N
N

N

HAL

open science

Global Illumination Techniques for the Simulation of
Participating Media

Frederic Perez-Cazorla, Xavier Pueyo, Francois X. Sillion

» To cite this version:

Frederic Perez-Cazorla, Xavier Pueyo, Francois X. Sillion. Global Illumination Techniques for the
Simulation of Participating Media. Proceedings of the Eighth Eurographics Workshop on Rendering,

1997, Saint Etienne, France. inria-00510096

HAL Id: inria-00510096
https://inria.hal.science/inria-00510096
Submitted on 17 Aug 2010

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://inria.hal.science/inria-00510096
https://hal.archives-ouvertes.fr

Global Illumination Techniquesfor
the Simulation of Participating M edia

Frederic Pérez*>**, Xavier Pueyo*, Francois X. Sillion**

* GGG/IiA-UdG, ** iMAGIS/GRAVIR-INRIA

Abstract: Thispaper surveysglobal illumination algorithmsfor environmentsin-
cluding participating mediaand accounting for multiple scattering. The objective
of this survey isthe characterization of those methods: | dentification of their base
techniques, their assumptions, limitationsand range of utilization. To thisend, the
algorithms are grouped into functional categories and each method is briefly re-
viewed, with a discussion of its complexity and its pros and cons. We finish by
discussing some applications as well as remaining areas for investigation.

1 Introduction

The rendering of images containing participating mediaisimportant for a certain num-
ber of applications [15]. Simulations of interest can be made for the following areas:

— Safety analyses. smoke filled rooms (visibility of exit signs); foggy environments
(roadway lighting, relative contrast of objects like traffic signsin foggy driving).

— Military: Remote sensing (atmospheric effects attenuate and blur imagesof 1and sur-
faces acquired by distant sensors); underwater vision; battlefield smoke plumes.

— Industrial: Design of efficient headlamps for foggy driving.

— Commercial: Entertainment, virtual reality.

— Visua simulation systemsfor the training of drivers of cars or ships for which op-
tical effectsin participating media are important; also fire fighter training.

We present in this paper astudy of the different methods that have been proposed to
addressthe global illumination problem of scenesincluding participating media, where
the radiance field is modified at any point of the space, not only at surface points.

In the remainder of this section we review the transport equation and the simple
scattering case. In Section 2 we present a general overview of the different algorithms,
which are further discussed according to our classification. Section 3 deals with the de-
terministic methods, and Section 4 with the stochastic ones. A discussion of all methods
isdonein Section 5 and finally open lines of research are listed.

1.1 Thetransport equation

A quick review of the fundamentals of how light interacts with participating mediais
presented here [17]. Aslight travels through a participating medium, some phenomena
take place: there can be absorption, emission and scattering of radiant energy. Absorp-
tion consists of atransformation of radiant energy into other energy forms, resultingina
reduction of radiance. For adifferential distance dx, thisreductionisgiven by x,(x)dx,
being ., (x) the coefficient of absor ption of themedium at point x. Emissionreferstothe
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process of creation of radiant energy. Scattering means a changein the radiant propaga-
tion direction, reducing (out-scattering) the radiance (in this direction) along dx by the
factor ks(x)dx, being xs(x) the scattering coefficient. Also radiance along the same di-
rection is augmented because of the in-scattering, i.e. because of light coming to x scat-
tered into the studied direction. The spatial distribution of the scattered light is modeled
by the phase function p(w,, w; ). Physically it expressestheratio of scattered radiancein
direction w, to the incoming radiance from direction w; by the radiance that would be
scattered if the scattering were isotropic (i.e. independent of the direction).
Light interaction with a participating medium is governed by thetransport equation,
describing the variation of radiance in dx around x in direction w,:
dL(x
P (30760 — (L0 &
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wherek; = K, + k5 iSsthe extinction coefficient, and J(x) isthe source radiance, which
describesthe local production of radiance, i.e. the radiance added to the point x due to
self-emission and in-scattering. Concretely,

?
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where 2 = :—t isthe scattering albedo. The solution of Equation 1istheintegral trans-
port equation:

/L(x, wi)P(we, w;)dw; 2
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L(x) = 7(x0,%x)L(x0) + /:(u, x)k¢(u)J (u)du (3)
Lri(X) =
L (X)

being 7(xo,x) = e Jrg retran the transmittance from xo to x, L,;(x) the reduced
incident radiance, due to the radiance of a background surface (if any), and L,,,(x) the
mediumradiance, dueto the contribution of the sourceradiance withinthe medium [21].
Note that the source radiance can be decomposed into three terms, accounting for self-
emission, for the (first) scattering of reduced incident radiance, and for the scattering of
the medium radiance:

J(x) = J(x) + [i(:)/sem(x, wi)P(We, w; )dw; + %/Sl;m(x, w;)p(wo, w; )dw;

Tri(X) T (X)

Most of the studied methods that render scenes including participating media are
view independent, and thus they use two stages: the Illumination Pass, in which the
source radiance J(x) (or other equivalent function) is computed, and the Visualization
Pass, in which Equation 3 is solved for the points of the image plane, using the results
of the Illumination Pass.

When the partici pating medium hasalow albedo or isoptically thin (i.e. thetransmit-
tancethrough the entire medium isnearly one) then the sourceradiance can be simplified
to not take into account the multiple scattering within the medium, considering thisterm
negligible. Therefore, at point x, the contribution of the scattering of the medium radi-
ance J,,,(x) to the sourceradianceis set to zero, considering that x isthe first scattering
point of the radiance coming from the background surfaces (single scattering case).

Inthispaper wewill only focuson methodsthat deal with the more complex problem
of multiple scattering (solving Equations 2 and 3).



2 Overview

We classify the existing methodsinto two main categories: deterministic and stochastic
methods. Deterministic methods are further classified according to the space of direc-
tions, discerning between isotropic and anisotropic methods. All isotropic methods use
constant basisfunctionsfor the computation of formfactors. Thevery first of these meth-
ods is the zonal method [16], which is an extension to the classical radiosity method.
This has been improved by using hierarchies within the context of the progressive re-
finements method [2, 19] and also of the hierarchical radiosity (HR) [18].

Deterministic methods can deal with anisotropy by means of spherical harmonics
(P-N methods), discrete ordinates, or some implicit representation. Kagjiyaet al. [8] ex-
pand the radiance in atruncated spherical harmonic basis and construct a system of par-
tial differential equations. Bhate et al. [3] expand the zonal method by using a spherical
harmonic basis. Discrete ordinates refersto the discretization of the direction spaceinto
aset of bins[13, 10, 11]. Using a grid of voxels to model the participating media, the
transport equation can be solved locally per voxel, thus updating its exiting radiance, i.e.
changing the incoming radiance of its neighbors, which must in turn solve their exiting
radiances [13, 10]. Alternatively the energy exchange between all pairs of elementscan
be considered, as zonal method's extension, setting and solving a system of equations
whose coefficients are form factors. Max [11] approximates the effects of the form fac-
tors avoiding their computation.

Finally some methods use an implicit representation of thedirectional distribution of
radiance (encoded either in scattering patterns [12] or adiffusion equation [20, 21]). In
the method of Nishitaet al. [12], the contributions to the radiance L(x) (for the second
and third orders of scattering) in the viewing direction in a point x interior of a partici-
pating medium comein the form of a set of extended form factorsin agrid that formsa
3d-filter. These form factors must be multiplied by the energy at the related points and
accumulated to get L(x). Stam [20, 21] uses a “diffusion approximation” to solve the
multiple scattering between blobs modeling the media. Restricting the medium source
radiance of ablob to be of asimpleform, adiffusion equation can bewritten asa system
of linear equations allowing the calculation of the source radiance for each blob.

Stochastic methods solve the transport equation by means of random sampling, us-
ing random paths a ong interaction points. We distinguish between the methods that set
the interaction points by using a constant step distance [4, 5], from those that sample a
functionof x; [14, 9]. Another categorization is made according to the view dependency
of the methods. We tag a method as view dependent if it isimage based or if in the Vi-
sualization Passto solve the pixel radiance (Equation 3) to get the value of L(x() some
extra process is needed (e.g. to use aray tracing).

The studied papers are summarized and categorized as discussed above in Table 1.
Entriesin italic style denote methods that don’t solve the global illumination problem,
in the sense that in the scene there is only a single volume to illuminate. Symbols and
terms used in this paper are provided in Table 2.

3 Deter ministic methods

3.1 Constant basisfunctions

Zonal method. Thezona method [16] isthe extensionto the classical radiosity method
including isotropic participating media, modeled by voxels. The voxel radiosity is de-
fined to include only the self-emitted plus the scattered energy (source function for a



Space of directions
Isotropic Anisotropic
Constant Spherical Discrete Implicit
basisfunctions |harmoni ordinates representation
Zonal method: [16] [8] Based on local solutions  Global 3d-filter:
Hierarchy [3] (local interactions)  |interactions [12]
Progr. Ref.:| HR: Progr. Ref.:| Sweeps. | Sweeps: Diffusion:
[2,19] [18] [13] [10] [11] [20, 21]
Distance sampling
Constant Random
view independent|Light tracing: [4 Light tracing: [14]

view dependent [Light tracing: [5] |Bidirectional path-tracing: [9]
Table 1. Deterministic (top) and stochastic (bottom) methods.

Symbol Units Meaning

J(x,w), L(x,w) |Wm s '|Source radiance and radiance

M - Number of direction bins/ harmonic coefficients
n - Number of elements per axisin aregular grid
P(wo,wi) - Phase function

s,v (v=nd - No. of patches/ volume elements (voxels or blobs)
x - A pointin R®

Ka(X), ks(x), ke (x)|m Absorption, scattering and absorption coefficient
7(x1,X%2) - Transmittance

w —/sr Direction/ Solid angle

2(x) - Scattering albedo

Table 2. Table of terms.

voxel). Form factors between volumes, and between volumes and surfaces are defined,
and the form factors between surfaces are redefined to include a transmittance factor.
They are computed by extending the hemicube technique. A system of s (for surfaces—
patches) plus v (for volumes—voxels) related equations is constructed, and solved by
the Gauss-Seidél iterative method. The direct application of the zonal method hasapro-
hibitive cost: In aregular cube of n> voxels there are n® form factors; approximating
them by the 1-d integral along the centers of each pair of voxelsintime O(n) (i.e. num-
ber of intervening voxels) the computation of all form factors takes O(n"). Coherence
between form factors has been exploited to compute them with lower cost [1].

Progressiverefinement approach. These methods [2, 19] establish a fixed hierarchy
in a preprocessing step and thereafter use it in a shooting strategy. There aren’t further
refinements of the hierarchy that would enable the computation of a cheaper coarse so-
Iution that could be iteratively improved by refining it [7].

Bhate's method [2] is a progressive refinement version of the zonal method, using
hierarchies. These hierarchiesare computed in two preprocessing steps, which consist in
the subdivision of volumes and surfaces and the creation of links between volumes and
volumes and also between surfaces and volumes, determining the level at which a pair
of elements must interact. The proposed heuristics for the volume-volume refinement
are: Total form factor (when arough estimate of the form factor is below some specified
threshold, then the related elements can interact at the current level), estimated visibil-
ity between the volumes, and the optical depth of the intervening medium. Basically, in



these latest heuristics, when the transmittance between two elements is too high, there
isno need for further refinements. The volume-surface refinement also include a bright-
ness factor heuristic (for light sources).

Some particular observations are:

— Sdf-refinement. Participating media are modeled by a set of global volumes. Each
global volume is refined against each other, but not against itself (thereis no self-
refinement). Therefore links must be set between each pair of the smallest volume
element considered within a given global volume, otherwise its self-illumination
won’'t be correctly computed. A self-refinement strategy would be better since it
would reduce the number of interactions.

— Push-Pull. Thereis no Push-Pull procedureto set correctly the values of the radios-
ity at al levels of the hierarchies. Such a procedure would be needed after each
shooting iteration to obtain a correct solution.

In the Sobierajski’s method [19] the volumetric data is represented by voxels, that
can model lambertian surfaces, isotropic media, or a combination of both. Thus each
voxel’sBRDF isthe sum of ideal diffuse reflection plusisotropic scattering. Depending
on the specific coefficients for each component, a voxel can have a more translucent
volumetric appearance or resemble more an opague surface. Therefore, each voxel has
a diffuse plus an isotropic radiosity. Form factors are defined to take into account the
relationships between diffuse and isotropic components of the voxel’s BRDF, and the
surfaces.

Thepresented techniqueisan iterative shooting a gorithm using hierarchieswhich—
for the case of volumes—are built in a preprocessing step by combining eight neighbor-
ing voxelsat acertain level to form one voxel of the parent level. A criterion is defined
to decide if a parent voxel can be a good approximation of its descendents. The inter-
action between nodes depends on their levels, their averaged values and the amount of
energy transferred between them. There aren’t explicit links between nodes, instead at
each shooting iteration the best highest possible levels of interaction are found on-the-
fly. After each shooting iteration aPush-Pull procedure assuresthe correct representation
of the energies of all the nodesin the hierarchies.

Some specific aspects are:

— Sdf-interaction. A volume object cannot self-interact. The self-lighting should be
considered but will be missed in volumes that aren’t convex solid objects.

— Brightness-weighted interaction. A hierarchy is computed independently for each
“volumetric object”, grouping the low level voxels recursively to form upper level
voxels, and no links exist between different hierarchies. Those links are implicitly
computed when finding the interaction levels at which two elements are allowed to
interact. A test is done to check if the amount of radiosity shot from an element e;
to another element e; is below agiven threshold. This could be modified to check if
the estimated energy shot from e; arriving to e; is under some threshold (using an
estimated form factor). This technique would decrease dramatically the number of
interactions when dealing with optically thick media.

— Push-Pull. The Push-Pull procedure presented limits the application of the method
to mediawith constant albedo (pushing irradiance instead of radiosity would solve
thisdrawback [18]). It should be noticed that maybe it would be more interesting to
use agathering techniqueinstead of a shooting technique. Performing the Push-Pull
procedure after each shoot might imply too high a cost.



Hierarchical radiosity. Sillion [18] presents a hierarchical radiosity algorithm [7] &
dapted to include isotropic volumes. To represent energy exchanges within a volume,
the self-link (link from the volume to itself) isintroduced. Thislink is subdivided in a
different way from links between different elements, since each child must include a
self-link apart from the usual links between each pair of children. Furthermore, to avoid
the quadratic cost of the initial link phase of the classical hierarchical method, that can
be overwhelming in complex scenes, the transfer of energy between groups of objects
(i.e. setsof surfaces and volumes) is allowed. These groups of objects compose abstract
objects (clusters) that exchange energy asawhole. A hierarchy is created above the sur-
facelevel, and thentheinitial linking phaseisreduced to the creation of asingle self-link
from the top of the hierarchy to itself, representing the interactions taking place inside
the global volume enclosing the scene. Oncetheinitial link isrefined by arecursive pro-
cedure, gathering and Push-Pull steps are performed until thereis no significant change
in the radiosities of any element. Care must be taken to perform correctly the Push-Pull
procedure when dealing with inhomogeneous media and textured surfaces. Refinement
of the linksis done by bounding the radiosity transfer.

3.2 Spherical harmonics.

Kajiyaet a. [8] present two methods. Thefirst one dealswith single scattering, and the
second with multiple scattering within the participating media. Theradianceisexpressed
in a truncated spherical harmonics basis, and a system of partia differential equations
(PDE’s) is constructed for the spherical harmonics coefficients. The system of PDE'sis
set and solved by relaxation. Only the constant phase function and the Rayleigh phase
function are considered, and the expansion in spherical coordinatesistruncated after the
fourth coefficient (because “only the first few spherical harmonics are necessary for a
convincing image”, but obviously the cost of the method dependslargely on the number
of coefficients). The effects between surfaces and volumes are not taken into account.
The method by Bhate et al. [3] dealswith the effects between surfaces and volumes
missed in [8], being an extension to the zonal method, in which the assumption of the
isotropy of the medium is eliminated (through a representation of the phase function
and radiance by using spherical harmonics) and the surfaces remain ideal diffuse. The
phasefunctionisapproximated by thefirst M termsof itsspherical harmonicsexpansion
(approximation to Mie scattering). Note that alarge number of form factorswill haveto
be computed, taking into account the spherical harmonics. These are cal cul ated with the
extended hemicubetechnique (cf. 3.1). Finally, asystem of M v equationsfor v volumes
plus s related equations for s surfacesis set and solved using a Gauss-Seidel iterative
technique. Thedirect application of thismethod isimpractical because of its prohibitive
c052t: !3” aregular grid of v = n® voxelsthe cost to compute the form factorsis O(n” +

3.3 Discrete ordinates

Another possibility to account for directional functionsis the use of discrete ordinates,
i.e. adiscretization of thefull 47 solid angleinto a set of bins. These represent particular
directions, and it is supposed that, for sufficiently small volume elements, the properties
are constant for each direction within each volume. The main problem of the discrete
ordinatesisthe“ray effect” problem since the energy is propagated through discrete di-
rectionsinstead of into the whole discrete solid angle.



Local interactions. Patmore [13] formulatesthe local solution of the transfer equation
for the discrete directional model resulting of the subdivision of the volume (resulting
in acubic lattice) and the angular spaces (using in practice 6 or 26 directions). The par-
ticipating medium considered is non-emitting, since the objective is to render clouds.
A global solution of the transfer equation is obtained through iteratively obtaining local
solutions (related to points of the cubic lattice). Asaconsequence of alocal solution the
unshot energies of the related point are updated. A new local solution is computed for
the lattice point adjacent and in the direction of the highest unshot energy of the previ-
ous one, thus effectively following importance-based paths, until the unshot energy is
below some threshold or the path exits the volume. This method computes directly the
radiances exiting the volume, so no integration of source radiances are needed in the
visualization pass.

The method by Languénou et al. [10] follows a progressive refinement approach.
The usual shooting method for surfaces is extended to account for the transmittance
through the media, and al so source termswithin the mediaare updated accordingly. The
radiosities of the boundaries of the media are computed propagating the radiance (com-
ing from the previously accumulated source terms) along all the discrete ordinates and
using as many iterations as necessary to converge. Each iteration consistsin aloop for
each direction, in which a complete sweep of the voxel grid is performed to propagate
the accumulated energy through adjacent voxels, starting from a convenient boundary
voxel (related to the direction considered), where O(Mwv) is the cost per iteration. Fi-
nally, the radiance of the boundary faces of the medium is shot, using hemisphere in-
terpolation. The whole process is repeated until convergence is met. The Visualization
Pass computes the pixel radiances by using the source radiances of the voxels.

Global interactions. Max’s method [11] is devoted to render clouds. The computation
of the M2v? form factors of thefinite elementsformulation is avoided by approximating
their effects as the energy is propagated across the grid. For each bin, this propagation
is made distributing the flux to the related neighbor voxels simultaneously for all voxels
belonging to alayer, intime O(vlog n), for v? interactions. The “ray effect” isreduced
because the energy is propagated through the whole bin, not only through asingle direc-
tion. The attenuation between two voxelsis not accumul ated along the straight linejoin-
ing them, but along a set of possible propagation paths. The multiple scattering events
produced within a single receiving element are accounted for. Since the time to scatter
the received flux of avoxel to the direction binsis O(Mwv), thefinal cost per iterationis
O(Mvlogn+ M?v). Thuswhen the number of iterationsrequired to convergeis small
compared to v, thismethod is better than computing the whole set of form factors (with
acost of O(v2n + v2M)) and solving the resulting system.

3.4 Implicit representation

Thedirectional distribution of radiance can berepresented implicitly by ascattering pat-
tern [12] or by a diffusion equation [20, 21].

3d-filter. Nishitaetal. [12] proposeamethod to display cloudstaking into account mul-
tiple scattering and sky light (light reaching the cloud due to the atmosphere’ s scattering
plusthereflected light from the earth’s surface). Radiance from acloud reaching the eye
is computed from the sunlight multiple scattered plus the sky light single scattered by
the particles of the cloud. Of the multiple scattering of the sunlight only the three first
orders of scatterings are considered (to save computation time), computing separately
the single scattering. For the contribution of the second and third order of scattering to



the radiance in the viewing direction, the space including the cloud is subdivided into
voxels, with the viewing direction asaprincipal axis. Instead of computing form factors
between each pair of voxels, an smaller space with the mean density of the cloud is set,
and the contribution ratios to the radiance of the center voxel (in the viewing direction)
from the other voxels are computed, taking into account the sunlight direction. Thisis
the contribution-ratio pattern, or 3d-filter. Since the scattering in clouds is mainly for-
ward, most of the energy scattered at apoint will liewithin arelatively small solid angle.
Using thisfact it's possible to compute faster the extended form factors, concentrating
the effort in those voxels which will effectively contribute to the center voxel, for paths
having one or two scatterings (and using an stochastic method to select those voxels).
Thefilter isapplied to the voxelsin the whole space storing for each voxel the light scat-
tered due to the second and third order scattering in the viewing direction.

Diffusion. Stam [20, 21] solves the global illumination by progressive refinements,
by using shooting operations between patches, and between patches and blobs (which
model the media). The shooting between blobs (that could be very expensiveif the num-
ber of blobs v islarge) isavoided by a set of v linear equations representing a diffusion
equation. Thisis obtained by a “diffusion approximation” of the source radiance (due
to the scattering of the medium radiance), i.e. it is characterized by only two functions:
Jm(w) = J% + J1.w. Solving the linear system allows the computation of the coeffi-
cients J° and J* for each blob, and thus the multiple scattering between blobs. When v
isnot too large (v < 1000) the system can be solved with adirect L U-decomposition; for
larger systems a relaxation scheme can be used, although the convergenceis not guar-
anteed (but note that with arelatively small number of blobs good looking results are
obtained). The proposed method usesfar |ess memory and computation time than would
be required by agrid method. Being a progressive method, when it deals with complex
scenes composed of lots of surfaces, the cost of the progressive shooting of energy from
the surface patchesisquite expensive. A hierarchical approach would become necessary
in such a case.

4 Stochastic methods

The global illumination stochastic methods basically trace random rays within the envi-
ronment. The interaction points that limit the rays can be obtained by using a constant
step distance [4, 5] or sampling a cumulative density function [14, 9].

4.1 Constant distance sampling

Blasi et al. [4, 5] describe methodsto deal with participating mediaby using asimulation
of the particlemodel of light (Monte Carlo light tracing). Thefirst [4] dealswithasingle
participating medium; the second [5] can render mixed scenes. Both take into account
the multiple scattering within the media, using the Schlick [4] phase function, specially
defined in such away that the importance sampling using it is quite inexpensive, while
maintaining the possibility of approximating other phase functions. In [4] it's used an
approximationto the Mie scattering asacombination of isotropic plusforward scattering
components. Inthe scattering events, the scatter directionisgiven by optimal importance
sampling of the scattering component, and the isotropic part is stored in the voxel. This
isotropic part of the voxel isnot considered for theillumination of the other voxels. Since
the directional component is much more important than the isotropic component, it is
expected that the resulting error will not besignificant. A progressiverefinement strategy
could be used when thisisotropic energy becomes too important.



Bundles progress in steps of constant length. Therefore, at each interaction point
there is a sampling process to decide if there is scattering in that point. Absorption is
taken into account along the whole path of the bundle, decreasing its flux at each step
by the transmittance due to absorption along distance §.

In [5] aprogressivetechniqueis used to render mixed scenes. Surfacesare classified
as“diffuse” or “specular” depending on somethreshold. In the [llumination Pass, when
a bundle hits a diffuse surface, its energy is stored there (and the bundle's path ends),
whereas when it hits a specular one, it is reflected using importance sampling. Within
the media the bundles progress as explained above, although only when a bundle exits
the media (if it does) its energy is recorded (at the border voxel). Due to this storage
scheme, the number of rays traveling through the volumes must be higher than it would
be required with a storage per voxel, to get an accurate sampling of the energy leaving
the volume.

4.2 Random distance sampling

Light tracing. The Monte Carlo light tracing by Pattanaik et al. [14] uses a sampling
process to find the points of interaction (absorption or scattering) of the bundles within

the volume, with the expression 1 — exp(— fOS k¢(u)du) as a cumulative distribution
function, where S isthe distance traveled. At those points, with the Smple Absorption
method, another sampling processis performed to decideif the interaction is an absorp-
tion or a scattering event, based on (2. On the other hand, with the Absor ption Suppres-
sion method the bundles always scatter but they reduce their flux multiplying it by (2.
Different variance reduction techniques are proposed: Forced interaction of a bundle
with each voxel, the yet mentioned Absorption Suppression method, and the Particle
Divergence method (in which the outgoing bundleis split into many bundles at the scat-
tering points). The storage scheme presented is suited for isotropic scattering, but can
be changed to deal with anisotropic scattering.

Bidirectional path tracing. In[9] abidirectional path tracing for non-emitting partic-
ipating mediais presented. Random walks are traced both from the light sources (light
paths—Iight shooting) and from the eye point (eye paths—light gathering), being acom-
bination of light tracing and eye tracing. Consequently thisis an image-based method.
After tracing alight path and an eye path, each intersection point of the respective paths
are connected by shadow rays. Those shadow rays that aren’t occluded constitute a part
of (complete) transport paths from the light sources to the eye, and an illumination con-
tribution is computed for each transport path. These illumination contributions are com-
bined to obtain an unbiased estimator for the radiance reaching the eye, taking into ac-
count the probability densities for generating the transport paths used. Concretely, the
balance heuristic [22] is used to obtain the weights of the illumination contributions.
Random walks (both light and eye rays) are traced computing interaction points within
themediaasin [14] (Simple Absorption case). For the scattering direction computation
the Schlick phase function is used.

5 Discussion
5.1 Progressiveresults

The multi-gridding technique can be used to compute a sequence of solutions stopping
when a sufficiently accurate solution is obtained. The sequence starts with avery rapid
computation of a first coarse solution which is improved in successive steps. This can



be accomplished in hierarchical approacheslikein [18]. If arelatively small quantity of
time is given to compute a solution, then with the multi-gridding technique a coarse so-
Iution could be obtained. The Monte Carlo light tracing method of Pattanaik et al. [14],
on the other hand, in a given short time will produce in the Illumination Pass a partial
solution far from convergedin theillumination elements, soin practicetheimagerelated
to that partial resultswon't be of utility. Thisis dueto the fact that each bundle follows
its path in the scene until it dies. In thelight tracing method by Blasi et al. [5], however,
the reflection on diffuse surfaces is eliminated, so that whenever abundle hits a diffuse
surface its path ends, and that diffuse surface accumulates unshot energy. At each iter-
ation a set of bundles representing the unshot energy of the element having the highest
valueis spread to the environment, thus being a progressive refinement algorithm. Note
that this technique also introduces bias since the process of reflection at a given point
is substituted by a shooting from a random point within the element. The progressive
nature of [5] alows the computation of an iterative sequence of images. However, the
illumination of the mediawill be far from converged unless avery high number of bun-
dles have been used. In the bidirectional ray tracing, sinceit’s aview dependent method
wheretheillumination is solved directly per pixel, the quality of the image can be grad-
ually improved, starting from a very crude approximate image and converging to the
solution as the program progresses.

Partial results of theillumination of avolumetreated by the methods which use dis-
crete ordinates by sweeping of energy [10, 11] could be given between successive iter-
ations. Methods that do progressive refinements using hierarchies could do a good job
if an ambient term is used for display purposes (as a generalization of the ambient term
of the classical radiosity) after the shoot of light of the most energetic elements. This
can also be used by other progressive refinements methods like the diffusion approxi-
mation [20, 21], and the method by Blasi et a. [5].

5.2 Sampling strategies

It should be noted that the sampling strategy of [5] drives to biased results, while that
of [14] doesn’t. Thisis because the bundles can only be scattered at distanceswhich are
multiple of §, and thus the expected length before scattering won't be equal to the mean
free path without absorption. The error isreduced aslong asthe value of ¢ isdiminished.
Unfortunately to assure results with a variance bel ow some threshold the time required
is approximately of the order of theinverse of §. Moreover, we have checked that, for a
same variance threshold and setting a value of § relatively small to get atolerable bias,
the computation time using the sampling procedure of [14] is always lower than that
of [5].

5.3 Isotropic media

It seems clear that for applications in which the isotropic assumption can be used (i.e.
non-realistic applications), the obvious choiceis the hierarchical radiosity method [18]
sinceit hasthe best performancein computation time; moreover it ismorereliable than
the progressive refinements methods, in which a fixed hierarchy is used. Also the dif-
fusion approximation using blobs method [20, 21] could be simplified for the isotropic
scattering case, being then a good choice (Iess memory and computation time than grid
based methods) when the number of blobsisrelatively small. When that number of blobs
is high, then ahierarchical approach becomes necessary.



5.4 Anisotropic media

In the case of anisotropic media, al the existing methods commit errors; only the bidi-
rectional path tracing is unbiased. It's then important to know what type of error can
be accepted for each concrete application. Stam [20, 21] utilizes a “diffusion approxi-
mation” (cf. 3.4). Thisis only valid in the case of a high number of scattering events.
This condition fails at the boundaries of the media, and thusthe results aren’t so precise
there; however, for certain applications (such as animationsin which the objectiveisthat
things “look right”) they are accurate enough. Spherical Harmonics and Discrete Ordi-
nates methods approximate directional functions by using a fixed set of bases. It could
be interesting to use an adaptive number of bases in function of the accuracy required
for the solution. Max [11] propagates the energy inside the medium in away so that the
“ray effect” (presentin [13, 10]) isreduced, but computing an approximation of thetrue
attenuation between two voxels; therefore although it produces visually better images
it's not clear if that solution is less accurate than the direct Discrete Ordinates method
(although for displaying clouds, for example, it’s considered to be better). Obviously the
bias of the Spherical Harmonics and Discrete Ordinates methods can be reduced by us-
ing ahigher number of bases, but the computation time augments dramatically doing so.
Thus there is a compromise between computation time and image quality.

Comparing the costs of the zonal Spherical Harmonicsmethod [3] (form factor com-
putation: O(n” + M?>n®)) against Discrete Ordinates methods (iteration cost: O(Mw)
in [10], O(Mvlogn + M?v) in [11]—15 iterations are used approximately; form fac-
tor computation for the direct extension of the zonal method with discrete ordinates:
O(v*n + v2M)), with v > M, we can order the different methods starting from the
cheaper as follows: Languénou et a.’s discrete ordinates [10], Max's discrete ordina-
tes [11], direct extension of the zonal method with discrete ordinates, and the zonal sphe-
rical harmonicsby Bhate et a. [3]. However it should be noticed that the accuracy of the
results follows the reverse order.

6 Future Research

There are some strategies not addressed in the existing methods which could constitute
lines of future research. We discuss below the eventual interest of them:

— The use of clusterg/hierarchies for anisotropic mediawould allow the resolution of
the global illumination problem for complex scenes in far less time than that re-
quired by Monte Carlo methods. These clusterscould contain also diffuseand glossy
surfaces, as in [6]. For applications which require dealing with specular surfaces
maybe a multi-path algorithm should be explored.

— A multiresol ution representation of energies, phase functions, etc., could be also ac-
complished by utilizing wavelets.

— Thenotion of importance (or potential) of surfaces can be extended to participating
media. Thus methods which make use of importance to accel erate the computation
of the radiances for a concrete view could be analyzed to be extended for scenes
including participating media.

The possibility of giving bounds or characterizations of the error committed by a
method could also be studied (in general, or for concrete executions). Finally, morework
should be done in order to deal with dynamic environments, walkthroughs and exten-
sionsto other physical phenomenalike fluorescence and phosphorescence.
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