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Abstract

We have simulated a time varying wind eld using the Lattice Boltzmann Modgltaeffect on blades of grass
with a simple mass-spring model. We present a global illumination modeldtiiphe scattering of incident sun
and sky illumination within the eld of grass. We model the grass as a conimudistribution of in nitesimal
colored scattering akes and solve a system differential equations foratiemce transport. We repeat this for a
collection of grass bending directions and amounts, and then interpolasothgons when rendering animations

of blowing grass.

1. Introduction

The appearance of elds of grass or grain blowing in the
wind is interesting and beautiful, but is dif cult to render
because of the complicated geometry and the global illumi-
nation effects. In addition, wind motion, and its effects on
grass, are dif cult to simulate. Shinya and Fourni&Fp23
have modeled random wind with a prescribed power spec-
trum, and its effect on vegetation. Here, we model the wind
in detail, as described in the following section. In the suc-

ceeding sections we develop a rendering method based on

Mobley [Mob94 and Maxet al. [MMKW97], by treating
the eld of grass as a continuum of microscopic akes, for
the purposes of accounting for the multiple scattering of the
incident sun and sky illumination.

2. Flow simulation
2.1. Lattice Boltzmann Method

In this paper, we adopt the Lattice Boltzmann Method
(LBM) of [HL97] with the BGK approximation BGK54,
CG99 to simulate uid ow, because the LBM is useful for
modeling complicated boundary conditions and for incorpo-
rating additional physical complexities like the interaction
between uid and leaves.

The LBM discretizes space, direction, and time. Several
discretizations of direction are used in the LBM, and we use
the D3Q19 one, which counts particles at each grid point
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moving along the 19 directions of ow shown in Figule
including the directionfg representing static particles with
zero velocity. The continuum equations for uid ow are dis-
cretized into changes in these particle counts from one time
step to the next. We used a grid interval of one meter, and a
time step of 0.04 seconds. In addition, we used the follow-
ing physical constants to represent air at atmospheric pres-
sure and 20 degrees Celsius: base air densi§&Lkg=n°],

and dynamic coef cient of viscosity:0502 10 “[mP=s].

At the boundary between uid (air) and the ground, we apply
the mirror boundary conditior§uc01].
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Figure 1: D3Q19 model used in the LBM
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2.2. Addition of Grass simulation

The waves of grass are caused by the interaction between theE

air ow and the grass. When the wind imparts a force to a

grass leaf, the leaf is bent and and the bending also affects

the wind ow resistance. These effects are incorporated into
the normal LBM procedure, as the additional steps shown in
the more darkly shaded box in Figuze
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Figure 2: Simulation procedure

2.3. Interaction between Wind and Grass

The grass is planted randomly on the ground plane. Each
individual grass plant is modeled as a long thin triangle of
altitudel in the physical simulation, although it is modeled
in more detail for rendering purposes.

The forceFg to a grass plant is calculated as

2
Fg= GgruAg 1)
whereAg is the grass surface area projected normal to the
wind, andCq is a constant. The wind velocityand air den-
sity r at the grass center of a mass are calculated by linear
interpolation between the data at surrounding grid points.

The bending angley, of a grass plant is computed from
Fy by equatior:

Fo+FO F°
O = Lo DtP+wht+ )
Fo+F FP 0 )
w = =D+ w

whereFg, F¥ andF? are the projections, onto the plane per-
pendicular to the long altitude of the grass triangle, of the
wind force vector, the gravity force vector, and the resilience
force vector, respectivelyppandl are the mass and the length
of a grass planty is the bending angular velocity, andand

qg are the values ofv andqp at the previous time step. We
model the resilience as a linear spring on the bending angle
that resists bending away from the vertical orientation.

The wind resistance fordgy to the air ow at a grid point

The macroscopic decrease in wind velody at a grid
oint during a simulation time stdpt is computed fronfy
y equatior:

Dt

Du= oxoypz

Fw ®3)
whereDx, Dy, andDz are constants equal to the grid interval
along thex, y andzdirections. In the LBM, the uid is repre-
sented by particles, so we translate the macroscopic aiue
to the number of particle which change state from moving to
stopping. An appropriate number of the particles stored at
the grid point which have velocity directions aloDy are
changed to static particles to account for the reduction in the
velocity of the macroscopic uid.

3. Plane-Parallel Model

For the purposes of the multiple scattering calculations, we
model the grass as a continuous volume density of micro-
scopic akes, with associated normals and light re ection
properties. This results in a participating medium with angle-
dependent scattering properties. In a localized area of the
eld of grass, we make the “plane parallel” assumption that
all the grass is bent by the wind in the same direction, so that
the scattering properties in the medium depend on the height
zabove the ground, but not on tk@ndy locations along the
ground. However, because the scattering akes have non-
random orientations, the scattering phase function depends
fully on the four angular variables representing the direc-
tions of the incoming and scattering directions. (Usually, for
randomly oriented akes or spherical scattering particles, the
phase function depends only on the single angle between the
incoming and scattering directions.)

A grass plant is represented as a tapered cylindrical stem,
with multiple polygonal leaves starting tangent to the cylin-
der and curving away from it. We bend the stem and leaf
polygons at multiple division levels, with the bend angle at
each division proportional to thag, in equation2.

For a xed illumination environment, and a xed geome-
try for the bent grass, we solve for the radiance as a function
L(zw) of the heightz above the ground and the light ow
directionw on the unit sphere. Using this radiance, and the
BRDF and BTDF of the grass, we can precompute the shad-
ing as a function of the surface normaland the height
above the ground. We characterize the bent geometry by the
anglea between the-axis and the vertical plane contain-
ing the wind direction, in which the bending rotation takes
place, and by the exten, of this rotation. We do the shad-

is calculated according to the law of action and reaction, ing precomputation for a sampled collectiarand gy, val-
from the forceskg exerted by the wind on all grass in the ues, and store the results in a ve dimensional shading table
grid cell centered at the grid point. This means that the wind Sz a; qy; dn;f n), wheregn andf n are the spherical coordi-
resistance force at a grid point is equal in magnitude and op- nate angles for the shading nornmalThen to render grass
posite in direction to the sum of the wind forces affecting the with an arbitrary bend directioa and amounty, we inter-
grass at that point. polate in this precomputed shading table.
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4. Radiance Calculation Method

In order to discretize the light ow directiow, we divide the

unit direction sphere into a nite collection of direction bins,
by recursively subdividing each triangular face of an octahe-
dron into four subtriangles, and projecting radially onto the
unit sphere. We also discretizento a collection of layers,

in which we assume that the scattering properties are con-
stant. We clip all the grass polygons into fragments belong-
ing to a single layer, and a single normal direction bin. This
determines the volume density of scattering akes of each
orientation in each layer. The extinction coef cient for light
in layerz owing in direction w is the projected area of these
fragments into the plane perpendiculamipdivided by the
volume of the layer. Similarly, the scattering coef cient and
scattering phase function can be computed by using the vol-
ume density of the akes in each normal direction bin, and
the BRDF and BTDF of the leaf surface.

With our discretization of the light ow direction, and for
speci ¢ values ofa andqp, the radiance.(zw) we want
to nd is an N component column vectd(z), varying con-
tinuously with the heighg, whereN is the number of light
ow direction bins. The radiance transport equations then re-
duce to a system dfl linear ordinary differential equations
(ODEs) forl(2):

dii(2 _
dz =~

4521
J

whoseN by N matrix s of coef cients come from integrating
the extinction and scattering coef cients and the phase func-
tion over the light ow direction bins, and is constant in each
layer. (The reciprocal cosine factor converting changes in
to changes in ray length is also incorporated into the coef -
cientssjj.) We can write these equations more simply with
the matrix/vector multiplication

di(@ _ :
4 - s(2)1(2):

4)

We use an even numb&t = 2m of direction bins, and
separate the radiance vectgfz) into two vectors of length
m, the downward owing lightly(2) and the upward ow-
ing light Iy(2). We then spit the matris into four m by m
matrices:tyy, representing extinction or upwards scattering
of upwards owing light,rq, representing downwards scat-
tering of upwards owing light, and similarlytqq andr gy,
for downwards owing light. Then equatiofsplits into two
coupled differential equations

dl

T; = tuulut rguly (%)
and

dl

(T;: rudlu  tadla: (6)

The minus signs in equatiohare because the derivative is
with respect taz, which increases in a direction opposite to
the light ow directions inlg.

Unfortunately, the boundary conditions for this system of
ODEs are split, since only the downward owing sun and
sky illuminationly(h) is known at the top of the grass, where
z= h. The sun and sky colors were determined taking into
account Rayleigh scattering from air molecules, using meth-
ods from NDKH96], [DNKH97], and [PSS99 and Mie
scattering from aerosols, using the method frdsiop2.

The other half of the boundary conditions express how the
upward owing light at the ground leved = 0 is determined
from the downward owing light az = 0, by the BRDF of
the ground surface. The ground BRDF is integrated over the
direction bins to form am by mmatrix F, and the boundary
condition at the ground is expressedIb§0) = Fl4(0).

We deal with these split boundary conditions by consid-
ering the BRDF matriX=(2) of the layer of grass from the
ground up to height so that

lu(@= F(2)14(2): @)

We derive a system of ODEs f6#(2). Taking the derivative
of equation?,

dly _ dF dlg
—_— = =+ e
dz dzId F dz ®)
Then, substituting equatiosand6 for %—'; and‘fj—'g, we get
dF
tuulu+ rgulg = Eld Fruglu F tgqlg:

Substituting equatiof for Iy, and rearranging terms, we get
dF

dz

Since this is true for an an arbitrary column vecltgr we
must have the following differential equation for the matrix
F(2):

lg=(FrygF+ Ftyq+ tuuF+ rqy) lg:

dF

dz FrygF+ Ftgg+ tuuF+ rgy:

9)

The boundary conditions fdf(z) at z= 0 are fully de-
termined by the BRDF of the ground, so this system of dif-
ferential equations is integrated numerically by the fourth
order Runge-Kutta method, up to the heighThenF(h) is
used in equatiof to specifyly(h) using the sun and sky en-
vironmental illuminationlg(h). Finally, lu(Z) andlqy(2) are
integrated numerically from= h downwards t@ =0, using
the knownly(h) andlg(h) as full initial conditions az = h.

Max et al. [MMKW297] applied this method to a forest,
and made the assumption that ake orientations are invari-
ant under rotation around tteaxis. In this case, the phase
function basically depends on only three of the four direc-
tion parameters. A conversion to Fourier series in the dif-
ference of the two azimuthal angles then separates the sys-
tem of m? ODEs for the entries oF(2) into a collection
of smaller independent systems of ODEs, which are eas-
ier to solve. However, as pointed out at the end of Max
al. [MMKW97], these assumptions are not valid for grass
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blowing in the wind, so here we solve for aif’ variables
together. Finding the derivatives Bfz) using equatio® in-
volves multiplication ofm by m matrices, which takes time
O(m°). For largem this is the slowest step in our method.
However, once the BRDIF(h) is known at the top of the
grass, for one bent geometry, we can solve in much less time
for 1u(2) andly(2) for any given environment illumination.

We nd F(h) for a collection of bending angleg,, assum-

ing that the wind is blowing from the positiveaxis, so that

a is zero. For other wind directiores, we rotate the wind

and grass bending plane direction, the grass geometry, and
the illumination hemisphere, to move the bend direction

to thex-axis, solve fory(z) andly(u), and then rotate these
solutions back to compensate for the rotated illumination.
We create the initial geometry of the eld of grass by ran-
domly positioning copies of the same plant geometry, with
random rotations about a vertical axis, so this rotation of the Figure 3: Grass viewed from far away.
geometry does not affect the volume scattering properties.

5. Results

We used one processor of a 2GHz AMD Athlon 64 X2 Dual
Core Processor 3800+, with 2Gb memory. In gure 1, we
rendered 16,807 plants modeled with 232 triangles each. We |\
used a total oN = 512 bins for the light ow directionw,
with m = 256 in each hemisphere. Thus the BRDF matrix
F(2) hadn? = 65,536 unknown entries. We used 8 different
layers forz. For each bending amount, it took 37 sec-
onds to clip all the 3,899,224 triangles into bins according
to the 8z layers, and the 12 (fogn) by 24 (for fn) bins
in the spherical coordinate subdivision for the ake surface
normaln, 61 seconds to convert the ake density into extinc-
tion, scattering, and phase function coef cients, 715 seconds
to solve the system of ODEs for the entries of the 256 by
256 matrixF(h) at the top of the grass, and 82 seconds to
solve the system of ODEs fdi(2) andly(2) and produce
the shading tableS(z a;qp; gn;fn). This adds up to about
15 minutes for each bending amount, or a total of 105 min-
utes precomputation time for the seven bending amounts we
tabulated. Interpolating the shading tables in the CPU, and ) ) ) ) ]
doing Gouraud shading on the GPU, it took 10.75 seconds a shading table, with two extrg dimensions .to parametrize the
frame to produce the 636 by 474 image shown in Figure 3. surface normal of the t(_arraln. However, if we assume that
Figure 4, of tall dry grass with 568 triangles per plant, shows MOst of the grass bending takes place near the ground, we
the decreased illumination closer to the ground, and the scat- 6N reuse the computationfeh) by rotating the terrain and
tered radiance illuminating the undersides of the leaves. the sky illumination to make the terrain horizontal, comput-
ing revised values fog, anda, and using an interpolated
F(h) for those values. For terrain which is so far away that
6. Future work the individual blades of grass are no longer visible, we could
use the BRDH-(h) directly for shading.

Figure 4: Tall dry grass viewed from close up.

Our rendering is rather slow because the shading is done on
the CPU, and it could be much faster if it were done by a
vertex program on a GPU. The trilinear interpolation in 3D
texture mapping hardware could be used to interpolate over 7. Acknowledgments
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