to the fourth power of the wave
length) whilethelatter obeys Mie scattering. The color of sky light
changes depending on the altitude of the sun and the observer’s po-
sition. Note that the intensity of the sky around the sun is stronger
than elsewhere. See reference[20] for the calculation method for
sky light. Direct sunlight attenuates when passing through the at-
mosphere. The incident light to a cloud (see Figs. 1 and 2), I, is
attenuated sunlight and the light scattered due to particlesin the at-
mosphere.

In meteorology it iswell known that the brightness of cloudsis
affected by the reflected light from the ground. The reflected light
from the ground is assumed as upward sky light because of the
scattered light due to particles between the cloud and the ground.
The reflected light has two components; direct sunlight and sky
light. Seereference{20] for the cal culation method for the reflected
light from sky light. Even though the albedo of the ground de-
pends on materialssuch assoil, trees, sand, we used average albedos
(spectrum reflectivity in this case) used in reference[25] which are
weighted averages of that of each material.

Single scattering for sky light (and reflected light from the
ground) is calculated as follows. Ignoring attenuation by cloud par-
ticles, aparticle (i.e., voxel) isilluminated by the sky light from ev-
ery direction: The light scattered in the viewing direction arrives at
the viewpoint. Since the sky dome can be considered a hemisphere
with alarge radiug[17], the particle can be considered at the center
of the hemisphere. Thus, itis possibleto take it for granted that the
radiance distribution incident onto each particlein acloud isidenti-
cal (assuming the differencein the altitude is small). In the case of
the calculation of sky light on the ground, the hemisphereisenough.
But clouds exist at a high altitude, so the sky light from the bottom
should aso be considered: the top hemisphere is due to pure sky
light and the bottom hemi sphere consists of thelight scattered dueto
particlesin the bottom of clouds and the attenuated light of reflected
light from the ground. The sky domeis divided into several sky el-
ements, and theintensity of the light scattered in the view direction
I, isobtained by calculating the solid angle of the sky elements and
their intensities.

In practice, the incident light onto a particle is attenuated by the
other particlesinthe cloud. Therefore, the attenuation factor (trans-
mittance) toward each sky element which is caused by them and
which is obtained from its optical length, should be taken into ac-
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Figure 6: Calculation of skylight.

count. Let's denote the number of the sky elementsas K, I, isob-
tained by

L =)t / F(0) Loy (w0, Ndw = Yt (), (7)
1=0 1 =0

w

where t; is the attenuation factor for the direction of sky element [
due to cloud particles, w; is asolid angle of sky element [, F the
phase function, and I, isthe intensity of sky element {, and I; is
the integrated intensity for the sky element. In the rendering pro-
cess, the attenuation factors¢; from each particle on the viewing ray
toall sky elementsmust be calculated. To calculatethese efficiently,
we use alook-up table. We make use of thefact that it iseasy to cal-
culate the optical length in both the principal and diagonal axes of
the voxel.

Let's consider the six faces comprising of the voxel as a sim-
ple example (see Fig. 6(a)). Theincident light of sky light passing
through each face can be calculated by setting the eye at the cen-
ter of the cube. Each face of the cubeis divided into small meshes,
which is similar to the hemi-cube method[5]. The attenuation fac-
tors (or optical depths) in z, y, and z-directions can be used for six
sky elements. Thus, if the accumulated attenuations for each axis
arecd culated once and stored at each voxel, it issufficient to get the
intensity at the viewpoint by multiplying the attenuation coefficient
t; by theintensity at the voxel and make asummation of them. Note
that, inthe case of thefirst order scattering, theintensity of thesky in
theviewing direction isthe most important asthe forward scattering
isstrong. For example, let's consider the attenuation in y direction
at voxel P (seeFig. 6(b)). At voxel P, the attenuation, ¢, between
P and P, was stored. [f the attenuation at Py is t4, the attenua-
tion between P; and P is easily calculated ast/tq. Even though
we only describe for six directions, it is possible to increase the ac-
curacy by preparing the attenuations in other directions, such asdi-
agonal. As described above, sky elements around the sun are very
significant since the intensity surrounding the sun is much greater.



Totakethisinto account, the attenuation inthe sun’sdirection stored
at each voxel can be utilized.

In addition to the density, the attenuation in the sun’s direction,
the attenuation factorsin K /2 directions, and the intensity of light
due to the higher order scattering are stored for each voxel.

4 MODELING OF CLOUDS

For modeling clouds, controlling its shape and density distribution
is necessary. In this paper, the density distribution of the cloud is
defined by using the meta-ball technique[21] (or blobg[3]). Each
meta-ball isdefined by itscenter, radius, and thedensity at the center
of theball. Thefield value at any point isdefined by distances from
the specified pointsin space. The density distribution of ameta-ball
is given by apolynomia function in degree 6 of the distance from
itscenter([21]). The surface of acloud is defined by the isosurfaces
of potential fields defined by the meta-balls.

In the rendering process, the intersection of the isosurface (i.e.,
cloud surface) with aviewing ray iscal culated by ray tracing, which
effectively expresses the density distribution on a ray by using
Bézier function of degree 6 (see [21]). Bézier Clipping[19] is em-
ployed for the calculation of intersections.

First, several meta-balls are arranged to form the basic shape of
the cloud. Then, small meta-bals on the surface of the cloud are
generated recursively by using thefollowing fractal method to form
the subtle fringe of the cloud.

The method of generating new balls on acurved surfaceisasfol-
lows. Theisosurface is extracted by the marching-cubes a gorithm
[13] and triangulated. New balls are then generated within each tri-
angle (their positions and radii are determined randomly). Generat-
ing new balls produces a new surface, which is again triangul ated.
And again new balls are generated. This procedure isrepeated. By
making the radius smaller the further from the center of the cloud,
the smaller balls appear around the fringe.

The bottom of a cloud is sometimes relatively flat, and the top
of it isbumpy. To realize thiskind of shape, the normal vectors of
the generated triangles on the iso-surface can be used. If the normal
vector is not downward new balls are created, otherwise the gener-
ation of ballsislimited. By using this technique we can control the
cloud shape, and make possible clouds which grow upwards.

5 EXAMPLES

Fig. 7 shows an example of clouds: the altitude of the sun in
Figs.(8), (b), and (c) is65°, 10° and 5° (sunset), respectively. These
examples depict beautiful variationsin the color of the clouds and
sky. One can see the bright edges of cloud in Fig.(b) because the
sun is behind the cloud.

Fig.8 shows examples of cumulonimbus. The atmospheric effect
between the clouds and the viewpoint is calculated, so the color of
the clouds is bluish (Fig.(a)) or reddish (Fig.(b)). The number of
meta-ballsfor thesecloudsfor Figs.7 and 8 are 338 and 358, respec-
tively.

This calculation was done on an IRIS Indigo2 (R4400). The
computation timesfor Fig.7 (a), and Fig.8 (a) were 20 minutes, and
31.3 minutes, respectively (image width=500).

In these examples, the size of voxels is 100® in average, but
if they are sparse, we could save the memory by using the list-
structure.

6 CONCLUSION

We have proposed an algorithm for a physical based image synthe-
sisof clouds. Asshownintheexamples, the proposed method gives

us photo-realistic images taking into account anisotropic multiple
scattering and sky light. The advantages of the proposed method
areasfollows:

(1) For anisotropic multiple scattering, the optica paths of the
light scattered in the viewing direction are limited because of
strong forward scattering (anarrow phase function). Employ-
ing the pattern expressing the contribution ratio at each voxel
to the specified voxel in the sample space, the calculation cost
for the total space can be reduced.

(2) For sky light, the spectrum of the sky light iscalculated by tak-
ing into account scattering/absorption due to particles in the
atmosphere, and the intensity of light scattered at one voxel
illuminated by each sky element is stored. The intensity of
thefirst order scattering at every voxel dueto sky light can be
easily calculated by using the optical depths from the cloud
surface stored in alook-up table. The reflected light from the
ground can be calculated by treating it as upward sky light.

(3) The clouds can be modeled by using metaballs. The compli-
cated cloud surfaces are generated by a fracta technique ap-
plying to metaballs.

Shading models for clouds and snow are basically the same be-
cause the intensity from clouds or snow reaching the viewpoint
is determined by light scattered and absorbed due to particles in
clouds/snow. Even though this paper discussed a display method
of clouds, the proposed method can be applied to snow.
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Figure 7. Examples of clouds. Figure 8. Examples of cumulonimbus.

High-resolution TIFF versions of these images can be found on the CD-ROM in:
S96PR/papers/nishita



