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Abstract

To create realistic images using computer graphics, an important element to consider is atmospheric scattering,
that is, the phenomenon by which light is scattered by small particles in the air. This effect is the cause of the light
beams produced by spotlights, shafts of light, foggy scenes, the bluish appearance of the earth’s atmosphere, and
so on. This paper proposes a fast method for rendering the atmospheric scattering effects based on actual physical
phenomena. In the proposed method, look-up tables are prepared to store the intensities of the scattered light, and
these are then used as textures. Realistic images are then created at interactive rates by making use of graphics
hardware.

Categories and Subject Descript¢ascording to ACM CCS) |.3.1 [Computer Graphics]: Hardware Architecture—
Graphics processors; 1.3.3 [Computer Graphics]: Picture/lmage Generation—Bitmap and frame buffer operations;
1.3.7 [Computer Graphics]: Three-Dimensional Graphics and Realism—Color, Shading, Shadowing and Texture

1. Introduction by point light sources and/or sunlight, and our technique can
take this into account. The scattering due to the earth’s at-
mosphere is indispensable for rendering the sky or the earth
viewed from space, and we have to take into account the fol-
lowing phenomena. That is, the sky is bluish at daytime and
reddish in the evening, and the earth as viewed from space
becomes bluish. For the earth viewed from space, clouds
also play an important role in creating realistic images. Our
method realizes a fast display of these effects. For the earth’s
atmosphere, we propose a method for displaying the atmo-
spheric effects viewed not only from the ground, but also as
seen from space. Note that the rendering of the atmosphere
viewed from the ground is the same as rendering the sky.
Furthermore, a method for rendering clouds as viewed from
space is developed to create realistic images of the earth.

In the field of computer graphics, realistic image synthesis
is one of the most important research subjects. When there
are small particles such as dust in the air, light is scattered
and absorbed by them. This is called atmospheric scatter-
ing. Several different methods have been developed to sim-
ulate this. These methods make it possible to display var-
ious effects, such as the light beams caused by spotlights,
shafts of light through clouds, foggy scenes, the sky, and the
earth viewed from spa&é 3 45. These research results are
now widely used for a variety of applications, such as stage
lighting designs, driving simulations, and space/flight simu-
lations. However, the computational cost is very expensive,
since the intensities of the scattered light must be integrated
along with each viewing ray. A fast and precise rendering
method must be developed, especially for drive simulators

and spacef/flight simulators. The rendering processes are accelerated by using graph-

ics hardware. The intensities of the scattered light are
This paper proposes a method for rendering these atmo- computed in a pre-process and stored in look-up tables.

spheric scattering effects at interactive rates. Our method can These tables are used as textures. Next, the images are cre-

handle a wide range of atmospheric scattering effects, in- ated by hardware-accelerated volume rendering techrfigues

cluding the scattering observed in a smoky room, scattering Dobashi et al. have already proposed a method for rendering

due to fog, and scattering due to the earth’s atmosphere. In light beams by applying volume rendering technigues

the case of a smoky room, the light beams can be produced This paper discusses the problems of the approach taken by
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these previous methods and addresses them. The differences
between this paper and those previous ones are: (1) the accu-
rate sampling of shadows and the use of texture for efficient
evaluation of the intensity of scattered light and (2) an ex-
tension to the rendering of the sky and the earth as viewed
from space. The proposed method improves the image qual-
ity significantly without increasing the rendering time. Our
method realizes a fast rendering of the light beams produced
by point and/or infinite light sources. The proposed method
also realizes fast rendering of the earth’s atmosphere.

Figure 1: Calculation of atmospheric scattering of light.

3. Overview of Our Method

2. PreviousWork For rendering light beams, we assume the density of atmo-
spheric particles is constant. For the earth’s atmosphere, the
Many methods have been developed for generating imagesshape of the earth is assumed to be a sphere and the den-
by taking into account the scattering and absorption of light sity of particles decreases exponentially according to their
due to small particles in the &i¢ 3 491011 Although these height above the ground. Multiple scattering is important for
methods can create realistic images, most of these employ aatmospheric scattering but is time-consuming. Our method
ray-tracing algorithm. Therefore, it takes several minutes to approximates multiple scattering as a constant ambient term.

create a single image. Our method utilizes the hardware-accelerated volume ren-

To address the problem, hardware-accelerated methods_dering technique® 8. As shown in Fig. 1, planes are placed

have been developed. Since the rendering of atmospheric ef-'" front of the screen, ano! they are subdivided into a_mesh.
fects can be considered as a kind of volume rendering, it is We call the planes sampling planes. The atmospheric scat-

natural to apply the techniques developed for volume ren- [€1ng effects are rendered by drawing the sampling planes.
dering. Many of them use hardware texture mapping func- The intensities of the light scattered at points on th(_a planes
tions to render volumes defined on VoI 14 15 16 17_ | are obtained by using the look-up tables computed in a pre-

these methods, the particle density is stored at each voxel. process. The look-up t_ables are used_as te_xtures and are
Then the volume data is transferred to texture memories mapped onto the sampling planes. The intensity of scattered

as a 2D/3D texture. These methods have already been ap-"_ght_alt a poir_1t depends on the light source position,_the
plied to rendering smoke and clouds. The volume data, VI€WiNg d_lrectlon, and so on. Therefor_e high (thr_ee- to_flve-
however, consume a large amount of texture memory. Fur- ) dimensional look-up tables are requnreq, and it requires a
thermore, for rendering light beams, sharp edges exist in large amount of memory. TO gddress _th's’ We propose the
the atmosphere due to the luminous intensity of the light method to store the |ntenS|ty_ in two-dimensional te_xtures.
source and shadows of objects. It is very difficult to cap- Fgrthermo_re, sub-planes are |ntrodu_ced f‘?r the precise sam-
ture the edges by using a voxel-based approach. To addresspl'ng of objfsct shadows and the luminous intensity distribu-
the problem, methods for rendering shafts of light have been tion of the light source.

proposedl 81819, However, these still have problems in The above method is extended to the rendering of the sky.
sampling shadows, so artifacts appear in the resulting im- To represent the earth as viewed from space, however, it is
ages. Keller et al. presented a general and elegant solution tonot appropriate to use the method described in Fig. 1. In
reduce the artifacts due to the sampling edbrslowever, this case, the atmosphere is considered as a very thin spher-
our method achieves a faster image generation for the spe-ical layer, and therefore a large number of planes are re-
cific problem treated in this paper, that is, the atmospheric quired for accurate sampling of the intensities of the scat-
scattering. Mech proposed an altenative method for display- tered light, which results in increased computation time.
ing shafts of light by rendering boundaries of the light beams Therefore, sample spheres are generated around the earth.
represented by polygofis However, the method cannot dis-  The centers of the sample spheres coincide with the earth’s
play the shadows of objects in the atmosphere. For the pur- center, and we then use the sample spheres instead of the
pose of scientific visualization, hardware-accelerated meth- sampling planes. Furthermore, clouds viewed from space are
ods for rendering the earth as viewed from space have beenrendered to enhance the reality.

proposeé 2316, |n these methods, however, realistic images
are not generated since the physical properties of the light
scattering due to the earth’s atmosphere are not taken into
account. Our method takes these into account and acceler-Applying the method in Fig. 1 to rendering light beams in a
ates the computation of the scattering of light by using two- straightforward way causes serious problems due to the lim-
dimensional textures mapping functions. itations of the available graphics hardware. In this section,

4. Rendering of Light Beams
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the problems are firstly described in detail and then solu-
tions to them are proposed. In the following, let us assume
that the number of light sources is one for the sake of sim-
plicity. When there are multiple light sources, the intensity

of the light reaching the viewpoint is obtained by summing

the contribution from each light source.

4.1. Problemsin Rendering Light Beams

As shown in Fig. 1, the intensity of light reaching the view-
point, Iy, is computed by summing the intensity of light re-
flected from an object and the intensities of light scattered
by atmospheric particles. Note that Fig. 1 assumes a point
light source. Since we assume the density of the particles is
a constanpe, lv is given by:

V) = Ip(M)g(T.A) +1s(A) +la(), )
T

Is(h) = /o I (6, WH (Og(t, A)dt, @

g(t,A) = pcF(oh)exp(—Bpe(s+1))/s,  (3)

wherely is the intensity of the objech, is a wavelengthT

is the distance between the viewpoint and the objett the
intensity of light emitted from the light source toward point
P in Fig. 1 (, is obtained by using the luminous intensity
distribution of the light source, or light m&g). Without loss

of generality, we can assumes always less than 1.8.and

t are the distances from poifRtto the light source and the
viewpoint respectivelyla is the ambient term that approx-
imates the multiple scattering, is a phase function of the
particles, andx is the phase angle (see Fig. H).is a vis-
ibility function that returns the answer 1 if the light source
is visible from pointP, and otherwise returns O if it is not.
g is a function of the attenuation ratio of the intensity of
light reaching the viewpoint after it is scattered at pdmt
andf is the extinction coefficient. Note thatis given by
g(t,A) = yexp(—Bpct) for an infinite light source, wherg

is a constant that represents the attenuation ratio of light. In
Eq. 1, the second termy, is directly related to the rendering

of the light beams. This subsection discusses the problemsin

computingls. One simple approach to rendering light beams
is to apply the traditional texture-based volume rendering
techniqué & 7.8 17 First, the intensities of the scattered light

in proportion to the number of the sapling planes used. In our
experiment, we found that the attenuation functiapsare
prone to be influenced by the quantization errors. The rea-
son for this is that these functions are very small and quan-
tized to zero in most cases. This problem may be resolved
in the future when the graphics hardware with much higher
bit depth becomes available. Even so, increasing the num-
ber of the planes is not desirable, since the rendering time
is proportional to the total number. In addition, the sampling
planes have to be subdivided into a finer mesh for the ac-
curate evaluation of the intensity of the scattered light. This
also results in significant increase in the rendering time.

4.2. High Quality Rendering

There are two key ideas in our approach. One is to use tex-
ture to evaluate the intensity of the scattered light at points
on the sampling planes, and the other is to use sub-planes for
the accurate sampling of shadows and the luminous intensity
distribution of the light source. We first investigate Eq. 2 in
detail before explaining the proposed method.

Is is computed numerically by subdividing the integral of
Eq. 2 inton sub-segments. The sub-segments are of equal
length, that is,At. The kth sub-segment is expressed as
[tk, tk + At]. Eq. 2 is rewritten as follows.

Is(A) = Y Als(ty, A), (4)
k=1
t+At
Als(ti, ) = /t L(ELWHDL VAL (5)

The functions on the right-hand side of Eq. 5 are classified
into two groups. One group consists of functions that require
a high sampling ratio (i.el, andH). The rest of them are in-
cluded in another group. Eq. 5 is approximated by the prod-
uct of these groups, that is,

Als(ti, A) = Fa(te, ) x i (t, A), (6)
fa(tio A) = [0 (6, V) H(t)dt .
fth) = i g(t 1)t "

are computed at the vertices of the mesh representing eachEd- 5 is approximated very well by Eq. 6 sinfechanges

sampling plane and stored as colors of the vertices. Next, the
planes are drawn and the intensities are accumulated in the

frame buffer by using color-blending functions. This simple
approach, however, causes the following problems.

In general, the values of the intensity distribution of the
light source and the visibility functiotd change rapidly.
Therefore, a lot of planes are required to achieve accurate
sampling of these functions. However, using many planes re-
sults in poor images due to color quantization errors. Colors
assigned at the vertices are stored with a limited precision (8-
bit or 12-bit on high-end machines) in most available graph-

smoothly. Moreoverf, does not includey, which is sen-
sitive to quantization errors. In particular, the errors do not
occur in evaluating the visibility functioH since it is a two-
valued function (0 or 1). Sdf, can be sampled at a shorter
interval thanAt. On the other hand; includesg. f; is eval-
uated precisely by using texture mapping. This prevents the
guantization errors from accumulating. In the following, the
methods for evaluatingy, f;, are proposed.

4.2.1. Texturesfor Intensity of Scattering

This subsection describes the creation of textured,fdret

ics hardware. Therefore, quantization errors are accumulated us explain our algorithm for the point light source only. It
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Figure 2: Creating the textures for light beams. ~

) ) o Figure 3: Rendering light beams using sub-planes.
is straightforward to extend the method for an infinite light

source fj is given by the following equation. g(u,v,A) is computed in a pre-process step for different val-

it ) = /tk+At exp(fﬁpc(s“))dt ues ofu andv. The sampling intervalt is determined by

b peF (o) P ®) the intersection of the ray with the sampling planes, and so

The basic id f hod i he i 4 val At is different from pixel to pixel theoretically. In our imple-
e basic idea of our method Is t(.) stpret € |ntegrate_ VAl mentation, howevent is set to a constant, that is, the inter-
ues expressed by the above equation in a texture. This idea is,

imil h . d vol deri hod val of the sampling planes. This makes it possible to store
similar to the pre-integrated vo ume rendernng met 0d pro- g(u,v,A) in a two-dimensional look-up table. One advantage
posed by Engel et &. To store the integrated value in Eq.

) . i ] o . of this expression is théf is evaluated precisely, since the
8, high-dimensional tables are required sifficis a function b a P y

£ the ligh o he vi . d the direct table stores the integrated values. The tables are used as the
ofthe light source position, the viewpoint, and the direction - o6 3 is sampled atvavelengths that correspond to the

of the viewing ray. However, in the case where there is a RGB components. The remaining issues are how to deter-

‘;Wf";ml density, a SImpITr e>|<pressc|ic_>n emsts.ﬁ; Sh,ohwn """ mine the value oAt (i.e. the interval of the sampling planes)
ig. 2, let us assume a local coordinate systeiv, wit and the number of the planes.

its origin at the position of the light source. Theaxis is
parallel to the viewing ray and it passes through the light ~ In most graphics hardware, values stored in the texture
source position. Th¥ axis is perpendicular to thd axis, are clamped from zero to a certain valdagx (usually, Imax

and it passes through a poi@on the viewing ray that is is 1.0). So, we determingt so that the values in the table of
closest to the light source. Using this coordinate system, let g do not exceedmax In addition, a maximum limitAmax

us denote the coordinate of poiRton sampling plan& as is specified since the use of a too large valueAbfmakes
(u,v). The distance from the viewpoint Risty (see Fig. 2). the approximation of Eq. 6 poor. Firstf is set to a small
The coordinate of poin®’ is denoted by(u’,v). t is the dis- value,Apin, and the table of is computed. We extract the
tance between the viewpoint and pdiit Then, the follow- maximum value from the table. Thest is incremented by
ing relationships are obtaineid= u’ — u+ty, coso = —u'/s, Amin, @and the maximum value is computed again. This pro-

& = Uu? +\£. The exponential term in Eq. (8) is rewritten as: ~ Cess is repeated untit reacheg\maxor the maximum value

exceeddmax The resulting value is used as.
exp(—Bpc(s+1)) = exp(—Bpc(VU2+V2+ U —u+t))

The number of the sampling planes is automatically com-

= exp(—Bpc(V U2+ V2 +U —u)) puted at every frame. We first define a bounding volume of
x exp(—PBpct).- _the light beam (see Fig. 3). We use a p_yramid as the__bound-
) ing volume. The apex of the pyramid is at the position of
As aresultf is expressed by: the light source and the bottom of the pyramid is placed at
fi (U, V,A) = Geq(U, v, A), ) a distancedy from the light sourcedy is s_pecified by the _
user. Then, the nearest and farthest points of the pyramid
where, from the viewpoint are computed. The planes are generated
& = expl—Bpcty) between these two. When the distances from the viewpoint
At /> to these points arg,i, andtmax, the number of the planes is
auvi) = [ poF(eos T vz @) a) e ton)/at] 41
u
exp(—Bpc(VUZ +v2+ U —u)) dau 4.2.2. Precise Sampling using Sub-planes
X

w2y This subsection describes the method for compufijndAs
¢k depends only on the distance from the viewpoint to the shown in Fig. 3, the basic concept is to insert sub-planes be-
points on the sampling plane is evaluated by assigning it ~ tween the sampling planes (or the main planes). Each sub-

as the color of vertices of the mesh representing the plane. plane is represented by a single quadrilateral. The sub-planes
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Figure 5: The distribution of |f and the number of sub-
Figure 4: Examples of artifacts. Bottom column shows the Planes. The curved line shows the distribution oérid the
close-up around the sphere. (a) shows sampling errors of bar chart shows the number of sub-planes for each sub-
shadows, (b) quantization errors of intensity of scattered Segment.
light, (c) artifacts are removed by our method, (d) a ray-
traced solution. the viewpoint to the intersection of the ray with each sam-
pling plane. Then, the minimum number that satisfies the
do not need to be represented by the mesh. As shown in following condition is used asy.
Fig. 3, the appropriate number of the sub-planes is deter-
mined adaptively depending on the intensity of the scattered

light. Let us assume thaty sub-planes are generated be- \\heree is a threshold specified by the usér(dy, A) is ob-

m}:axﬁ (dk, A)/mg > g,

tween plan& andk + 1. Then, fy, is given by: tained by the table fof; described in the previous section.
1 Mt . .
fh(ti,cA) = — H(t AP (1 Ar, A 10
ko) my Z‘O (b JADN i+ jand), - (10) 4.3. Experimental Result

(Ar = At/(mg—1)). In this section, the validity of the proposed method is ver-
ified by applying it to a simple example where a sphere is
illuminated by a single spotlight as shown in Fig. 4. In Fig.

4, the images in the bottom column show the close-up views
of the images in the top column. The spotlight is placed at
20 [m] high. Figs. 4(a) and (b) are generated using the previ-

1'3)2::ganﬁ;ex?zretg:;?]ithé?fgﬂﬁgzz brolézg]sgeg E}:gjzﬁg\fe ous method We used a desktop PC (Athlon 1.7 GHz) with
PpIng d P ! a NVIDIA GeForce3. The size of each image is 30150.

planes are rendered and their colors are accumulated into the,  _. - .
. - . In Fig. 4(a), the number of sampling planes is 40. It took
frame buffer. Note that only a single quadrilateral is rendered S . .
. L 0.13 [sec.] to render this image. It is obvious that the shad-
for each sub-plane. The pixel values of the resulting image . .
g . ows are not sampled precisely. In Fig. 4(b), the number of
are equal tdf,. This image is stored as a texture. When cre- L
. . - - the planes is increased, 160. However, pseudo-contours now
ating the images, this texture and the textureffatescribed o L
. . . . __appear due to the quantization errors. The rendering time is
in Section 4.2.2 are mapped onto the sampling planes using . . .
also increased to 0.50 [sec]. In these images, each plane is

the multiplicative texture mapping function. represented by a 600 mesh to sample the intensity of the

The computation of Eq. 10 is accelerated by the graphics
hardware. First, the visibility terrH is obtained by comput-
ing the shadows on the sub-planes by a hardware shadow
mapping techniqué. Next, |, is obtained by projecting a

The number of the sub-planeasy, is determined as fol- scattered light accurately. This also increases the rendering
lows. From Egs. (6) and (10), the contributidy), of sub- time. Fig. 4(c) is generated by the proposed method. Clearly,
planej to the pixel intensity is estimated from the following  the quality of the image is improved. The rendering time is
equation. still fast, 0.08 [sec.]. In this case, the 205 mesh is suffi-

. . cient for each sampling plane since the intensity of the scat-
& = Hltct JAD b+ AN (B A)/me < fi(te A)/m. tered light is evaluated accurately on a pixel basis by a hard-
The inequality in the above equation is due to the fact that ware texture mapping function. For comparison, Fig. 4(d) is
H <1 andl} < 1. If fi(t,A)/mg is less than a small value  generated by using the ray tracing methdttook 29 sec-

€, We cannot expect sub-plafé¢o significantly improve the onds. The average error in intensities between Figs. 4(c) and
quality of the resulting image. Therefore, it is natural to se- (d) is 1.5 [%)]. Fig. 5 shows the distribution of the function
lect the numbemy so thatf (tx, A) /my is equal to or greater fi on the ray passing through the center of the screen. The
thane. To implement this idea, we first shoot a ray toward horizontal axis indicates the distance from the viewpoint.
the center of the screen and compute the distaicdrom The sampling planes are placed at an interval of 1.2[m]. The
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thresholde to insert sub-planes (see Section 4.2.2) is set to sun lightl_
1 [%] of the maximum valuémaxthat can be handled by the
graphics hardware (in this experimeat; 0.01 sincdmax=

1.0). The bar chart in Fig. 5 shows the number of sub-planes.
In total, the numbers of the main planes and sub-planes are

7
23 and 174, respectively. As shown in Fig. 5, the number of top 6f AT
the sub-planes is increased where the valug & big, that atmosphere " T :
. - . L \ h viewpoint
is, the intensity of the scattered light is strong.
earth

Finally, we compare our method with the method pro-
posed by Keller et &. This method can also reduce the ar- ) ] )
tifacts due to the sampling error. The basic idea of Keller's ~ Figure6: Rendering of atmosphere viewed from ground.
method is to create multiple images with different positions
of the planes and accumulate them into the final image. We sun light I,
accumulate four images with forty planes to render the same sample sphert
scene as shown in Fig. 4. These numbers are chosen so that
the sampling interval is approximately the same as the one
used by our method. Note that the sizes of the four images
are same as the one used by our method (i.e x360),
to make the number of samples per each pixel equal. Each
plane is represented by the 3150 mesh. Although Keller's
method created the image with the same quality, it took 0.12
[sec.]. Our method is 50 % faster. The reason is as follows.
Keller's method needs to draw 40 planes represented by the
mesh for each of four images. In total, 160 planes repre-
sented by the mesh are rendered. In our method, 23 planes
represented by the mesh and 174 sub-planes represented ) ) ) )
by the quadrilateral are rendered. Therefore, the number of the aerosols obey Rayleigh and Mie scattering theories,
polygons rendered is smaller in our method. Furthermore, espectively. Figs. 6 and 7 show the principles of the in-
our method does not generate sub-planes where the intensityt€nsity calculation. The viewpoint is on the ground in Fig. 6
of the scattered light is small. This also results in decrease in OF iS in space in Fig. 7. The intensity of light reaching the
the rendering time. viewpointly is given by Eq. 1.

top of
atmosphere

4

Figure 7: Rendering of atmosphere viewed from space.

The rendering speed of our method depends on the ratio of Iv(A) = le(A)gu(T,2)
eometric throughput and pixel fill rate. Especially, for creat- T
g e e + lawl) [ Rt Mg Dav(t. At (11)

ing high resolution images, our method becomes slow. This
is because the fill rate becomes the bottleneck. This prob- whereT is the distance to the top of the atmosphere (see Fig.

Iemri]s dreS(;Ive_d bz crc:.m:iningl our method_with thedeeIIer‘s 6) or to the ground (see Fig. 7). In Eq. 11, subscriptahd
met_ o T a? 'S, the hig reso ut_lonlmagg IS cregte Y COM- g represent the air molecules (Rayleigh scattering) and the
positing multiple low resolution images with the interleaved aerosols (Mie scattering), respectivell, R, gv, andg, are

sampling techniqué. given by the following equations.

5. Rendering the Earth’s Atmosphere le(A) = lsun(Mr(M)gi (S A) cosdg,
Thi on describes th hod ¢ dering th H R(o,t,A) = Kr(A)pr(t)Fr (o) + Km(A)pm(t)Fm(ar),
1 t t t th’
is section describes the method for rendering the earth’s GtA) = expl—T(t. ). 018 A) = exp—T(SA)).

atmosphere. For the earth’s atmosphere, however, we can ig-
nore the shadows of objects. Therefore, we focus on how to wherele is the intensity of light reflected on the grourglin
create textures for the intensity of the scattered light. In the is the intensity of the sunlight,is the reflectivity at poinPy
following, we will first describe the principle of the inten-  on the groundfyg is the angle between the normal vector at
sity calculation for the atmospheric scattering, and then our Py and the light vector, an8is the distance betwed?y and
methods for rendering the earth’s atmosphere are proposed. the top of the atmosphere (see Fig.[g)is 0O if the viewing
ray does not hit the eartlyy is a function of the attenuation
ratio between the viewpoint and poftandg; is a function

of the attenuation ratio of the sun light reaching pdénpr
The earth’s atmosphere consists of air molecules and andpm are the densities of the atmospheric particlestaad
aerosols. Aerosols are particles of dusts floating in the the optical lengthF andFm are phase functions. For more
air. The scattering properties of the air molecules and detail, seé

5.1. Intensity Calculation for Atmospheric Scattering
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i ligh
5.2. Rendering Sky Su?su:\g\\\
In a similar way to the method for the light beams, the in- cloud sphere clouds

tegral term in Eq. 11 is evaluated by subdividing it imo

sub-segments. The length of each sub-segmeit is m %\h—\
First, let us discuss the attenuation ratio of the sunlight mz

reaching pointP on the viewing ray (see Fig. 6). Let us

assume that the distance between the viewpoint and point Figure 8: Rendering of clouds viewed from space.
P is t, the height of pointP is h, and the angle between

the sunlight direction and the vertical direction Btis shading function. Then the planes are rendered in back to
Osun Then, the attenuation ratio is expressed as a func- qont order. Only the planes that intersect with the atmo-
tion of the heighth and the anglesun since the density  gphere are generated at the intenalThe images are gener-

of the atmospheric particles depends only on their height a4 by computing Eq. 12 by hardware color blending func-
from the ground (see Appendix A.1). That ig,(s,A) = tions.

8] (I"I7 Osun, 7\.)(2 exp(ft(PPs, }\.))) Note thatg| (I"I7 Osun, 7\.) =
0 if the sun as viewed from poirf is behind the earth. _ _
g (h,0sun A) is computed in a pre-process and stored in a 5-3. Rendering the Atmosphere as Viewed from Space

texture. As shown in Fig. 7, we use sample spheres for rendering

Next, let us consider the ray that passes through sub- the atmosphere as viewed from space. The integral term in

segmenk, [t t + At]. Eq. 11 is rewritten as follows. Eqg. 11 is evaluated by using the sample spheres. The height
of sample spherk above the ground ik and the viewing

n—1 . . . .
_ ) ray hits sample spheteat B (see Fig. 7). The intensity of
v(A) = Tsun(2)a1 (0,89, 1) cosdg x E)Agv(t"x) the light reachind?, is obtained by multiplying the intensity
1 of the sunlight and the attenuation functigrihy, 8sunk, 1)
+ lsun(d) Y {9| (P, Ok, ) [Fr (04, ) Al (t, A) as described in Section 5.2. In the following, we will discuss
k=0 the scatteringl/  andAly, , and the attenuation ratiagy,,
k—1 due to particles Py, 1.
+ Fm(02)Alm(t A)] jI;[()AgV(ti’k)}’ (12) Let us assume that the angle between the vertical direc-

_ - tion at B and the direction oPP,1 is 6v (see Fig. 7).
where Alr (t, &) and Alm(t, ) are the intensities of scat-  Then, Al/,, Al},,, andAgy, are expressed as functions of
tering andAgy(tj, ) is the attenuation ratio of the segment ¢, (see appendix A.2). Therefore, these are stored as a one-

[tj.tj + At]. These are given by the following equations. dimensional texture for each sample sphere. Eq. 12 is eval-
tLAL uated by using the textures fat/ (8y,A), Al/,(8v,A), and
Alr (tg,A) = /t Kr(A)pr (t) exp(—t(t —t, A))dt, Ag,y(8v, 1) instead oAl (By, 1), Alm(Bv, 1), andAgy(8v, A).
"tkﬂt The images are generated by rendering the sample spheres
Alm(ti, L) = / Km(A)pm(t) exp(—T(t —ti, A))dt, mapped with these textures. We specify the texture coor-
tic dinates on a per-vertex basis. Westermann et al. proposed
Agv(t, M) = exp(—t(tx — tx + At,A)), an accurate methédfor mapping textures onto spheres by

specifying the texture coordinates on a per-pixel basis with
the pixeltexgen OpenGL extension. In our case, however,
assigning the texture coordinates on a per-vertex basis is
sufficient since the intensity of the scattered light is very
smooth. The phase functions are computed at the vertices
of the mesh of each sphere.

wheret(ty — tx + At, A) indicates the optical length of the
segmentty, ty + At]. Alr, Alm, andAgy can also be stored in
the look-up tables. Let us consider a ray that passes through
segmenPP as shown in Fig. 6. The angle between the ver-
tical direction atP and the segmer®P’ is 6y. Then, in a
similar way tog, Alr, Alm, andAgy are expressed as func-
tions of the heighh and the angléy (see appendix A.2),
that is, Al (t,A) = Alr(h,8y, L), Alm(t,A) = Alm(h,6y,%), 5.4. Rendering of Clouds
Agv = Agv(h, 8y, L). These functions are also pre-computed.
The intervalAt is determined in a similar way to the method
for the light beams (see Section 4.2.1).

For rendering the earth viewed from space, three-
dimensional clouds are generated from satellite images.
Methods developed in the field of remote sensing enable us

The look-up tables forg(h,6sunA), Alr(h,6v,A), to determine the height of a cloud #pSince any estima-
Alm(h,0v,1), and Agv(h,6v,A) are used as textures. The tion of the density inside the clouds and the height of the
wavelength\ is sampled at RGB. These textures are mapped cloud base are difficult problems to solve, the density and
onto the sampling planes. The phase functions are computedthe height are simply assumed to be a constant and specified
at the vertices of the planes and interpolated by the Gouroud by the user. Then, as shown in Fig.r8,cloud spheres are
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generated. For each cloud sphere, a texufie=1,---,m) Table 1: Computation time.
is mapped. Let us call; cloud textures in the following.
The cloud texture represents the density distribution on each
cloud sphere. Each element of the cloud texfrgtores the
density obtained from the satellite image. The alpha chan-

time [sec.] No. of planes
[sub-planes]

nels of the cloud texture store the attenuation ratio of the Fig. 9(a) 0.32 9[309], 13[174],
light that passes through the clouds as represented by cloud 16[162]
spherd.
Fig. 9(b) 0.12 30[263]
The rendering method for clouds is as follows. In the fol-
lowing, let us assume for the sake of simplicity that there Fig. 10(a) 0.16 100(sky),
is no atmosphere. The attenuation due to the atmosphere 30(shaft)[135]
is computed by using the texture for the attenuation func- :
tion g (h,0sun,A). The rendering of clouds consists of two Fig. 10(b) 0.06 10(sample spheres)
steps. The first step is to compute the attenuation ratio of Figs. 10(c) & 11 0.10 300

the sunlight reaching points on the cloud spheres. To do this,
the camera position is placed at the position of the sun and
cloud spheres are rendered in descending order based orSome of software packages approximate the atmosphere by
their distances from the center of the earth. After drawing using spheres with a simple hue shift through the atmosphere
cloud sphere, the pixel values in the frame buffer represent (e.g.2?). However, it is difficult to simulate the color varia-

the attenuation ratio between the sun and points on the cloud tions shown in Figs. 10 and 11 by using a simple hue shift.

sphere. This image is stored as the attenuation texdure

Table 1 shows computation times. We use the same com-
These processes are repeated for all cloud spheres.

puter as the one described in Section 4.3. The size of each
Next, in the second step, images are generated by usingimage is 72 480. The numbers of the main planes and sub-
the cloud texture and the attenuation texture. First, cloud tex- planes are also shown in the table. For Fig. 9(a), the numbers
ture T; and attenuation textur€; are mapped onto cloud  for each of three spotlights are shown. For Fig. 10 (c), the
spherei by using the multiple texture mapping function. number of the sample sphere is shown. In Figs. 9 and 10(a),
Next, the cloud spheres are rendered in back to front order, the threshold to insert the sub-planes is 0.01 (see Section
that is, the inmost sphere is rendered first. The phase func-4.2). In Fig. 10(a), 100 planes are used for computing the
tion of the cloud particles is evaluated at the vertices of the sky colors and 30 planes are used for rendering the shafts of
mesh of the cloud spheres. light due to the mountains. In Fig. 10(c), the number of cloud
spheres used is 5. As shown in Table 1, our method can cre-
ate the images at interactive rates. The sub-planes and 3D
clouds can be omitted for real-time previews. For example,
In this section, several images generated by our method areFig. 9(b) is rendered in 90 fps (frame per second) without
demonstrateld Fig. 9 shows examples of light beams ren- the sub-planes and Fig. 10(c) is rendered in 30 fps without
dered by the method described in Section 4. In Fig. 9(a), 3D clouds.
the proposed method is applied to the lighting design of a
studio. Fig. 9(b) shows typical shafts of light caused by sun-
light. The sunlight passes through the stained glass windows

of a church. Next, Figs. 10 and 11 show examples of ren- \we have proposed a fast rendering method for atmospheric
dering the earth’s atmosphere. Fig. 10(a) is an example of scattering effects. In the method, two-dimensional textures
rendering the sky. This image also demonstrates shafts of {hat store the intensities of the scattered light are pre-
light due to mountains that shut out parts of the sun's rays. prepared. The luminous intensity distribution of the light
Figs. 10(b), (c), and 11 show the earth viewed from space. soyrce and the object shadows are sampled precisely by us-
In Fig. 10(b), realistic clouds as well as the atmosphere are jng the sub-planes. We have also realized the efficient ren-
rendered. In Fig. 10(c), a thin atmospheric layer covers the dering of the earth’s atmosphere. The sky and the earth as
earth. Fig. 11 shows a sequence of images of the sunriseyjjewed from space are rendered almost in real-time. We have

viewed from space. The atmosphere exhibits beautiful color geveloped a method of rendering realistic clouds by using
variations from red to blue. In Fig. 10(b), the method de- gatellite images.

scribed in Section 5.3 is used, since the viewpoint is far from _
the earth. In Figs. 10(c) and 11, the method described in Sec-  In future work, we need to discuss the problem posed by

tion 5.2 is used, since the viewpoint is near to the surface. the multiple scattering of light. For participating media with
a high albedo, the realism of images might be enhanced

by taking into account the multiple scattering. An efficient
T see color section for Figs. 9(b), 10(c), and 11 method for the multiple scattering has to be developed.

6. Results

7. Conclusion
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Let us assume a coordinate system with its origin at the cen-
ter of the earth. In this system, the coordinates of pBiirt
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Fig. 6 are assumed to §@, 0, Re + h), whereRe is the radius
of the earth.

A.1 Attenuation of Sunlight

The optical lengtht is expressed by the following equation.

(t2)= [ Br0pr(1) + Brm()al,

where Br and Bm are the extinction coefficients, ang
andpm are the densities of air molecules and aerosols, re-
spectively. These are given lpy = exp(—h/Hr) andpm =
exp(—h/Hm), whereh is the height from the ground, ahtf
andHm are constantéHr = 7994m|, Hm = 1.2[km).

(A1)

Assuming the height of the top of the atmosphere is
H. A vector in the direction of the sun is given as
(0, SinBsun, c0Bsun). The lengths of PRs in Fig. 6 is:

(Re+ h)23|n2 Osun

(A2)
A coordinate of a point oRPs is given by(0, s’ sinBsun, Re+
h+ ¢ cosBsun), wheres' is the length between poift and
the point onPRs. The height of this point is given by

—(Re+ ) cosBoun-+ / (Re-+ H)2 —

Sl) = \/S’zslnz Osun+ (Re+ h+ S’COSOsun)Z —Re.
(A.3)
Egs. (A.1), (A.2), and (A.3) indicate that the optical length
1(s,\) betweerPPRs is expressed as a function lv&ndOsun.
So,g is also expressed as a functionnodndOsun. That is,

g (h, 8sun, A) = exp(— /OSBr (Mpr(hs(s)) +Bmpm(hs(s))ds).
(A4)

A.2 Intensity of Light Scattering and Attenuation Ratio

In Fig. 6, let us consider a point oAP’, denoted byQ.
The coordinate of poin® is given by(0,t’ sinBy, Re + h+

t’ cosBy), wheret’ is the length oPQ. The height of point
Q, hy(t"), is given by replacing’ and@sunin Eq. (A.2) with

t’ andey, respectively. Thereforéy(t') is a function ot’, h,
and6y. Alr is equivalent to the integrated value of the scat-
tering intensity betweeRP in Fig. 6. The density at point
Q and the optical length betwe®&®Q are computed by using
hy(t’). ThereforeAl, is expressed as a function loandey.

t(hy(t'), 1))t

That is,
o
(A.5)

Similarly, Alm is expressed as a functionloand6y. The at-
tenuation ratidAgy is obviously a function oh andéy since
the optical length betweeRP is a function ofh and 6y,
that is,Similarly,Alm is expressed as a function lofind6y.
The attenuation ratiagy is obviously a function oh and6y
since the optical length betwe@&¥P is a function ofh and

r(h,0v,A) t')) exp(—

Oy, that is,

(PP L) = t')) + Bmpm(h(t"))dt’".

/ Br Pr
(A.6)
In the case of the sample spheres, by replaBiagdP’ with
Pk andPy1 in Fig. 7, it is obvious thail/y Al ., andAgy,
are expressed as functionstoénd6y. The height from the
ground is fixed aby for sample spherke SoAIr’k, Alm - and
Ag\ﬂk are functions oby.

(a) Light beams caused by spotlights.

Figure 9: Examples of rendering light beams.

(a) Sky colors and shafts of light.

(b) The earth covered by the bluish atmosbhere.

Figure 10: Examples of rendering earth’s atmosphere.
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(b) Light beams through stained glass windows. (c) The earth with the atmosphere.
Figure 9: Examples of rendering light beams. Fegl0: Examples of rendeg earth’s atmosphere.

Figure 11: The sunrise viewed from space.
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