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Abstract wheren is the component of the direction vector perpendicular to

the incident direction(6?) is the square of the width of the forward
Natural volumetric media have phase functions which typically are peak of the phase function, abds the scattering coefficient. This
sharply peaked in the forward scattering direction, with backscat- form is a diffusion of the light in the angular degrees of freedom
ter accounting for only a few percent of the total angular redistri- at depths in the medim. In addition, the radiance distribution is
bution from a single scattering event. This property has been ex- proportional to
ploited in the past in the small-angle approximation for radiative ( 2 >

exp| —

transfer, successfully for many engineering and science applica-
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tions. The small-angle approximation also robustly describes the
multiple-forward-scattered behavior of the light field many scatter-
ing lengths into the participating medium, including the asymptotic
regime, in agreement with experimental measurements and compu
tationally intensive simulations. Physically, the important missing
ingredient not found in the small-angle approximation is occasional
large angle scatters that reverse the propagation direction of som
of the light. This paper introduces a quantitative model of multiple
scattering which contains both the multiple-forward-scatter charac-
ter and a few large-angle scattering events. The model is derived
directly from the Green'’s function representation of radiative trans-
fer, and path integrals are used to construct the appropriate form of .
the small angle approximation. The model is suitable for media that exp(_ﬁ2M>
have internal structure. This paper reports on a work in progress, 4(82)besint?(q)
presenting the model but no rendered results.

andr is the component of position in the medium perpendicular to
the incident direction. This is a diffusion in the spatial structure of
the the light field.

This form of the small angle approximation is useful for some
pplications because of its simplicity. A re-examination of the
approximation procedure by [Tes87] produced a version that is
slightly more complex, but much more accurate, especially at great
depths. In this improved small angle approximation, the angular

and spatial diffusion are replaced with the altered factors:

and

1 Introduction 2(82)br3h(q)

2
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Many naturally occurring participating media share a common trait: In this form, a new parameter which has dimensions of lenght,
their scattering phase functions are sharply peaked in the forwardcomes into the picture. Its definition is/ﬁl.2 = <62>ab, combining
direction in visible light. In all cases, the value of the phase func- the scattering coefficiertt, the absorption coefficierd, and the
tion near O degrees is 10-1000 times higher than the peak in thewidth of the phase function ped®?). The dimensionless quantity
backscatter direction. The source of this forward-peaked charac-q is z/¢, and the functiond and R reduce to the previous small
ter is the particulate nature of the media; the particles are generallyangle approximation in the limit< ¢ [Tes88].
much larger than the wavelength of visible light, which is aregime  The length scalé arises from this approximation as the marker
that favors forward scattering. An important exception to this is between a purely diffusive regime over short distanees () and
the molecular medium of the atmosphere, in which oxygen- and the so-called asymptotic regime % /¢) studied by [HZ77], for
nitrogen-based molecules are comparable in size to visible light. In which the light distribution is effectively frozen in shape and de-
this limit, Rayleigh scattering dominates and the phase function is cays exponentially with depth according to a diffuse attenutation
very broad. This paper is concerned more with particulate media coefficient. This improved small angle approximation compares
that have forward peaked phase functions. well with experimental and simulation data [Tes88] in an angular
This quality of the phase function is important for multiple scat- region around the initial propagation direction, and shows very well
tering. For example, a volume that is 100 scattering lengths thick the transition to the asymptotic regime. Note that the original form
(e.g. a cumulus cloud or a human hand), only a few of those scat- of the small angle approximation does not predict the existence of
tering events are large angle scatters, while the great majority of an asymptotic regime at all. This more accurate second form of
them are scatters through a small angle from the incoming direc- the small angle approximation will be used in the remainder of this
tion. The diffusive look of a cloud or tissue arises mostly from the paper.
multiple forward scatters, with the few large angle scatters playing  The small angle approximation successfully captures the mul-
a "secondary" role. tiple forward scattering behavior that comes from phase functions
The small-angle approximation [Dol80] to the radiative transfer that are sharply peaked in the forward direction. The remainder of
equation focuses on just the multiple-forward-scatter behavior. For the light distribution coming from a participating medium comes
a light beam incident on a participating medium, the radiance dis- from large angle scattering events. Only a few of these scattering

tribution at a distance into the medium is proportional to events need occur, even within optically thick media, for a much
more accurate rendering of the full light field. The aim of this paper
2 is to fuse the small angle approximation for multiple forward scat-
expl — 55— tering with a discrete scatter model. The fusion qualitatively con-
2(8%)bz ; P ; P e
sists of having light propagating through the medium in a multiple

forward-scatter process, suffering a large angle scatter at a point
*Rhythm and Hues Studios in the medium volume, then continuing to propagate in the new
fMay, 2006 direction with multiple-forward-scattering. By iterating this basic




picture, more and more large angle scatters can be incorporated as Using the time-dependent Green’s function to find a time-

long as it is computationally practical to do so.
To accomplish this fusion, there are two tasks. The first one is to
build an integral form of the radiative transfer equation that allows

us to select large angle scattering events separate from multiple for-

independent light field lets us exploit certain technical simplifica-
tions, because the time parameter effectively sorts all of the light
arriving at a point into packets that arrive at different times. This
also helps to build approximation strategies for multiple forward

ward scatters (section 3). The second task is to rebuild the smallscattering.

angle approximation in a form that is more suitable for general vol-
ume rendering applications. The form discussed above is rigidly

The Green’s function handles both scattered and unscattered
light. To get at strategies for scattering, we first split it into a term

tied to half-space geometries. We recast it in section 4 to be morefor unscattered light and a term for scattered light:

suitable for general volume rendering problems. The final fused al-
gorithm has the form of a raymarching process. As the ray march

proceeds deeper into the medium, the spatial and angular blurring

from the diffusion can be exploited to increase the step size of the
raymarch.

2 Background

There are several approaches to multiple scattering in use in com-
is de-

puter graphics. The subsurface scattering approach of [DJ05]
sign specifically for geometries and material properties that support
the diffusion approximation for the radiance leaving the surface of
the medium. Multiple scattering has been implemented in hardware
volume rendering by [HLO1], who used to concept of multiple for-
ward scattering to motivate using textured cards in the field of view,
and [REK'04], who implemented multiple scattering in hardware
by building a look up table of phase function convolutions to de-
scribe multiple scatters.

Multiple forward scattering has also been exploited by [PAS03]
and in hardware by [HPADOG6], with algorithms based on the small
angle scattering approximation. This approach was motivated by
the path integral methods for solving the radiative transfer equa-
tion first introduced by [Tes87] for underwater optics, and later
by [PalF94] for tissue optics.

3 Green’s Function

We have chosen to build a fused algorithm using the Green'’s func-
tion for the radiative transfer equation. Imagine we begin with a
dark medium and turn on a focused laser light source emitting a
very short pulse from any poi in the medium in any direction

(. Scattering and attenuation redistribute the light in the volume,
and at a times after emission, the light arriving at any other point

X in a directionn”is proportional to the Green’s function, written
G(s,%,A,X,/'). In principle, this function is the solution of the
time-dependent radiative transfer equation

ta :

ds
b(x) / dQ” P(A,A") G(s %,
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with the initial condition
G(0,%,AX,A") = §(X—X) d(A—A)

For light sources that stay on indefinitely, the radiance distribution
L is the convolution of the Green'’s function with the light source:

L(X,ﬁ):/ooods/dg)( 40’ G(s,% A%, /) S, ;)

This solution for the radiative transfer problem is naturally imple-
mented as a ray march algorithm. The integral over time serves
as the ray march stepping mechanism. This will be made explicit
below.

G(s,x,A,X /) 5(x—x —fs)

+ AG(s,%,AX A

d(A—f') T(0,s,%, 1)
)

andT is the exponential attenuation due to the extinction coefficient
betweerx andx’:

T(,5%A) = exp(f /Sd§’ c(X—A(s— s”)))

Because the unscattered light term satisfies the initial conditions
for the Green’s function, the initial conditions for the scattered
light Green'’s function is that there is no scattered light initially, i.e.
AG(s=0)=0.

The scattered Green'’s function satisfies an integral equation con-
siting of two terms, one for single scattering and one for multiple
scattering:

AG = AGss + AGys

where the first term is a single scatter expression

AGsds, X, A,X )

S
/ d< T(0,5—¢,%f)
0

x b(X—A(s—5)) P(A,A)
x T(0,8,x—fA(s—9),A) (1)
and the second term is for more than one scatter:
S
AGus(sXAX,F) = / d< dQ”
0

x AG(s—9,%AX +A'd, /")
X b(?’+ﬁ's/) P(A /,ﬁ’)
x T(0,8,¥ +A's /) ()

These two contributions tAG tell relatively simple stories. The
first one, AGsg is the single scattering of light from the direc-
tion of the light source to the direction of the viewer. From the
light source to the scattering point, the light suffers attenuation
T(0,8,Xx—A(s—¢),'). In some implementations of volume ren-
dering, this factor is included in a deep shadow map volumetric data
structure. The phase function scatters the light from the direction
f’ to A, and from the scatter point to the viewer there is attenuation
T(0,s—¢,% /). Because the single scattering event may occur at
many possible points along rays from the light source, the integra-
tion [ d¢ finds the appropriate intersection point for each ray. This
single scattering term is commonly evaluated as a raymarch from
the viewer into the volume, with the integration variablglaying
the role of stepping the ray through the volume.

Multiple scattering occurs ihGys. This term has similarities
to the single scattered one. Propagation from the light source is
accompanied by an attenuatidif0,s’,X' +i’s’, '), which again
may be incorporated into a deep shadow map. There is a single
scatter of the light at the poii + '/, and the light which leaves
there and arrives at the viewer is then scattered more by the scat-
tered Green'’s functiodG. This term is the primary focus of this
paper. Notice that it has the form that is desired from the discussion



in section 1: there is scatter, which may be a large angle scatter,with the understanding that)z) has a small value. In this situa-
followed by other scatters. Since the first scatter fulfills the need of tion, the path integral over the scattering mo@esn be evaluated,
incorporating a large angle scatter, k@ factor in the convolution  |eaving only the path integral over the pafhsThis integral has the
can reasonably be approximated by a multiply-forward-scattered form

expression. The approach in this paper is to build an expression for

the multiple forward scattered Green's functidGvrs based on AGurs = /dp(f%) 5(@,(0) _ ﬁ/> 5(@(5) _ ﬁ)
the small angle approximation discussion above, and the multiple
scattered Green'’s function is < & <X’7X” B /Sd§ B(S/)> exp(—as)
s 0
~ Al _ "
AGMs(S,X, n,X’,n ) = /0 dg aQ % (17e7b3>
x  AGwrs(s—s, %A% +A's /") (1_e—bs> . die 2
x  b(X +/d) P@A",/) X exp (_ T / d¢ Lé(g ) ’ ) (©)
0
x T(0,8,X +A's,A) ()

Since light travels at a fixed speed, the scattered Green’s function
should enforce that speed even in approximate evaluations. In fact,

4 Multiple Forward Scattering Green's Func- itis easy to see the fixed speed constraint directly from the full exact

tion path integral expression. The spatial delta function
The small angle approximation that we use here is based on the 5(%—+ Sa dd
one introduced by [Tes87] using path integral methods. That form, A B(s)

however, is not sufficient for us for three reasons: (1) the original
form does not separate scattered and unscattered light for apply-requires that for every path through the medium that contributes
ing the small angle approximation, so the solution in [Tes87] will light, the path3 must be restricted to
not satisfy our initial conditions; (2) when the unscattered light is
removed prior to the small angle approximation, some of the quan- T_% — /Sfﬁ(s’)dg
tities are altred in important ways; (3) the derivation used in [Tes87] 0
assumed a plane-parallel geometry in which the medium occupied . . .
a semi-infinite volume, while we need a more general structure for "When we take the magnitude of this expression and use the Schwarz
the medium. inequality

In this section we run through the path integral formulation and
small angle approximation to arrive at an expression for the multi- |X— X
ple forward scattered Green'’s functidGyrs. The result is valid
for a general participating medium. For simplicity in the explana- Sau
. med plicity ir : < / ()| dd
tion, a homogeneous medium is used, then in section 5 we discuss 0
the changes to the result that are needed to make in valid in arbitrary < s
media. N

The path integral expression for the scattered Green’s function So it must be exactly true th&@yrs = 0 wheneverlX —X/| > s.
is an exact but formal solution of the radiative transfer problem in The procedure that we need to follow in our approximate evalua-
terms an an infinite-dimensional integral over the phase space alltion must pay attention this constraint. For this purpose, we can
all possible paths through the medium and all possible scattering arrange the representation of unit vectfrs terms of a compo-
modes. Following [Tes89], it is nent perpendicular t8— X', and one parallel to it. When we label

the perpendicular component by the two dimesional vegtone

/du([:’;, p) & <B(O) - ﬁ’) 5 (Q(s) _ ﬁ) representation is

[aeas]

A
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< ex i/sds’ B(S)- dB(s) with the understanding that (X —X') = 0. Then the delta function
P 0 dg spatial constraint is divided into two constraints:
S S
exp(i [ d< bz(p(¢ )-1) 4 x-X| = [\1-[s)P? ¢ 8
< (ow(i [[ad bzipe)) @ %% = [\ ®

0

S
~ - J
The unit vectorB(s) describes all possible paths through the /0 ¥(s) ds ©)

medium that start &X', ') and end atX, i) after a times. Specifi-
cally, it is the tangent to the paths. The benefit of this expansion usiiygis that we can enforce the

Multiple forward scattering is enforced by approximating the causality constraint. However, it does not describe paths with seg-
Fourier-transformed phase functidh,using the fact that the phase ~ ments that are backwards facing relative(teX’, which is the rea-
function has a very strong and narrow peak around the forward di- Son why the small angle approximation does a poor job with large
rection. In this situation, the dominant contribution of scattering to angles in the radiance distribution. Fortunately, the large angle be-
the paths comes from setting havior has been handled separately, and we are only interested here

in multiple forward scattering.
(62) In the multiple forward scattering scenario, we anticipate that

2
Z(p)~1- w |f5|2 (5) all paths are deviations from the forward direction, we can use the



deviation vectory as a small quantity in the first constraint. To
leading order then, the time delay satisfies

1 /5, /N2
s=I%-|+3 [ ()P o
2.Jo
This order of expansion is a reasonable one to use because it en

forcess > |[Xx— X/ | no matter the deviation path chosen. lterating the
expansion, we obtain an explicit expressiondais:

(10)

|
s=lx-x|+3 [ We)Ped
0

Now the procedure is to go back to the path integral expression
for Gyrs and substitute fos either equation 11 or the simpler
expressions = |[X — X| into each term, depending on the order
of the term, so that all dependence up to quadratig is kept,

but higher orders are ignored. Using the shorthighd ¥'| = z,

CRRY (1— e_bz> =T, and %/(aT) = L?, the resulting path inte-
gral is

(11)
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andyy, Vs are the components of andrithat are perpendicular to
X—X.
In the original definition of the deviation vectgy it is bounded
to a unit disk, i.e. |\7|2 < 1. However, our approximations have

X

X

produced an expression for the path integral that is mathematically

well behaved if the support of were extended to the entire two

dimensional pIanRz. Understanding that the integration over the
additional area of the plane contributes relatively little error because

larger values of\7|2 are suppressed by the gaussian character of the

integrand, the extended path integral has an exact evaluation into:
ooz (l . esz)

2mT2L4 h(z/L) sinh(z/L)

eXp(—M(Z/L,Vﬁ,Vﬁ/))

5(5—2—%/:(15/ |VMFS(S/)|2)

with the functions defined as
xsinh(x) 4+ 2(1— coshx))

Gmes(s %A%, /)

X

X

he) = sinh(x) (12)
. (V% + V') sinh(2x) /2 — 27V sinh(x)
Mx3¥) 2T Lsint(x)
[V+V |?(coshx) —1)2 13)

2T Lsink?(x) h(x)

The multiple forward scattered paffyrs(s) is the path through
the medium with the least attenuation between the pdit$’)
and(X, )

Wrs(S) = Vaf (8) + Vi f(s—5) (14)
with the function —
/ sin
) =Gz (13)

4.1 Angular and Spatial Blurring

Multiple scattering has the effect of blurring the radiance distribu-
tion, in both the angular and spatial degrees of freedom. In this
section the amount of blurring is quantified direction from the solu-
tion in equation 13.

" The first term oM (x,y,Y) is the angular blurring factor. To see
more clearly how it acts as an angular spread, we can look at its
form in the limitz < L. In this limit, the term is approximately

y—v?
2T2/L

and it is reasonable to interpmy/T /L as the angular spread of the
light distribution over short distances. At large distarzgsL, the
blurring looks like

P+ IV

2TL

and the angular spread ofT L is much narrower at large distances

than would have been expected from the short distance spreading.
Similarly, the second term iM accounts for spatial spreading

in the plane perpendicular to the primary direction X'. It arises

from the process of exactly evaluating the spatial propagation con-

traint
5</Ozv(s’) ds’)

and has the spatial width
V/TLh(X)L

There is also spatial spreading aldfig X' due to the constraint

5 (S*Z* %/Osdé ‘VMFS(S/)|2>

which delays the constributions from various tingesccording to
the direction the light takes coming into the point.

For the multiple scattered Green'’s function in equation 3, the
constraint is

sinh(x)

coshx) — 1

(16)
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To first order, the value of that satisfies this equation is
/

P R=%
T s—f- (X=X

Sinces must be positive, this solution requires tsat [X —X|.
This allows us to evaluate the time integral in equation 3 to leave

8(s— |x—X|) b(X +/'s)

i

AGys(s.%,A,X )

x T(0,8,¥ +A',A)
e’az<1— e’bz>
2mT2L4 h(z/L) sinh(z/L)
X /dQ” exp(—M(z/L.Va, Vi)
x  P(A" A 17

and theB(x) is the Heaviside step function, which enforces the
speed of light constraint.

This expression is the last ingredient needed for an imple-
mentable algorithm.



5 Conclusions

Further effort to implement this algorithm is in progress.

The small angle approximation is a very different regime of light
propagation from the diffusion approximation used in models such
as subsurface scattering. As such it should provide an additional
useful tool in volume rendering for achieving a different kind of
appearance for clouds, tissues, and water.

The structure of the Green'’s function makes the algorithm very
flexible for introducing objects in the volume. In fact, although
the multiple forward scattered portion of the result in equation 17
was built explicitly for a homogeneous medium, it applies with only
small modification when the medium has internal structure. The es-
sential ingredient is to define the total number of scattering lengths
{(s) along a path by

de(s)
ds
With this definition, all of the dependence srandb can be ab-
sorbed intol. A ray march to evaluate the radiance marches out

fixed steps ir?, and the derived steps #are variable depending on
the variability of the medium along the ray march.

=b(¥ +/')
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