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Cabin model showing single-bounce calculation.

G. Ward
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Indirect irradiance record placement shown as red spheres. Note how
record spacing is large on flat surfaces far from neighboring geometry,
then bunches up on outside curves and (especially) inside corners.

G. Ward
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Irradiance Cache Data
Structure

struct indirect_irradiance_value {

float pos[3]; /* position in space */

float dir[3]; /* normal direction */

int 1vl; /* recursion level of parent ray */
float weight; /* weight of parent ray */

float rad; /* validity radius */

COLOR val; /* computed ambient value */

float gpos[3]; /* gradient wrt. position */

float gdir[3]; /* gradient wrt. direction */

1

We discuss the gradient vectors next...

The ray level and weight are used to determine when to truncate the
ray tree. The position and normal vectors are used in the
weight/threshold computation, together with the “validity radius.”

August 2008
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Irradiance Gradients

* From hemisphere sampling, we can
also compute change w.r.t. position and
direction
— Gradient information comes essentially free

« Equivalent to higher-order interpolation
method, i.e., cubic vs. linear

August 2008

Initially, Paul Heckbert and | were thinking a gradient calculation could
inform better value spacing. A year went by before we realized that it
was better to apply them directly during interpolation to reduce
discontinuities. This also avoids bias issues.
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Rotational Gradient

* As view rotates,
surface sees more
(or less) of bright
object

» Estimate rotational
change based on
hemisphere samples

e

Caveat: we cannot know what will appear over the horizon.

G. Ward
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Rotational Gradient Formula
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The rotational gradient is zero at the zenith because the derivative of
the cosine is zero, hence small rotations don’t affect contribution for
samples looking straight up.
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» Estimate changes
using hemisphere b

Translational Gradient

* Translation of
surface element
exposes (or hides)
bright occluded
objects and shifts
boundaries

August 2008

The distance to our sampled geometry is important, and we have to
assume that disocclusions look like what we already see of the
background object. Hence, the boundary moves as the nearer edge
moves rather than the further surface.




Irradiance Caching Class

G. Ward

Translational Gradient
Formula
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fl is the unit vector in the ¢; direction
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Refer to the vector diagram on the rotational gradient slide for variable
definitions. Here, the ‘+" and ‘-’ suffixes refer to the vectors (not drawn)

corresponding to the leading and trailing edges of each cell,

respectively. The Min(a,b) function is used to determine the closer of

two neighboring surface samples.
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Gradient Interpolation
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+ Weights w,(P) same as before
+ Essentially modifies E,'s used for interpolation
» Gradient also used to cap valid radii

August 2008

Once we have our rotational and translational gradients corresponding
to each irradiance value, we can apply them in a first-order, weighted
interpolation as shown.
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Irradiance Gradient Results

(no overture)
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The effect of applying the irradiance gradient technique is highlighted in
this extrapolated calculation, where lazy evaluation is shown in its “full
glory.” Despite discontinuities introduced by adding values to the
cache during scanline rendering, our first-order extrapolation makes
these artifacts all but disappear. Value placement is shown together
with the comparative error when applying gradients to interpolation
(I.e., adding an overture calculation).
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Irradiance Cache Limitations

» Cached values over very different scales
— May cause light leaks if value spacing not limited properly

» Also, “hairy” geometry: forests, grass, etc.
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Jaroslav has a solution called “neighbor clamping” for this problem.
Hairy geometry is best dealt with by switching to a noisy MCPT method
for busy topologies.

G. Ward
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Sources of Bias in lrradiance
Cache

Super-sampling of hemisphere

— Naive adaptive sampling approach is biased
Truncation bias from limited bounces

— Caching overrides Russian roulette in Radiance
Placing limits on value spacing

— Degrades fine-scale features

Assumed average scene reflectance

— Undermines accuracy in white-walled enclosure

To eliminate bias, don’t use adaptive super-sampling, add Russian
roulette to final bounce via path tracing, eliminate minimum value
spacing (expensive) and use actual surface reflectances (undermines
sharing). Decreasing number of hemisphere samples (by reflectance)
and increasing sample spacing (by reflectance”-0.5) distributes errors
evenly between levels and speeds convergence.

August 2008
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Irradiance Cache
Enhancements in Radiance

Computation of ambient “constant”
Adaptive super-sampling on hemisphere
Maximum and minimum record spacing
Gradient limit on record spacing

Bump maps using rotation gradient
Options for excluding surfaces/materials
Record sharing for multiprocessors
Record sorting for cache coherency

© N ORWDN =

G. Ward
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Computation of Ambient
“Constant”

So-called “ambient term” approximates
the remainder of an infinite series

An average of top-level indirect
irradiances is a good approximation

A moving average may be used as the
irradiance cache is filled over time

Over-estimating ambient term is worse
than under-estimating

The -aw option in Radiance controls this function. As indirect values
are collected, they overtake the initial, user-specified ambient term. It's
one of those features that seemed like a good idea at the time, but in
practice it doesn’t get much use.

G. Ward
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Adaptive Super-Sampling

« To maximize accuracy of
indirect irradiance integral,
super-sample high variance
regions
— Detect variance based on

neighborhood

« Sample until error is uniform
over projected hemisphere or
sampling limit is reached

Controlled by the -as option in Radiance, this often-used optimization is
especially effective in bright, daylighted interiors.

G. Ward



Irradiance Caching Class August 2008

Maximum and Minimum
Record Spacing

« Without a minimum record spacing,
inside corners get resolved to a pixel
level

« Applying a minimum spacing, accuracy
gradually rolls off at a certain scene
scale

« A maximum value spacing of 64 times
the minimum spacing seems about right

If available, ray pixel size may also be used to adjust record spacing,
though this would tend to undermine view independence.

G. Ward
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Gradient Limit on Record
Spacing

* The gradient does not control spacing
unless ||gradient||*radius > 1

* Then, to avoid negative values and
improve accuracy, we reduce radius to
1/||gradient||

 If we have reached the minimum
spacing, then reduce the gradient,
instead

It is important *not* to use the gradient to determine record spacing in
general, as we cannot know what the gradient is before sampling, and
we don’t know how often to sample if the gradient dictates spacing. Itis
better to use a conservative metric that doesn’t depend on actual scene
radiances, which may or may not behave as expected.

August 2008
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Bump Maps Using Rotation
Gradient

» Bumpy surfaces reduce record sharing

« Ignoring bump map, we can apply rotation
gradient for irradiance just calculated

» This promotes optimal reuse and spacing

Uninterpolated Normals Interpolated Normals

It also avoids the problem Mm
of sample leaks %%

Indirect OK Indirect penetrates surfaces

No-cost addition to irradiance gradient calculation -- just apply the
perturbed surface normals on the final interpolation.

G. Ward
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Options for Excluding
Materials

» User-selected materials (and the surfaces
they modify) may be excluded from indirect

» This saves hours of pointless interreflection
calculations in fields of grass, etc.

+ If only a few materials are to be included, an
include list may be specified, instead

* It would be better to have a second type of
interreflection calculation available

The -ae option excludes a single material (and its assigns), whereas -
aE excludes all materials listed in a file. The -ai and -al options may be
used to specify included materials, instead.

G. Ward
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Record Sharing for
Multiprocessors

* In addition to reusing records for subsequent
views, irradiance cache files are used to
share records between multiple processes

* Synchronize: lock—read—write—unlock

» Records from other processes are read in,
then this process’ new records written out

* NFS lock manager not always reliable

This technique works with a fixed buffer size of about 13 records up to
10 processors or so, then a larger buffer works better. At some point, |
would like to implement a client-server or broadcast model to reduce
overhead and avoid problems with NFS.

G. Ward
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Record Sorting for Cache
Coherency

+ Indirect records storage and access may be
poorly correlated
— Causes poor VM coherency and performance

 Sorting records from most- to least-recently
used improves access coherency

* Radiance does this at increasing intervals
during indirect record accumulation

There are additional caveats in cases where indirect values are being shared.
Since a field is stored in each record for when it was last used, and changing
this would undermine value sharing, we turn this optimization off when more
than a third of the records are being shared across processes. The biggest
savings occur in processes that exceed physical memory, which causes VM
thrashing.

G. Ward
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Conclusions

Irradiance cache was implemented in
Radiance around 1986

First SIGGRAPH submission was
rejected, and paper was completely
rewritten (twice)

Refinements have been few and subtle

C code is about 1500 lines of 30,000 in
Radiance rendering engine

August 2008
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Abstract

An efficient ray tracing method is presented for calculating
interreflections between surfaces with both diffuse and specular com-
ponents. A Monte Carlo technique computes the indirect contribu-
tions to illuminance at locations chosen by the rendering process.
The indirect illuminance values are averaged over surfaces and used
in place of a constant “ambient’’ term. Illuminance calculations are
made only for those areas participating in the selected view, and the
results are stored so that subsequent views can reuse common
values. The density of the calculation is adjusted to maintain a
constant accuracy, permitting less populated portions of the scene to
be computed quickly. Successive reflections use proportionally fewer
samples, which speeds the process and provides a natural limit to
recursion. The technique can also model diffuse transmission and
illumination from large area sources, such as the sky.

General Terms: Algorithm, complexity.

Additional Keywords and Phrases: Caching, diffuse, illuminance,
interreflection, luminance, Monte Carlo technique, radiosity, ray
tracing, rendering, specular.

1. Introduction

The realistic computer rendering of a geometric model requires
the faithful simulation of light exchange between surfaces. Ray
tracing is a simple and elegant approach that has produced some of
the most realistic images to date. The standard ray tracing method
follows light backwards from the viewpoint to model reflection and
refraction from specular surfaces, as well as direct diffuse illumina-
tion and shadows [15]. Accuracy has been improved with better
reflection models (4| and stochastic sampling techniques [6]. Unfor-
tunately, the treatment of diffuse interreflection in conventional ray
tracers has been limited to a constant “ambient” term. This
approximation fails to produce detail in shadows, and precludes the
use of ray tracing where indirect lighting is important.

We present a method for modeling indirect contributions to
illumination using ray tracing. A diffuse interreflection calculation
replaces the ambient term directly, without affecting the formulas or
algorithms used for direct and specular components. Efficiency is
obtained with an appropriate mix of view-dependent and view-
independent techniques.

Permission to copy without fee all or part of this material is granted
provided that the copies are not made or distributed for direct
commercial advantage, the ACM copyright notice and the title of the
publication and its date appear, and notice is given that copying is by
permission of the Association for Computing Machinery. To copy
otherwise, or to republish, requires a fee and/or specific permission.

©1988 ACM-0-89791-275-6/88/008/0085 $00.75

2. Interreflection in Ray Tracing

Ray tracing computes multiple reflections by recursion (Fig-
ure 1). At each level, the calculation proceeds as follows:
Intersect the ray with scene geometry.
Compute direct contributions from light sources.
Compute specular contributions from reflecting surfaces.
Compute diffuse contributions from reflecting surfaces.

gt i o

The complexity of the calculation is closely related to the difficulty
of step 1, and the number of times it is executed as determined by
the propagation (recursion) of steps 2 through 4. Step 2 requires as
many new rays as there are light sources, but the rays do not pro-
pagate so there is no growth in the calculation. Step 3 can result in
a few propagating rays that lead to geometric growth if unchecked.
Methods for efficient specular component computation have been
described by [8], [5] and [14]. The diffuse contributions in step 4,
however, require many (>100) propagating rays that quickly
overwhelm a conventional calculation. Most methods simply avoid
this step by substituting a constant ambient term. Our goal is to
find an efficient method for computing diffuse interreflection and
thereby complete the ray tracing solution. We start with a sum-
mary of previous work in this area.

An advanced ray tracing method developed by Kajiya follows
a fixed number of paths to approximate global illumination at each
pixel [8]. Using hierarchical “importance” sampling to reduce vari-
ance, the illumination integral is computed with fewer rays than a
naive calculation would require. This brings ray tracing closer to a
full solution without compromising its basic properties: separate
geometric and lighting models, view-dependence for efficient render-
ing of specular effects, and pixel-independence for parallel implemen-
tations. Unfortunately, the method is not well suited to calculating
diffuse interreflection, which still requires hundreds of samples. A
high-resolution image simply has too many pixels to compute global
illumination separately at each one.

The radiosity method, based on radiative heat transfer, is well
suited to calculating diffuse interreflection [12][10][2]. Surfaces are
discretized into patches of roughly uniform size, and the energy
exchange between patches is computed in a completely view-
independent manner. The method makes efficient use of visibility
information to compute multiple reflections, and sample points are
spaced so that there is sufficient resolution without making the cal-
culation intractable. In areas where illumination changes rapidly,
the patches can be adaptively subdivided to maintain accuracy [3].
However, the standard radiosity method models only diffuse sur-
faces, which limits the realism of its renderings. Immel extended the
approach to include non-diffuse environments, adding bidirectional
reflectance to the emergy equations [7]. Unfortunately, the view-
independent solution of specular interreflection between surfaces
requires sampling radiated directions over very small (approaching
pixel-sized) surface patches. The resulting computation is intract-
able for all but the simplest scenes.
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Surface location

1. Ray intersection with surface

2. Rays to compute direct
component

Incoming ray

3. Rays to compute specular
component

w
4. Rays to compute diffuse
component

Figure 1: The four steps of ray tracing.

A combined ray tracing and radiosity approach was designed

by Wallace to take advantage of the complementary properties of
the two techniques [13]. Wallace divides energy transport into four
“mechanisms:” diffuse-diffuse, specular-diffuse, diffuse-specular, and
specular-specular. He then proceeds to account for most of these
interactions with clever combinations of ray tracing and radiosity
techniques. Unfortunately, there are really an infinite number of
transport hanisms, such as specular-specular-diffuse, which are
glected by his caleulati The generalization Wallace suggests
for his approach is equivalent to view-independent ray tracing,
which is even more expensive than general radiosity [7].

3. Diffuse Indirect Illumination

Our development of an efficient ray tracing solution to diffuse
interreflection is based on the following observations:

. Because reflecting surfaces are widely distributed, the compu-
tation of diffuse indirect illumination requires many sample
rays.

. The resulting “indirect illuminance” valuet is view-
independent by the Lambertian assumption [9].

. The indirect illuminance tends to change slowly over a surface
because the direct component and its associated shadows have
already been accounted for by step 2 of the ray tracing caleu-
lation.

For the sake of efficiency, indirect illuminance should not be recalcu-
lated at each pixel, but should instead be averaged over surfaces
from a small set of computed values. Computing each value might
require many samples, but the number of values would not depend
on the number of pixels, so high resolution images could be pro-
duced efficiently. Also, since illuminance does not depend on view,
the values could be reused for many images.

How can we benefit from a view-independent calculation in the
inherently view-dependent world of ray tracing? We do not wish to
limit or burden the geometric model with illuminance information,
as required by the surface discretization of the radiosity method. By
the same token, we do not wish to take view-independence too far,
calculating illuminance on surfaces that play no part in the desired
view. Instead we would like to take our large sample of rays only
when and where it is necessary for the accurate computation of an
image, storing the result in a separate data structure that puts no
constraints on the surface geometry.

tWe define indirect illuminance as the light flux per unit ares arriving at a
surface location via non-sell-luminous surfaces.
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- '[n our enhancement of the basic ray tracing technique, indirect
illuminance values are cached in the following manner:

If one or more values is stored near this point
Use stored value(s)
Else

Compute and store new value at this point

The computation of a new value uses the “primary method.” The
technique for finding and using stored values is called the

“secondary method.” The primary method is invoked to calculate a
new vnlue‘ the first time it is needed, which is when the secondary
method fails to p duce s usable estimate from previous calculations
(Flsum.E). Determining the appropriate range and presenting a
surface-independent storage technique are the two main points of
this paper. Before we explore these issues, we present a basic com-
putation of indirect illuminance.

Figure 2: [lluminances EI and E2 were calculated pre-
viously using the primary method., Test point A uses an
average of Ef and E2. Point B uses E2. Point C
results in a new indirect illuminance value at that loca-
tion.
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3.1. The Illuminance Integral
Nluminance is defined on a surface as the integral of luminance

over the projected hemisphere [9]:

613
n 2

E= JL(9.¢)cosBsian8d¢ 1)
]

- S

where 6 = polar angle
¢ = azimuthal angle
L(8, ¢) = luminance from direction (6, ¢)

In our primary method for calculating indirect illuminance, the
integral is approximated with a discrete set of sample rays that do
not intersect light sources. A uniform segmented Monte Carlo dis-
tribution is derived by standard transformation methods [11}:

E-J;if L, 0, @

2n% §=1 k=1
where: 9.=sin‘1( -"_x’)
i o S
(k-Yx)
o=m

Xj, Yk = uniform random numbers between 0 and 1
2n° = total number of samples

In general, a better approximation to (1) may be obtained with
fewer rays using hierarchical sampling techniques [8]. The particular
method chosen does not affect the r inder of this di i

3.2. Nlluminance Averaging

The secondary method performs two functions alternatively.
It either approximates illuminance by averaging between primary
values, or determines that a new primary value is needed. To main-
tain a constant accuracy with a minimum of primary evaluations, it
is necessary to estimate the illuminance gradient on each surface.
Where the illuminance changes slowly, as in flat open areas, fewer
values are required. Where there is a large gradient, from high sur-
face curvature or nearby objects, more frequent primary evaluations
are necessary. Our method uses an estimate of the change in illumi-
nance over a surface based on scene geometry. The inverse of this
change serves as the weight for each primary value during

averaging. If none of the values has a weight above a specified
minimum, the primary method is invoked at that location.

We introduce a simple model to relate the illuminance gra-
dient to scene geometry based on the assumption that narrow con-
centrations of luminance can be neglected. (Such localized sources
should be included in the direct component calculation, since Monte
Carlo sampling is a bad way to find them.) A surface element is
located at the center of a sphere (Figure 3). Half of the sphere is
bright, the other half is dark. The surface element faces the divid-
ing line between the two halves. The “split sphere” has the largest
gradient possible for an environment without concentrated sources.

.

Figure 3: The split sphere model. A surface element is
located at the center of a half-dark sphere.

: An approximate bound to the change in illuminance in the
split sphere, ¢, is given by the first order Taylor expansion for a
function of two variables:

JE JE
e< X(K'Ko) +5‘§‘(§‘§°) Ga)

Because the illuminance at the center is i

. e proportional to the pro-
jected area of the bright half of the hemisphere, the pul',t.iai
dlﬁ'erent;a‘aia w_lth respect to z and £ are proportional to the partial
changes in this projection. In terms of z, the differential change

over the projected area is g:, which is _"_; In terms of £, the
¥ rR%0¢

L R
ratio is SeRT or simply €. Combining these results with the
triangle inequality, we get:

e tBleal nley)

!\Iote that the change in illominance with respect to location is
inversely proportional to the radius, R, while the change with
respect to orientation does not depend on the sphere geometry. We
can extend our approximation to more complicated geometries by
replacing z and € with vector-derived values:

e® s E [ %@ « 22 RERE) | 3
o

where: N ( P) = surface normal at position P
l_”., = surface element location
E, ai!lmninmuﬁ,

R, = "average” distance to surfaces at Fo

The change in z becomes the distance between two points, and the
change in £ becomes the angle between two surface normals. This
equation is used to estimate the relative change in illuminance for
any geometry. Both the points and the surface normals are deter-
mined by the ray intersection calculation. R is the harmonic mean
(reciprocal mean reciprocal) of distances to visible surfaces, which
can be computed from ray lengths during primary evaluation.
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The inverse of the estimated error is used in a weighted aver-
age approximation of illuminance:

Zwi(F)Fﬁ

Bl =t

w. (P)

3)

ies

1

E. *compuwdillumimmen?i
= harmonic mean distance to objects visible from B;
(i:w (F)> 1/a )

where: wi(?) =

n

a = user selected constant

The approximate illuminance, E (P ), is given by the weighted mean
of all *‘adjacent” illuminance values. The weight of a value is equal
to the inverse of its estimated error, without the constant terms that
are valid only for the split sphere (4/m and v2). An illuminance
value with an error of zero (P; equal to P) will have infinite weight.
All values with an estimated error less than a will be included in
the set of adjacent illuminances, §. If § is empty, a new primary
illuminance value must be calculated at P. (An efficient method for
determining the members of 5 is given in the next section.)

The constant e is directly related to the maximum approxima-
tion error. When the approximation is applied to the split sphere,
the error is less than 1.4aE, where is a straight average of E;
over S. In general, the illuminance gradient may be larger or
smaller than the split sphere, but it will always be roughly propor-
tional to a . It is interesting to note that for a less than or equal to
1, § will not contain any value farther than the average spacing or
with a surface normal more than 90 degrees from the test location.
Intuitively, such a value would be expected to have 100% error.

In practice, additional tests are required to restrict the values
included in §. The ray recursion depth must be considered so that
values computed after one or more bounces are not substituted for
final illuminances. This is easily prevented by keeping separate
value lists at each recursion level. A different problem arises from
our generalization of the split sphere model. Equation (4) assumes
that motion in any direction is equivalent to motion in z. As a
result, the set S can include illuminance values that lie on objects
shadowing the test point, P (Figure 4). We therefore introduce a
test to reject illuminance values that are “in front” of P:

4(F) = (F-F) . [F®)+NE)] /2 ®

If d;(P) is less than zero, then P, is in front of P so the value is
excluded.

Figure 4: Py sees few close-by surfaces, so its estimated
error at P is small. But P is shadowed by the surface
under P, and the true illuminance is different.
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Caching indireet illumi e is simple and efficient. The error
estimate results in a minimum of primary evaluations and a nearly
constant accuracy. Sections of the scene that do not contribute to
the image, directly or indirectly, are not examined since no rays
reach them. Areas where the indirect illuminance varies rapidly,
from changing surface orientation or the influence of nearby objects,
will have a higher concentration of values. Flat areas without
nearby influences will have only a few values. Dynamic evaluation
obviates surface discretization and presampling, so scene representa-
tion is not restricted.

Figure 5a shows three colored, textured blocks on a table
illuminated by a low-angle light source. Figure 5b shows the place-
ment of indirect illuminance values. Note that the values crowd
around inside corners, where surfaces are in close visual contact, and
outside corners, where the surface curvature is large. Also, the
space between and immediately surrounding the blocks is more
densely populated than the background, where only a few values are
spread over a wide area. This distribution is different from the stan-
dard radiosity technique, which computes values at grid points on
each surface. By selecting value locations based on the estimated
illuminance gradient, a more accurate calculation is obtained with
fewer samples,

Averaging illuminance values over surfaces results in lower
pixel variance than produced by standard ray tracing techniques.
Figure 5¢ was produced by a pure Monte Carlo computation that
used as many rays as the calculation of Figure 5a. The speckling
results from inadequate integration of the indirect contributions at
each pixel. Since every pixel requires a separate calculation, only a
few diffuse samples are possible over the hemisphere. If a sample
happens to catch a bright reflection, the illuminance computed at
that point will be disproportionately large. Caching permits a
better integration to be performed less frequently, thereby obtaining
a more realistic rendering than is feasible with pixel-independent ray
tracing.

3.3. Illuminance Storage

For the secondary method to be significantly faster than the
primary method, we need an eflicient technique for finding the
members of § (Equation 5). Without placing any restrictions on
scene geometry, an octree permits efficient range searching in three
dimensions [1]. A global cube is identified that encompasses all
finite surfaces in the scene. When the primary method calculates a
new indirect illuminance at a scene location, the global cube is sub-
divided as necessary to contain the value. Each illuminance, E;, is
stored in the octree node containing its position, P,-, and having a
size (side length) greater than twice but not more than four times
the appropriate ‘“valid domain,” aR;. This guarantees that the
stored illuminance value will satisfy the condition for § in no more
than eight cubes on its own octree level, and a value with a small
valid domain will only be examined in close-range searches. Each
node in the octree will contain a (possibly empty) list of illuminance
values, and a (possibly nil) pointer to eight children. (A two-
dimensional analogy is given in Figure 6.) To search the tree for
values whose valid domain may contain the point P, the lollowing
recursive procedure is used:

For each illuminance value at this node
If w;(P)>1/a and 4 (F)>0
Include value
For each child
If P is within half the child’s size of its cube boundary
Search child node

This algorithm will not only pick up the nodes containing P, but
will also search nodes having boundaries within half the cube size of
P. In this way, all lists that might have an illuminance value
whose valid domain contains P will be examined. The worst case
performance of this algorithm is O (N'), where N is the number of
values. Performance for a uniform distribution is O (log (N )).

The scale of the sorting algorithm can be changed so that the
octree cubes are either larger or smaller than the domains of the
values they contain. If the cubes are smaller, each examined list
will be more likely to contain usable values. However, many of the
cubes will be empty. If the cubes are larger, more of the values will
have to be examined, but less searching through the tree will be
necessary. In any case, changing the scale does not affect the func-
tioning of the algorithm, only its performance in a given situation.
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Figure 68 Colored blocks with diffuse indireet ealeuls-
Lion

Figure 6b: Blocks with illuminanee value loeatisns in
blue

Figure 8: Five indirect illuminance values are shown
wilth their reapeclive damains |eircles) linked |-_'. doteed
|||'n--= to l||ﬂ A;-:.r:.pri.l.‘.ﬂ |.-:4".ﬂ-~ i--;n'lrr-:-

Figure Be: Blocks u ung conventional ray traong lech
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Writing illuminance values to s file permnits their reuse in sub=
sequent renderings, By reusing ald values, the indirect caleulstion
will not only proceed more quickly, it will be more nccurate since
the illuminance s already ealculabed in some aress of the scene.
Normally, the secondary method takes the estimated errar right Lo
e tolerance level bofore caleulating & new value. Where the neces-
sary values are precalevlated, the tolerance j& never reached beeniese
all points are within ope or more valid domains

3.4. Multiple Diffuse Reflections

It is often desirable to limit the caleulstion of dilfuse
reflections separntely from the direct and specular components. A
recard is kept of how many diffuse bounces have oceurred, and this
i checked agninst a user-specified lmit. When the limit i reached,
o constant ambient value is substituted for the ealeulnt
value can be sero.)

{This

The first ray traced i o computatio
reflections begins a enscade of illum
initial primary evaluation uses mar
turn produce many more samples, with the last recirsion level exhi-
biting the densest sampling. As the higher recursion levels become
filled with primary [luminance values, fewer raye propagate in the
caleulution. The computation of multiple diffuse reflections there
fore begins slowly, and spesds up as fewer recursion levels re
primary evalustion, This prooess is similar to the “solution” stage
ol a radiosity technique, which ealeulates energy transfer between all
sitrfaces before rendsring is poss Producing different views of
the same scene is then relatively quick. The thrifty computation of
multiple views is also present in our method, with an additional say-
ings from ignoring surfaces that do not contribute to the desired
images

nee values |
ray sumples, and these raya in

In the computation of multiple reflections, a simple optimizs-
tion reduces the number of samples required for n given accuracy. IF
the mean surface reflectance is 50 perceni, twice as much error can
be tolerated in the caleulation of each successive ance. By
incrensing the value of a by 40 percent and decreasing the Monie
Carlo sampling by 50 percenl, each rellection nses one quarter aa
many rays as the last, with the same contribukion o error. The
total number of sample rays is then s bounded series, which can
serve as o soft limit to reeursion when accuracy is eritical

Level 0 Level 1 Level 2 Level 3

Figure 7: The lines represent e
represent primary evaluations. T
puted values do not propagate

the paoinis
e rays that reus

ek

Flgare 10: loe cream store with indireet cove high

4. Resulis

The wecuriey of the se
snalytical solution of a sphere resting on an infinite
seventy percent reflectance, and o porallel light sooree overliend
[Figure ), The illumination on the sphere dus to direct light plus
first bounce was determimed. Sinee the scene is rac v svmmetrie,
the sphere (lluminance s completsly deseribed by & one dim |
function of the angle below the horizontal (9], a8 measured from the
center of the sphere. A closed form for lluminance was found for
the upper hall of the sphere, and an analyticanl functs
integrated numerically for the lower hall. The illiminance ¢
caleulation was then applied to the p el e
magimum errors of the secondary meithod were found for
values of a. In each case, the distribution of error was relutively
uniform over the sphere igh the sity of primary svaluatians
varied by severnl orders of magnity I'he mean error was about
one fourch, and the maximum error wis abolit twice the estimuted
error for the split sphere. The relstionship hetween arror and @ had
the expected |

wWas
IR
n omnda
differemt

-

r carrelni

Figures @a, Ob and % show a daylit office space with direct
anly, first bounee, and seven bounces, respectively Fhe blind-
coversd window was modeled s six aren sources with precaleulated
distributions sccounting for solar and sk wmpanents, The images
took 40, and 70 hours in separate cale tions on & VAX 11/TR0

Figure 10 shows an jer cream store lluminated by indirect
cove lighting, The total computation teok sbout 30 hours on s Sun
3/00. We estimate the image would have taken more than 500
hours using pixel-independent fay bracing, or 100,000 hours for an
accurate radionily solution. Although s combined radiosity und ray
tracing approach would be comparable to our method in computs-
tion timé, it would not model many of the interactions shown in this
image, such as the illuminstion under the parfait glass

Figure 8 A sphere an
the secondary meth

used to vahidake
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Flgure 9a: Daylit oflice, direct only caleulstion

Figure 9b: Daylit office, firsi. bounce caloulation

Figure 9e: Daylit olfice, seven bounee ealeulation.
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5. Discussion

Because our averaging technique was derived from a simplified
model (the split sphere), it is important to study its performance in
situations where the model is not predictive. Two such cases are
illustrated in Figure 11. They are both related to bright, localized
reflections, such as those that might result from a spotlight or mir-
ror. If a bright spot is partially hidden by an occluding surface, or
on the horizon, then small changes in element location and orienta-
tion can result in large changes in illuminance. The averaging tech-
niqgue we have developed will not respond appropriately, and the
error related to a will be much larger than the original split sphere
model. However, bright spois also make trouble for the Monte
Carlo calculation, which requires a higher sample density to find and
integrate such luminance spikes. There is no known lighting caleu-
lation that can track these small “secondary sources” efficiently.
Our technique uses a smaller value for @ together with a higher
Monte Carlo sample density to model these effects, with a
corresponding increase in complexity,

Bright reflection partially
occluded by dark object

Bright reflection
on horizon

Surface
element ix

Figure 11: Two cases of indirect illumination that are
difficult to model.

Besides diffuse interreflection, the c¢aching technique can also
be applied to illumination from large sources, such as a window or
the sky. Wide area sources present a problem for conventional ray
tracing caleulations because they are difficult to sample adequately.
Normally, when a ray participating in the diffuse interreflection cal-
culation hits a light source, it is ignored. This prevents counting
light sources twice, since they participate in a separate direct com-
ponent caleulation. By moving a large source from the direct to the
indirect step of the computation, it is possible to obtain a more
accurate sampling of its area. We have found this approach
effective for sources with a solid angle greater than 1 ian.

The calculation of diffuse transmission can also be accelerated
by caching. Translucent surfaces become more difficult to model
with conventional point sampling techniques as they b more
nearly diffuse. The indirect calculation can be used to obtain a
more accurate integral of light striking a translucent surface on
either side. If the transmission function is not purely diffuse, scat-
tered specular rays can be used to supplement the Monte Carlo cal-
culation, just as they are for reflection.

6. Conclusion

We have developed an efficient ray tracing method for calcu-
lating diffuse interreflection, which when combined with standard
computations of direct and specular contributions results in a com-
plete simulation of global illumination. Only those illuminance com-
putations required for accurate rendering are performed, and the
values can be reused in other images. Thus the method provides an
good mix of view-dependent and view-independent qualities. The
criterion for evaluation of diffuse interreflection is an estimate of the
illuminance gradient from convenient measures of scene geometry.
The separation of lighting and geometric models is a basic strength
of ray tracing, and it is preserved in this technique. The method
can also model diffuse transmission and illumination from large area
sources.
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ABSTRACT

A new method for improving the accuracy of a diffuse interreflection calculation
is introduced in a ray tracing context. The information from a hemispherical sampling
of the luminous environment is interpreted in a new way to predict the change in irra-
diance as a function of position and surface orientation. The additional computation
involved is modest and the benefit is substantial. An improved interpolation of irradi-
ance resulting from the gradient calculation produces smoother, more accurate render-
ings. This result is achieved through better utilization of ray samples rather than addi-
tional samples or alternate sampling strategies. Thus, the technique is applicable to a
variety of global illumination algorithms that use hemicubes or Monte Carlo sampling
techniques.

1. Introduction

Global illumination can be simulated using both ray tracing and radiosity algorithms. Both approaches
typically rely on calculations of patch irradiances which are used to revise other patch irradiances itera-
tively or to render a final imaget. In most radiosity algorithms, patch radiosities are considered
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tirradiance is the energy flux per unit area arriving on a surface. Radiosity is the emissive flux per unit area, plus the
irradiance times the diffuse surface reflectance.



constant during the solution stage, and bilinear interpolation (Gouraud shading) is used to compute pixel
values during rendering. It has been shown that these piecewise-constant approximations are quite inac-
curate, and that much more accurate approximations can be simulated using linear, quadratic, and
higher order approximation [Heckbert91b]. Linear approximations have recently been implemented for
3-D radiosity [Max92] and 2-D radiosity [Heckbert91a] [Lischinski91].

Higher order approximations require more information about the irradiance function in order to be
worthwhile, however; one must increase either the number of samples or the information content of
each sample. If higher order interpolation were used without additional information, the resulting shad-
ing would look smoother, but it would be objectively no more accurate than standard bilinear interpola-
tion.

Rather than increase the number of samples, as more brute-force algorithms have done, our method
increases the information content of each sample to include estimates of the first derivative, or gradient,
of the irradiance.

In this paper, we will show how the irradiance gradient at a point can be computed during a standard
Monte Carlo evaluation of irradiance at almost no additional cost. The key to this innovation is the
wealth of information contained in a sampling of the hemisphere. During the sampling process, the dis-
tances, brightnesses, and directions of the visible surfaces are all known, and from this knowledge it is
possible to deduce with reasonable accuracy how the irradiance will change with respect to position and
orientation of the test surface element. The gradient approximation given here is based on minimal,
intuitive assumptions of geometric continuity.

Knowing the irradiance gradient along with the irradiance value at a point allows us to justify a bicubic
or like-order interpolation method, and produces not only smoother but significantly more accurate
results. The irradiance gradient method will be demonstrated in the context of a meshless irradiance
caching scheme [Ward88b], though the technique may also be applied in mesh-dependent radiosity
algorithms.

2. The RADIANCE Simulation

Radianceis a physically-based lighting simulation system developed over the past seven years at the
Lawrence Berkeley Laboratory in California and the Ecole Polytechnique Federale de Lausanne in
Switzerland. The software is free and publicly available from anonymous ftp sites at both locations.
Since the algorithm described in this paper has been implemented in the contextRddiancepro-

gram, it is necessary to briefly explain the workings of this simulation before delving into the irradiance

gradient calculation itself.

Radianceis basically a light-backwards ray tracing program [Whitted80] that uses irradiance caching to
efficiently account for diffuse interreflection between surfaces. The basic algorithms usatiance
are described in [Ward88a] and a general overview of the software is provided in [Ward90]. Basically,
Radianceuses ray tracing in a recursive evaluation of the radiance equationt:

2n w2

Lr(er,tn)=£ 1[ Li(6i.@) f(6.9:6.¢) cod) sing df d¢ )
where:

0 is the polar angle measured from the surface normal

¢ is the azimuthal angle measured about the surface normal

L, (6,,@¢) is the reflected radiance (watts/steradian/n‘?eter in Sl units)

L;(6;,@) is the incident radiance

f(6;,9:6, ,@) is the bidirectional reflectance-transmittance distribution function (ster'&dian )

TThe radiance equation is essentially Kajiya's rendering equation [Kajiya86] with the notion of energy transfer between
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To reduce the variance between samples and speed convergence of Monte Carlo integration, light
sources are accounted for separately using an adaptive sampling scheme [Ward91]. As in most ray
tracing algorithms, specular contributions are computed with separate rays in the appropriate directions.
Once the direct and specular contributions have been removed from the integral, the indirect diffuse
contribution is computed using a Monte Carlo sampling of the hemisphere. Since this "indirect irradi-
ance" value is view-independent, and it changes slowly over surfaces in most scenes, it is more efficient
to perform the calculation only occasionally, caching the computed values for local interpolation. This
caching of irradiance samples is a significant optimization of more brute-force Monte Carlo ray tracing
algorithms such as Kajiya's [Kajiya86].

In the meshless caching scheme described in [Ward88b], the location of the computed indirect irradi-
ance values is determined by the proximity and curvature of the surfaces, and does not fall on a regular
grid, so a weighted sum is used in place of a more standard bilinear interpolation. Furthermore, since
values are only computed as needed by the algorithm, extrapolation may occur in a region where no
previous values existed, until the need for a new value is strong enough to trigger another Monte Carlo
calculation. This process can result in some rather disturbing artifacts in a single pass scanline render-
ing, as shown if_Figure da. The commonly applied solution to this problem involves a low-resolution
overture calculation to fill the desired view with indirect irradiance values prior to the final high-
resolution pass. Although this prepass requires only a modest additional expense, it is rather annoying
that it should be required by an otherwise elegant rendering algorithm.

The benefit of calculating the irradiance gradient is two-fold for the caching scheme udraldignce.

First, we are able to produce more accurate interpolated values because we can use the gradient infor-
mation effectively in a higher order interpolating function. Second, we are able to produce more accu-
rate extrapolated values and thus greatly reduce caching artifadts. _Figdre 1b shows the same single-
pass calculation, this time using estimates of the irradiance gradient to more accurately extrapolate
values in unsampled regions of the image. We emphasize that the second image took approximately
the same time to produce as the first, and used the same hemisphere samples to compute the irradi-
ances. The only difference is that the second image extracted additional information from the hemi-
sphere samples to deduce the irradiance gradient at each sample point, and these gradients were used to
better interpolate and extrapolate irradiance values for the image. (Since the test environment contains
no specular surfaces and no direct illumination sources, changes in the diffuse interreflection calculation
are more evident here than in most scenes.)

plots interpolated irradiance values for a vertical line passing just under the right side of the
sphere. The difference between the actual irradiance and the cubic interpolation is too small to see in
this plot, but the poor match of the linearly interpolated irradiance is clearly evident. The relative
errors shown il Figure 1d amply demonstrate that a cubic interpolation of irradiance based on gradient
information is much more accurate than a standard linear interpolation.

2.1. Indirect Irradiance Calculation

The indirect irradiance is calculated iRadiance using a fixed number of samples in a uniformly
weighted, stratified Monte Carlo sampling:

M-1N-1

LS
E=——5 3L )
MN i3 k=0 ]

where:

. . . . _— : _1\/ 14X K+Yi
L « is the indirect radiance in the directiof; (@) = |sin BYE 21 N

X;,Y are uniformly distributed random variables in the range [0,1)

two points replaced by energy passing through a point in a specific direction.



M-N is the total number of samples ahd= 1M

Note that sample rays that intersect light sources must be excluded from the above summation because
direct illumination is accounted for in a separate step. The resulting sum is the indirect contribution to
irradiance at a specific point on a surface.

Irradiance samples, consisting of a point, a normal vector, and an irradiance value, are stored in an
octree for later interpolation. This irradiance octree is separate from the octree used to optimize ray-
surface intersection. In the original implementation, interpolation was a simple weighted sum over
usable irradiance values. The weight of a sample decreased as the interpolation point or normal vector
deviated away from the sample’s point and normal. A sample was considered usable if the estimated
error of its contribution to the approximation was less than a user-specified accuracy tolerance. The
error was estimated from the local geometry using the "split sphere model" to compute an upper bound
on the magnitude of the irradiance gradient.

The split sphere model is only a crude estimate of the gradient magnitude. It may be sufficient to
decide the spacing of irradiance calculations, but to improve our interpolation we need to know the
actual irradiance gradient, not just a directionless upper bound. Fortunately, the information we need is
already contained in the hemisphere sampling.

3. The Gradient Calculation

Since the irradiance in a scene is a function of five variables, three for the position and two for the
direction, the irradiance gradient should be a five-dimensional vector. For computational convenience,
we will compute instead two separate three-dimensional vectors. One will correspond to the expected
direction and magnitude of thetational gradient and the other to the direction and magnitude of the
translational gradient. Both gradient vectors will lie in the base plane of the sample hemisphere,
which is the tangent plane of the sample. Thus, each vector will in fact represent only two degrees of
freedom. This representation of the gradient is used because we only interpolate across a surface.
Furthermore, the irradiance above and below most surfaces is discontinuous, and the gradient with
respect to displacement in the polar direction is therefore undefined.

Our calculations of the rotational and translational irradiance gradients are based on very simple obser-
vations about the sampled environment. The sampling of rays over a hemisphere tells us much more
than the total light falling on the surface. It tells us the distance, direction, and brightness of each con-
tribution.

The directions and brightnesses tell us how irradiance changes as the sample hemisphere is rotated
because they indicate how the cosine projection of those contributions affects the overall sum. To take
a simple example[_Figure |2a shows a single contributing surface. The background is assumed to be
darker than the surface. If we rotate our sample hemisphere to face this surface, its contribution
becomes proportionally larger than other contributions. If we rotate away from the surface, its overall
contribution is diminished. By summing over all such potential changes, we can compute the total rota-
tional gradient for the hemisphere.

For the translational gradient, the distances to the contributing surfaces must be considered because
occlusion plays an important role. [n_Figure]2b, a darker surface occludes a brighter surface in the
background. As the sample hemisphere is moved to the right in the diagram, the influence of the
brighter background surface becomes stronger, and therefore the translational gradient is positive in this
direction. By summing over at all such changes, we can compute the overall gradient with respect to
translation.

As an example of the kind of information available during the hemisphere sampling, see Figure 3. Fig-
ure[3h shows a projected hemisphere as seen from a point on the floor of a conferencg room. Figure 3b
is a false color image showing the distances to the surfaces as determined by a ray tracing calculation.
If we were to move towards the chair in the upper left of the image, we would note a decrease in the
overall irradiance as the chair's dark underside covered more of our view of the celling. Fidure 3c
shows a uniformly weighted stratification of about 2000 samples as computed byRab&nce



interreflection calculation. Notice that the light sources appear dark, as they must be excluded from the
indirect contributions. Notice also that this image appears very crude as a rendering, yet it contains
many more samples than are typically used to calculate the indirect irradiance.

3.1. The Rotational Gradient

The rotational gradient formula simply sums the differential of the cosine for each contribution sample.
For the hemisphere sampling given in Equation (2), the formula is:

N-1

M-1
Vk z _tarﬁj L] K ] (3)
i=0

where:
Vi is the base plane unit vector in tigg + % direction

The tangent function appears in the summation because the differential of the cosine is negative sine
and our sampling contains the cosine weighting implicitly, thus it is necessary to multiply the sample
values by the tangent (sine over cosine) to get back a sine weighting.

3.2. The Translational Gradient

To compute the translational irradiance gradient, we consider how the projected solid angle of each of
the MN hemisphere cells is affected by a translation of the hemisphere center. The change in projected
solid angle, when multiplied by the radiance of a cell, will give the change in that cell’s contribution.
This rate of change is determined in part by the distance to the contributing surface. The closer the
surface, the higher the rate of change with respect to a displacement perpendicular to the boundary
between neighboring cells. In fact, it is always the distance toctbser surface that determines the

rate of change in occlusion, since the relative motion of a foreground surface is greater than that of a
background surface.

shows the projection of a stratified hemisphere sampling onto the tangent plane of the surface.
Each cell has an equal projected solid angle ﬂ’ﬁ;N—steradians), thus each cell should cover the same

area in this diagram. To determine how the irradiance changes with translation in this tangent plane,
we sum the marginal changes for each cell. For cell (j,k) shown in the diagram, we consider two
approximately perpendicular directions. (Note that we have shown the sample direction at the center of
the cell, but in fact it lies at some random location in the cell.) One direction is polar, the other is
azimuthal. Computing the marginal change in irradiance for this cell reduces to computing the margi-
nal change in the two highlighted cell walls with respect to translation.

The change in irradiance with respect to translation for each cell wall is simply the length of the cell
wall multiplied by the rate of motion of the wall with respect to motion in a specific direction. For the
wall separating the two adjacent cells with the sayethe length of the cell wall is given by the
integral of cosf) from 6; to 6, . This is simply (si); - sing ). For motion perpendicular to this

wall (ie. in the directionvy_ defined below), it is simple to show that motion of the cell wall is propor-
tional to ¥Min(rj . k-1), Wherer;  is the intersection distance in cell (j,k). Thus, the change in irra-
diance with respect to motion along_for cell (i,j) is:

Sin61-+ - Sirﬁj_

Min(rj i, T k-1)

{ —
Lk — Ljx)

Since we have computed the change in the location of the cell wall, we must use the difference in the
adjacent radiance samples to determine how this will affect the overall irradiance sum.

For the cell wall separating the two adjacent cells in the polar direction, the length of the cell wall is

ZN—nsirBJ—_. The motion of the wall with respect to the vector perpendicular to itdjedefined below)



Figure @. Cells of an example hemisphere sampling.

cogH;
i- . . . .
W One cosine comes from the projection of the hemisphere’s tangent into the
ikolj-1k)
plane, and the other cosine comes from the reduced chanfeasa function of angle. (A rigorous
proof of this formula is left as an exercise for the reader.) Combining these terms, we arrive at the fol-

lowing formula for the change in irradiance with respect to motion al@népr the cell (i,j):
21 Sinej_'COS’Zej_
—_— (i —Li-

N Mln(rj’k,rj_l’k) ik ! l’k)

Combining these terms into a sum over all cells, we arrive at the following formula for the translational
irradiance gradient:

is equal to

. N-1| orM-1 SinG; -cOSH;_ M-1 Sin;, — sing;_

E= Oc—— - Lk — Lj-ix) + Vi - Lk = Ljx-2 4)
t kgo N ng Mln(rj‘k,rj_lyk) ! i1 _jgo Mln(rj'k,rj'k_l) o !

where:

Uy is the unit vector in thep, direction

Vk_is the unit vector in thep, + g direction
. - g L
8;_is the polar angle at the previous boundary; ’s'\y( M

8;, is the polar angle at the next boundary,‘%‘k/%
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@_is the azimuthal angle at the previous boundany%

I is the intersection distance for cell (j,k)

This summation has been regrouped to usedifferencesin radiance between neighboring samples,
summing over the boundaries rather than the cells themselves. This yields a much simpler formula.

3.3. Applying Gradients to Interpolation

If the irradiance were being interpolated on a mesh, it would be straightforward to apply the rotational
and translational gradients in a bicubic interpolation. However, the meshless interpolation used by
Radiancedemands a slightly different approach. The method we have chosen uses the same weighted
average and even the same weights as the original method, but with the irradiance values adjusted by
their corresponding rotational and translational gradients. This in effect increases the order of the inter-
polation. The interpolation does not have a polynomial basis, however, so it is difficult to compare to
more conventional forms.

The irradiance interpolation using the gradient vectors calculated by Equations (3) and (4) is as follows:
>w(P) | E + (A xn)0E + (P-P)OE
S

E(P) = 5
® 2 wi(P) ©
S

W (P) = ———— 1 = weight of sampld
[P -Pil N
|

P is the test point position

fi is the surface normal at the test point

E; is the irradiance value at samgle

P, is the position of sample

fi is the surface normal at samile

R is the harmonic mean distance to objects visible figm
Sis the set of valid irradiance value§,:w; (P) > Ya}

a is a user-selected accuracy goal

Note that our calculation of the irradiance gradient is not used to determine the spacing of samples.

Such an approach would tend to bias the calculation, since areas that just happened to have small irradi-
ance gradients would be sampled at low density, even though there could still be sudden changes in the
irradiance value due to nearby surfaces. It is better to use the split sphere model to respond to the larg-
est expected gradient in determining the sample density, so that we do not miss anything important.

However, we may still want to use the more accurate formula (4) to increase the sample density where

the split sphere model underestimates the gradient.

The interpretation of the irradiance gradient allows one to perform the calculation separately for each
sample wavelength, or to combine into a spectral average. The latter was chosen for our implementa-
tion to save on storage costs, although this may be an unwarranted compromise in some contexts.



4. Conclusion

The irradiance gradient can be calculated from the same hemisphere samples used to compute the point
irradiance. The extra computational cost is negligible compared to the cost of computing the samples,
and the benefit is greatly improved interpolation accuracy. This may sound like we are getting some-
thing for nothing, but in fact we are only better utilizing the information already available from a hemi-
sphere sampling.

shows a room with daylight entering through a doorway. This image was computed without

irradiance gradients in a two-pass calculation using interpolated values. Fidure 5b shows the same
scene rendered using irradiance gradients to effectively increase the order of interpolation. Notice that
the second image is smoother around the doorway, where the indirect component is most influential.
Both images took roughly the same time to compute.

The gradient calculation as described in this paper is appropriate to any global illumination method
where surface brightnesses are being sampled over a hemisphere, such as a gathering radiosity or Monte
Carlo algorithm. Z-buffer methods such as the hemicube also yield the information necessary to com-
pute gradients, so the approach is not limited to ray tracing algorithms.

It may also be possible to use hemisphere sampling information to speed convergence of a progressive
radiosity or shooting Monte Carlo algorithm by noting the arrangement of visible surfaces and subdivid-
ing shooting patches where a shadow boundary is indicated. Since the final radiance of samples is not
known in such a technique, subdivision would have to be based mainly on geometric considerations.
Nevertheless, the information contained in a hemisphere sampling is considerable, and it seems wasteful
to ignore it.
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Figure 1a. Irradiance extrapolation without gradients.

Figure 1b. Irradiance extrapolation with gradients.
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Figure 1c. Comparison between actual irradiance and interpolated values under diffuse
sphere.

Figure 1d. Relative error due to interpolation under diffuse sphere.



Figure 2a. As our point is rotated counter-clockwise,
the surface's contribution increases.

—

Figure 2b. Translational Gradient. As our point
moves to the right, irradiance increases.



Figwre 3a. A hemispherical wiew from the

the floor of & conference roOOm,
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Figure 3c. A sitratified Wonte Carlo
sampling of the iame hemispharse.



Figure 4. Cells of an example hemisphere sampling.



Figure 5a. Interpolation without gradients.

Figure 5b. Interpolation with gradients.
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Indirect Calculation

In Radiance, the indirect calculation includes all sources of illumination not
found during the direct calculation. This includes light reflected and transmitted
in specular directions (mirrored and refracted rays) as well as light bouncing dif-
fusely between surfaces in all directions. Mathematically, direct contributions
represent peaks identified a priori in the Z; function of the radiance equation
(reprinted below), which we have seen how to account for in the preceding chapter.
In this chapter, we examine the methods Radiance uses to integrate places where the
BRTDE f;5 is large. Moreover, we will explain the diffuse indirect calculation, the
all-important treatment of the remainder of our integral, where neither Z; nor f; is
known to be large.

0,00 = L+ [[L16,0,)/,(0,:6,3,.0,)|cos6,| sinb,d (12.1)

The basic approach to the treatment of specular and diffuse reflection is to send
a small number of rays to sample the specular component, followed by a large num-
ber of rays to sample the diffuse component. To avoid geometric growth in the
diffuse calculation, values are cached in a specialized data structure for reuse at
nearby points. Briefly, the two strategies work as follows:

523
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* Specular Sampling
One ray is sent in each designated specular direction. If the component is pure
(i.e., ideal reflection or refraction), the direction is completely determined. If the
component is rough-specular, Monte Carlo importance sampling is used to
determine the actual sample direction, and the contribution of light sources is
computed separately as part of the direct component.

* Indirect Irradiance Caching
Since light comes from undetermined reflections in the environment and con-
tributes to diffuse reflection, we have little choice but to sample over the entire
hemisphere at some point. We save ourselves from the dire implications of a
pixel-independent calculation by caching our calculated values and reusing them
efficiently.

In this chapter, we will look first at the specular component calculation, followed
by the intricacies of the diffuse indirect computation. As in the preceding chapter,
we will start with a basic explanation, followed by a discussion of the limitations of
each technique. Then we will describe the associated rendering parameters, fol-
lowed by details of the algorithms and pointers to the relevant C source code.

Specular Sampling

In Radiance, we take “specular” to mean any non-Lambertian component of surface
reflection or transmission. This includes refraction through a dielectric medium
(e.g., solid glass) as well as mirror-like reflection from a polished opaque surface or
directional scattering from a translucent material. Virtually every material type in
Radiance at least potentially has some specular component. A few materials, such
as dielectric and glass, are purely specular, and require neither direct nor diffuse indi-
rect calculations. Once the appropriate ray or rays have been directed and
computed for these materials, the evaluation of our radiance equation is finished.

In the more common case of surfaces with some Lambertian and some specular
component, the evaluation is a little more complicated. Part of the integral is com-
puted in the direct calculation, since the BRTDF is evaluated in the direction of
each light source (or subsource, if direct subsampling is on). We must therefore take
care not to double-count light sources. Any ray that hits a light source during the
indirect calculation must be ignored. Most of this tracking is managed with special
ray flags, which are tested during the evaluation of light source materials.
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In Radiance, reflectance is divided into as many as six components, depending
on the specific material primitive being used. (See the document on Radiance mate-
rials on the CD-ROM for details on each material type.) Breaking reflectance into
components permits us to tailor our sampling strategies efficiently.

For example, let us consider the two-component model used by the plastic mate-
rial type. One reflection component is Lambertian (i.e., uniform over the
hemisphere) and the other is specular or rough specular reflection centered about
the mirror direction. The specular component represents a peak in the BRTDE
perhaps even a delta singularity.® By sampling this component separately, we can
remove a large source of variance in our integral. We accomplish this in Radiance
by sending a single ray in a direction distributed about the mirror angle according
to the specified roughness value. If the roughness is zero, the specular ray is exactly
in the mirror direction, and a clear reflected image results in the sampled surface.
If the roughness is nonzero, we compute a random direction using Monte Carlo
importance sampling to get an accurate glossy reflection. The Lambertian diffuse
component is then computed either with a constant ambient value as in the original
Whitted formulation [Whi80], or using Monte Carlo hemisphere sampling and
value caching, discussed in the next section.

Other materials follow a similar strategy, sending rays in specular directions and
then using a diffuse interreflection calculation to account for any diffuse
components.

A few pictures will help to illustrate the relative importance of these components.
Figure 12.1 shows the light source positions and sizes as seen from a sample point
on the floor of a cabin model. Figure 12.2 shows the BRTDF evaluated at this point
for a specific view direction. Figure 12.3 shows the combination of the BRTDF
with the direct illumination pattern. Note that the largest contribution comes from
the relatively small source near the specular highlight, illustrating the importance
of using the reflectance function in the direct calculation. Figure 12.4 shows the
indirect sources of illumination in this scene. Note that the source positions are
dark, since they have already been taken into account. Figure 12.5 shows the
BRTDF combined with the indirect illumination. Again, the specular highlight
contains a significant (though not dominant) contribution. Sending a separate
sample ray in the specular direction would probably pay off in this case.

30. A delta singularity, or “Dirac delta function,” is a function that may evaluate to infinity at a point, but the integral
in a region around this point is still finite. This construct is often used as a mathematical approximation to a physical
quantity whose integral is more important than its value, such as BRTDE
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Figure 12.1 The light sources as seen from a point on the cabin model floor.

Figure 12.6 shows a diagram of incident and reflected ray directions, which we
need to explain the reflection model and generation of sample directions for rough
specular reflection. For an isotropic material, such as plastic or metal, our Gaussian
reflection model is defined as follows:

pﬂl 1 exp[—tanzé/(l:
. (0.,0.50, = —+p.; ' (12.2)
.zso( p 939, 0,) x " Ps W 4o’

where

p s the diffuse reflectance
P, is the specular reflectance

d is the angle between surface normal, 7, and the half vector between the
incident and reflected directions, },

o is the standard deviation (RMY) of the surface slope
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Figure 12.2 The cabin floor reflectance function magnitude for a specific viewing direction.

We generate two uniformly distributed random numbers, #; and #,, in the range
(0,1].  We then generate the angles § and ¢ using the following equations, which
are derived using standard Monte Carlo inversion techniques [Rub81]:

1/2

O = a[-log(u,)] 12.3a

¢ = 2mu, 12.3b

where
¢ is the azimuthal angle

uy, #, are uniform random variables in the range (0,1]
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Figure 12.3 The direct component multiplied by the floor reflectance function.

At most, Radiance sends out one ray per specular direction in order to minimize
the number of spawned samples. Antialiasing takes place for these samples, along
with everything else on the image plane, via image reduction using the pfilt pro-
gram. For anisotropic materials, such as plastic2 and metal2, the above equations
are modified to become

1 exp[—tanzﬁ(coszd)/(xzx + sin2¢/a2y

A/cos(ﬁbcosﬂy 43‘[(1)6(1)/

p
am’m(ei’ q)i;er’ q)r) = Ed-" Ps- (]2.4)

where

p s the diffuse reflectance
P, is the specular reflectance

., is the standard deviation of the surface slope in the % direction
a, is the standard deviation of the surface slope in the j direction
d is the angle between the half vector, }, and the surface normal, 7

¢ is the azimuth angle of the half vector projected into the surface plane



12.1 Specular Sampling 529

Figure 12.4 The indirect component as seen from the cabin floor.

—lo (u ) q1/2
5 = { L 1254
cos ¢/ o, + sin (1)/(1}, i
-1 -
¢ = tan [(a—y>tan(2nu2) 12.5b

where
¢ is the azimuthal angle relative to material anisotropy

uy, #, are uniform random variables in the range (0,1].
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Indirect

Figure 12.5 The indirect component multiplied by the reflectance function at the same scale
as Figure 12.3.

The simplicity of the above formulas and the fact that they can be derived at all
is a key benefit of the Gaussian reflectance models used in Radiance. These models
were developed as approximations to measured surface reflectance data, and are
guaranteed to be physically valid so long as the parameters are kept within the pre-
scribed ranges [War92].

12.1.1 Limitations

Some materials cannot use Monte Carlo importance sampling because we have no
general method for computing sample positions from arbitrary BRTDFs. The spec-
ular lobe will be sampled if the material is one of the standard Radiance types
plastic, metal, zrans, plastic2, metal2, or #rans2, and the specular component is
above the threshold set by the -st option. Specular components that belong to an
arbitrary BRTDF type or are below the user-set specular threshold will be consid-
ered only during the direct and diffuse indirect calculations. That is, the assigned
BRTDF will be evaluated in light source directions, then the total will be added
into the diffuse indirect portion.
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/1
7
A

Figure 12.6 Ray reflection diagram, showing important vector directions.

The separation of reflection into diffuse and specular components, each with a
constant multiplier, is a limiting approximation. Some materials do not fit this
model very well because they become relatively more specular at high angles of inci-
dence. It is impossible to model this effect in Radiance without compromising the
energy balance of the diffuse indirect calculation, since a surface without a constant
diffuse multiplier actually has no Lambertian component. As with any approxima-
tion, it is important to weigh the benefits against the costs, and the benefits of
having a separable diffuse component are substantial.

12.1.2 Relation to Rendering Parameters

Two parameters control the specular indirect sampling in Radiance:

-st Sets the specular threshold. Any material whose specular component
is above this threshold will have its highlight sampled by tracing a ray
distributed about the transmitted or reflected direction. Materials
whose specular components are less than or equal to this threshold
will have this component added into the diffuse indirect calculation
to maintain energy balance, but with a loss of directionality. A value
of 0 means that any nonzero specular component will be sampled. A
value of 1 means that no specular component will be sampled.
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Reflection Models

A reflection model is a mathematical formula designed to mimic the light-scattering
behavior of a class of materials. It may be derived from physical properties (e.g,
[HTSGI1]), or from fits to measured BRTDF values (e.g, [War92]). An isotropic
model is one that has no dependency on the azimuthal orientation of the material;
that is, it is rotationally invariant. Materials that fit this model include most plastics
with uniform finishes and many painted surfaces. An anisotropic model is one that var-
ies with the azimuthal orientation of a surface, such as brushed metal or varnished
wood.

-sj Sets the specular jitter amount. A value of 1 means that the entire
highlight will be sampled. A value of 0 means that only the highlight
center will be sampled, creating artificially sharp reflections in rough
specular surfaces. This may be desirable as a means to eliminate this
source of variance in the image (at the cost of simulation accuracy).
A value between 1 and 0 means that relatively more or less of the

highlight will be sampled.

Recommended Settings
The settings used by rad are determined solely by the QUALITY variable, as follows:

QUALITY = Low Med High
-st 0.5 0.1 0.01
-Sj 0 0.7 1

In most cases, a specular jitter value of 1 does not cost significantly more than a
lesser value and does not have any hidden drawbacks. The only problem with set-
ting -sj to 1 is that it may increase pixel variance on some surfaces. If this is a
problem, and having an artificially distinct reflection is not objectionable, this value
may be reduced. As for the specular threshold, a setting around 0.1 generally
ensures that metallic surfaces will have their highlights sampled and nonmetallic
surfaces will not. This may be a problem for particularly dark plastics, whose high-
light is relatively important even though the specular component may only be a few
percent.
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12.1.3 Algorithm Details and Source Code

In Radiance, similar material types are handled together by a designated module.
Among material types with a sampled specular component, the routines to handle
the types plastic, metal, and trans are in the module sre/rt/normal.c. Routines to
handle plastic2, metal2, and trans2 are in sre/rt/aniso.c. Each of these modules has
a similar structure, with a single function assigned to handle each of the three
related material types. We will focus here on the workings of the src/rt/normal.c
module, with the understanding that sre/rt/aniso.c is mostly similar.

In sre/rt/normal.c, there are three principal functions and one defined data struc-
ture, called NORMDAT. The function assigned to handle the three material types
plastic, metal, and trans is m_norma1l. The material structure and the intersecting ray
are passed to this function. After checking its arguments to make sure the material
is at least grossly valid, m_normal loads a NORMDAT structure, which will be used in
later calls to direct and gaussamp. Here are the m_normal and gaussamp routines in
pseudocode:

m_normal(m, r) begin
if shadow ray and not trans type then return
check material arguments
check for ray hitting back of material
load NORMDAT structure nd
if trans type then
compute transmitted direction
if roughness is zero then \
trace ray straight through
end if
if shadow ray then return
if specular reflection is nonzero then
compute reflected ray direction
if roughness is zero then \
trace mirror ray
end if
if roughness zero and no diffuse then return
if roughness not zero then \
call gaussamp(r,nd)
if diffuse reflection not zero then
call ambient for front side
add in ambient multiplied by diffuse refl
end if
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if diffuse transmission not zero then
call ambient for back side
add in ambient multiplied by diffuse tran
end if
call direct(r,dirnorm,nd)
end m_normal

gaussamp(r, nd) begin
if specular reflection and \
specular transmission are below \
-st sampling threshold then return
compute surface coordinate axes
if specular reflection above threshold then
compute Monte Carlo reflected \
direction using -sj multiplier
trace ray reflection
end if
if specular transmission above threshold then
compute Monte Carlo transmitted \
direction using -sj multiplier
trace ray transmission
end if
end gaussamp

The dirnorm routine, also defined in sre/rt/normal.c, is called by direct for each
light source to compute the appropriate coefficient for each source direction and
solid angle. It simply evaluates the BRTDF for the given direction, possibly using
the solid angle to approximate an integral average. (The direct routine was given
in pseudocode in Chapter 11.)

Some details have been glossed over or simplified in the above pseudocode to
avoid confusion. Note the places in m_normal where a shadow ray is treated differ-
ently. A shadow ray is a ray traced by direct toward a light source for shadow
testing. It is not necessary or useful to follow reflections from such a ray, so only
direct transmission is considered. For materials with no transmitted component, a
shadow ray always evaluates to zero.

The m_aniso, diraniso, and agaussamp routines in sr¢/rt/aniso.c are roughly
equivalent to the m_normal, dirnorm, and gaussamp routines we have just explained,
except that they use the anisotropic reflection model and Monte Carlo sampling
equations given earlier in this chapter (Equations 12.4 and 12.5).



12.2 Indirect Irradiance Caching 535

Much of the work in computing reflection from surfaces with diffuse reflection
or transmission is hidden in the call to the ambient routine, which we will discuss
in the next section.

12.2 Indirect Irradiance Caching

After we have accounted for light source contributions and specular interreflec-
tions, we have captured the fastest-changing and therefore most visually significant
components of the radiance equation. Unfortunately, we are not yet finished,
because light also reflects diffusely between surfaces. Although the effects of diffuse
interreflection are subtle (color bleeding, gradations in shadow regions), they are
critical to the accuracy of the calculation and have an important influence on
appearance in scenes with little or no direct lighting.

By diffuse interreflection, we specifically mean Lambertian contributions from
surfaces not designated as light sources. In a standard Monte Carlo or path-tracing
evaluation of the radiance equation, we would need to sample random ray direc-
tions over the hemisphere (or sphere, for diffuse transmission) at each pixel. This
quickly becomes prohibitive, since it takes somewhere between 100 and 1000 rays
to adequately sample the hemisphere at a given point—more if multiple interreflec-
tions are considered.

The approach taken in Radiance is the following: we sample the hemisphere at
selected points, and interpolate values between these points. This works because the
diffuse indirect component tends to change slowly over surfaces, so it is not neces-
sary to recompute it at every pixel.

Point selection and interpolation are closely related. The interpolation algorithm
searches the cached indirect irradiance values, and if none of the previously com-
puted values are close enough to this point, a new calculation is invoked. (That is,
the current point is “selected” for evaluation.) A value is “close enough” if it has a
computed weight that meets the user-specified tolerance -aa. Before we go into
detail about how values are stored and interpolated, we will first explain the basic
calculation of indirect irradiance at a point.
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12.2.1 Computing Indirect Irradiance

Indirect irradiance is the integral of radiance not emanating directly from light
sources over the projected hemisphere. (Here, projected means cosine-weighted.) It is
defined as follows:

Epg = [[L;,40,0)c0s8,5in0,d0,dp, (12.6)

As with almost everything else in lighting, computing this quantity exactly
is impossible, except in a few degenerate cases.! We therefore apply an approxi-
mation technique, which is Monte Carlo evaluation. We send a few hundred rays
(the actual number is set by the -ad option) out over the hemisphere and collect the
results into an average. The ray directions sampled are determined by standard
Monte Carlo inversion techniques [Rub81]:

M-1N-1

E= (ﬁ) 20 kZO L, (12.7)

j
where

. T . . . . VA X] k+ Yy
L]; 4 is the indirect radiance in the direction 0,0,) = (asm | T 2

/
X Yy are uniformly distributed random variables in the range [0,1)

M- N is the total number of samples and N = nM

Figure 12.7 shows the point locations on a hemisphere using the above sampling
pattern. The lines indicate stratification boundaries; the points show where the
actual rays passed through.? The area of each stratified region as projected onto
the plane below is identical to that of every other region. This is why the rays may
be given equal weight in the summation, which represents the optimal sampling
condition when nothing is known about the integrand.

31. One such case is that in which all surfaces emit light identically and have the same diffuse reflectance value. Such a
scene would be uniformly one color, and hence nothing would be visible.

32. Stratification reduces variance in a stochastic technique when applied to an integrand with some coherence, by
spreading samples more evenly over the domain. Note that many other uniform sampling patterns are possible, and
may even provide better coverage. This pattern was chosen for its simplicity and the simplicity of building other algo-
rithms on top of it, such as the gradient calculation explained in the next section.
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Figure 12.7 Sampling pattern used to compute indirect irradiance over the projected
hemisphere.

In scenes where some light-scattering surfaces are much brighter than others, it
may be more efficient to sample those regions more heavily. The -as option specifies
a number of additional samples to send into the regions of the hemisphere with the
highest variance, estimated by the difference in sample radiances taken in each
neighborhood. Note that this technique is effective only if the number of initial
samples (set by -ad) is large enough to discover all of the problem areas [KA91].

Figure 12.8 shows a hemispherical fisheye view from the floor of a conference
room model. Figure 12.9 shows the values returned by about 2000 sample rays dis-
tributed according to our stratified sampling technique. Note that this number of
samples is not adequate to identify objects in the scene visually, though it is more
than enough to compute a good average value for indirect irradiance. Note also that
the light sources in the scene appear dark. This is because we are computing indirect
contributions, so any source that is intercepted returns zero in this part of the
calculation.
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Figure 12.8 A hemispherical fisheye view from the floor of the conference room model.

In addition to computing the radiance in each direction, ray tracing also gives us
the distance to each sample point, as shown in Figure 12.10. We can use this infor-
mation to judge how quickly irradiance is changing over the surface, meaning we
can use it to compute the gradient. The gradient is useful for improving the accu-
racy of our interpolation method as well as for telling us when we may need closer
value spacing.

Irradiance Gradient Calculation

(The following explanation of irradiance gradients is excerpted from [WH92],
which is included in its entirety on this book’s CD-ROM.)

The hemispherical sampling tells us how much light is reflected from other sur-
faces visible from a point. The sum of these samples is simply the indirect irradiance
at that point. How does this value change as we move our point from side to side
or rotate our surface’s orientation? If we had this information, we might be able to
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Figure 12.9 The sampling pattern used to compute the indirect irradiance value at this point.

use it to get a better approximation to nearby values, which of course we need for
value interpolation. As we will see in this section, this irradiance gradient informa-
tion is contained implicitly in our hemispherical sampling.

The irradiance gradient indicates how the irradiance field is changing as a
function of position and orientation. It is the first derivative of a scalar field defined
in a multidimensional space, and is usually represented as a vector. Since the
irradiance in a scene is a function of five variables, three for the position and two
for the direction, the irradiance gradient should be a five-dimensional vector. For
computational convenience, we will compute instead two separate 3D vectors. One
will correspond to the expected direction and magnitude of the rotation gradient
and the other to the direction and magnitude of the translation gradient. Both
gradient vectors will lie in the base plane of the sample hemisphere, which is the
tangent plane of the sample. Thus, each vector will in fact represent only two
degrees of freedom. This representation of the gradient is used because we
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Figure 12.10 The distances to surfaces available during the sampling process.

interpolate only across a surface. Furthermore, the irradiance above and below most
surfaces is discontinuous, and the gradient with respect to displacement in the polar
direction is therefore undefined.

Our calculations of the rotation and translation irradiance gradients are based on
very simple observations about the sampled environment. The sampling of rays
over a hemisphere tells us much more than the total light falling on the surface. It
tells us the distance, direction, and brightness of each contribution.

The directions and brightnesses tell us how irradiance changes as the sample
hemisphere is rotated because they indicate how the cosine projection of those con-
tributions affects the overall sum. To take a simple example, Figure 12.11(a) shows
a single contributing surface. The background is assumed to be darker than the sur-
face. If we rotate our sample hemisphere to face this surface, its contribution
becomes proportionally larger than other contributions. If we rotate it away from
the surface, its overall contribution is diminished. By summing over all such poten-
tial changes, we can compute the total rotation gradient for the hemisphere.
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Figure 12.11 As the point in the rotation gradient example (a) rotates toward the bright sur-
face, irradiance increases. Likewise, as the point in the translation gradient example (b) moves
to the right, irradiance increases.

For the translation gradient, the distances to the contributing surfaces must be
considered because occlusion plays an important role. In Figure 12.11(b), a darker
surface occludes a brighter surface in the background. As the sample hemisphere is
moved to the right in the diagram, the influence of the brighter background surface
becomes stronger, and therefore the translation gradient is positive in this direction.
By summing over all such changes, we can compute the overall gradient with
respect to translation.

Figure 12.12 shows a top-down view of our hemisphere sampling pattern. The
unit vectors # and v will be used to indicate the incremental gradients due to the
radiance sample at point (7, 4).

The Rotation Gradient The rotation gradient is the partial differential of irradi-
ance with respect to orientation. To compute this, we simply sum the differential
of the cosine for each contributing sample. The formula is

> - N-1 M-1
V.E =5 ;0 7 Eo—tanej-Lj,k (12.8)
= ]:

where

A . ) 1 ST
7 is the base plane unit vector in the p, + 5 direction
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Figure 12.12 Samples and vector directions used to compute irradiance gradient.

The tangent appears in the summation because the differential of the cosine is
the negative sine, and our sampling contains the cosine weighting implicitly, so it
is necessary to multiply the sample values by the tangent (sine over cosine) to get
back a sine weighting.

The Translation Gradient If we consider each hemisphere sample to be a little
patch of known radiance at a known distance that covers an associated area, we can
imagine what happens as we slide around in this environment. The patches move
around according to their positions, occluding or exposing neighboring patches
that are farther away, and being occluded or exposed by neighboring patches that
are closer. Spend a few moments imagining this as it might take place in the hemi-
sphere sampling shown in Figure 12.9. Of course, our samples are not the best
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representation of the environment, but as an approximation of irradiance they are
perfectly adequate. And as an approximation to the gradient, we can suppose that
each sample defines an independent patch at a certain distance.

We can approximate the gradient associated with a given hemisphere sample
using the difference between it and neighboring samples, and the minimum dis-
tance along the boundary (for it is the closer boundary that appears to move faster).
Looking at Figure 12.12, we can compute the gradient for the two boundaries
shown in bold for sample (7,£), then repeat this for each sample to get the overall
sum. (Obviously, we will skip the inner border at the pole, since its length there is
zero.) Here is the formula:

1 . 2
M lsmej - cos 0.

N 21 7-
V.E= Y iuly) 2w oo Gt (12.9)
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where

#, is the unit vector in the ¢, direction

~ . . . T .
vy is the unit vector in the ¢,_+ 3 direction

0;_is the polar angle at the previous boundary, sin " &

J
0. is the polar angle at the next boundary, sin ! L2
. Is the polar angle at the next boundary, sin =+

k
0. is the azimuthal angle at the previous boundary, 2t N

7; ¢ is the intersection distance for cell (j,4)

Though this may look nasty, computationally it is quite simple. In fact, the time
required to compute the gradient is minuscule compared to the time spent tracing
the actual ray samples, and the benefit is substantial. Our gradient approximation
increases the value of our hemisphere samples by extracting implicit information
about the environment, which we can use to improve interpolation accuracy and
ensure that we are spacing our indirect calculations appropriately.
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Irradiance Interpolation

(The reader is referred to [WRC88] for more detailed explanations of the following
two subsections. This paper is included in printable form on the CD-ROM.)

The irradiance interpolation algorithm serves two essential purposes. The first is
to interpolate between cached indirect irradiance values. The second is to deter-
mine when there are not enough values in the cache to permit interpolation, thus
triggering a new hemisphere sampling at this point. In Radiance, we require only
that a single usable value be in the cache for interpolation to take place. (It would
be extrapolation in that case.)

The example in Figure 12.13 shows two previously computed indirect irradi-
ances, £1 and E2, and three sample points, A, B, and C. Point A is within the valid
range of both £7 and E2, and will use an interpolation of these two values. Point B
is within range of E2 only, and hence will be extrapolated from this single value.
Point C is not within range of either value, so a new value will be calculated at this
point, using the hemispherical sampling method. The result will then be stored in
the cache for later reuse.

The dual purposes of interpolation and proximity evaluation are served very well
by a weighted averaging strategy. The weights in this case are inversely proportional
to the error predicted for using a particular cache value at a new position. In our
example in Figure 12.13, interpolation at point A will use a weight for £7 that is
inversely proportional to the expected error of value E7 at point A. Likewise, the
weight for £2 will be inversely proportional to its expected error at A. If a weight
corresponds to an error greater than some user-specified tolerance (the -aa param-
eter), that cache value is not used. This defines the valid domain of a cached
irradiance, which is shown as a circle around each value in our diagram.

Figure 12.13 Indirect irradiances £7 and £2 were calculated previously and stored in the cache.
Test points A and B are close enough for interpolation, but point C needs a new value.
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But how can we compute the error to an unknown quantity? The best we can do
is come up with a reasonable bound to the error, using some defensible assump-
tions. In Radiance, we assume the indirect environment contains no bright,
concentrated sources, since these should have been treated in the direct component
calculation. (Also, naive Monte Carlo sampling is a very poor way to locate such
sources, so we would be in trouble even without interpolation if we did not remove
them.) Here we introduce the spliz sphere model, which represents an environment
with large rotation and translation irradiance gradients but with no concentrated
sources. By evaluating the error in this environment, we arrive at a maximum esti-
mate of error in arbitrary environments without concentrated sources.

The split sphere model is shown in Figure 12.14. Imagine two hollow hemi-
spheres, one whose inside is perfectly black and one whose inside emits light at a
constant level. A small surface element is placed at the center of the two hemi-
spheres, facing their shared equator as they are brought together. We wish to
evaluate the change in illumination on our surface element as it is shifted from one
side to the other (the x direction), or rotated so that it sees more black or more white

(the & angle).

Figure 12.14 The split sphere model. A differential surface element is suspended at the center
of a sphere split into light and dark hemispheres (as seen from the inside). The surface element
faces the dividing line between dark and light, shown by a cutaway in this drawing.
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The relative change in irradiance at our surface element due to motion in x or
rotation in § is given by a first-order Taylor expansion based on the differential
changes to the projected area of the light hemisphere:

£ < %(x—xo)+g—§(§—§0) (12.10)

4F
€< J_t]_€|x_x0| + E§-§|

Since our premise was that our environment behaves no worse than the split
sphere model, we wish to generalize the above formula to translation or rotation in
any direction. We accomplish this by replacing our independent variables with vec-
tor-derived quantities where motion in any direction or rotation about any angle
produces an error similar to x and § above:

4 ||B - Pol
E_—O

> > 5 o> o
§(P) s —E——— + EN2=2N(P) - N(Po) (12.11)
0

where

i 2 .. 2
N(P) = surface normal at position P

Po = surface element location
. . 9
E = illuminance at Po

R, = average distance to surfaces at Po

The average distance R in the above equation is computed as the harmonic
mean (reciprocal mean reciprocal) of distances determined during Monte Carlo
sampling of the hemisphere. The reason for using a harmonic mean instead of a
straight mean is that the value appears in the denominator, and averaging this way
distributes the mean over the sum correctly.
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As we have mentioned before, we apply the inverse of error in a weighted average
of indirect irradiance:

S w(P)E(P)
E(F) = E—é (12.12)
E w,‘(P)

iEs
where
1

> >
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Ul»(;) =

> > >
E/(P) = computed illuminance at P; extrapolated to P

9
R, = harmonic mean distance to objects visible from P;

9
S={i:w,P>1/a}
a = user selected contstant

Note that we have dropped the constants in our error estimate, since they were
valid only for the split sphere and are reasonably close to each other and to unity.
Using the above weighted average, we are guaranteed not to introduce error greater
than 1.4 times « in the split sphere environment. Other environments may be
worse if they have concentrated sources not accounted for in the direct calculation,
but the error will still be proportional to 2. Thus, we have given the user a means
to control the calculation error via a method for spacing and interpolating values
that targets accuracy, rather than being purely heuristic. Furthermore, point loca-
tions can be arbitrary, so no meshing is required and no restrictions are placed on
the scene geometry.

The value of E;(P) in Equation 12.12 is extrapolated from the cached irradiance
at P; and its associated gradient, and is computed as follows:

> = > > o
E(P) = E;4 (nixn)-VE 4 (P~-Pi) VE] (12.13)

where

.9
P is the test point position

7 is the surface normal at the test point
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E; is the irradiance value at sample 7
.9
Pi is the position of sample 7

7; is the surface normal at sample 7

Why, if we have an expression for the gradient at each cached irradiance point,
do we use the split sphere model for our weights? Why not just use the computed
gradient as the error estimate and use that to compute the weights? We certainly
could, but remember that the split sphere was estimating worst-case error, not
actual error, and there are good reasons to prefer it. There will be places where the
gradient is small even though there are nearby surfaces, simply because the surfaces
have close to the same brightness. If we use this small gradient as our error estimate,
we may end up using the cached irradiance value far from its original calculation
point, where the gradient estimate may be way off because of a large second deriv-
ative. The split sphere model avoids this by overestimating the gradient where the
second derivative may be large, thus spacing values more closely.

We may still want to use the gradient as a criterion in places where the computed
gradient is larger than that predicted by the split sphere. This is a rare condition in
practice, but when it arises, it is good to respond with denser value spacing. This

highlights a basic principle of good sampling, which can be stated as follows:

Start with as many samples as you think you need to handle the worst case.
When you fail to converge, sample some more.

Sending ample initial samples is very important, because if you miss something at
the beginning, there is no way later even to discover that it is missing [KA91].

The Irradiance Cache

So far, we have discussed the calculation of indirect irradiance and its gradient from
hemisphere samples, and have noted that these values may be interpolated without
regard to meshing or surface representation. However, we have not mentioned how
the values are stored, or how the set S in Equation 12.12 is determined. Presumably,
we are caching a great many of these values, so if we have to search through the
entire list every time we interpolate, our algorithm is going to lose.

We could follow the course applied in radiosity algorithms and associate the val-
ues with surface positions, perhaps using a grid structure for indexing. This would
provide us with quick lookup, but it would also introduce some new difficulties.
We would need to restrict our geometry to primitives that could be sensibly divided
into a (u,v) coordinate space. Spheres, a favorite for ray tracing, are problematic in
this regard, as are many other shapes. Another drawback of surface association is
that a given indirect irradiance value might be useful on more than one surface.
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Take the case of a landscape that has been tessellated into many small polygons on
a mesh. Adjacent polygons, if the landscape is fairly smooth, will have very similar
indirect irradiances, and requiring a separate calculation for each would be overkill.
If we tie our value lookup to surfaces, it is very difficult to share values with nearby
surfaces. Finally, we have the general problem of partitioning a surface with irregu-
larly spaced values that have very different valid domains. Plate 25 shows the
indirect irradiance point locations for a simple scene with three blocks. It would be
challenging to construct a partition of the floor surface that would provide conve-
nient lookup of nearby irradiance values. A Delaunay triangulation might work,
but making incremental changes to such a mesh as new calculation points are added
is tricky [Hec94, p. 24], and looking up values without actually breaking the sur-
face into smaller polygons (which would be wasteful of memory) is time-
consuming.

For these and other reasons, we chose a more general approach for 3D range
searching using an octree to determine the set S. This is not the same octree that is
used to sort surfaces for ray intersection, but another data structure that is com-
pletely independent of the scene geometry. This way, we minimize constraints on
the geometric representation while optimizing the search for nearby indirect irradi-
ance values.

The idea for each octree node is to have a list of indirect irradiances whose cen-
ters are in the corresponding cube and whose valid domains are proportional to the
cube size. Searching through the octree involves looking at all cubes that might con-
tain values whose domains contain the point P in question. Figure 12.15 shows an
example association between values and octree nodes where the cube size is greater
than twice but not more than four times the valid domain radii of contained values.
(The valid domain is equal to the harmonic mean distance to hemisphere samples,
R;, times the user-specified accuracy value, 4.)

The recursive search algorithm can be described in pseudocode as follows (this
is the sumambient routine mentioned in the source code section at the end of the
chapter):
foreach value at this node

if wi(P) > 1/a and dj(P) >= 0 then
include value
end if
end foreach
foreach child node
if P is within half the child's size \
of its cube boundary then
search child node
end if
end foreach



CHAPTER 12: Indirect Calculation

Figure 12.15 Five indirect values are shown with their respective domains (circles) linked by
dotted lines to their respective octree nodes (squares).

This algorithm searches not only the octree nodes containing the point 2 but
any octree node with a boundary within half its side length of 2 This guarantees
that all relevant cached irradiances will be examined. Because of the loose fit of the
octree and the fact that w;(P) depends on other things besides the distance to a
value, many irrelevant cached values will also be examined. The ratio between
octree node size and valid domain may be reduced and fewer irrelevant values will
be examined, but more nodes will be empty and therefore the amount of searching
will be roughly the same.

Besides caching these values in memory, it is often a good idea to store them on
disk so they can be reused for later renderings. The -af rendering option provides
this facility. In fact, the same file and values may be used simultaneously by multiple
rendering processes. Consistency is maintained by the network lock manager.??

33. The network lock manager is not available or working on all operating systems. If you have trouble sharing ambi-
ent files between multiple processes or using rpiece, the operating system is probably at fault.
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(This is discussed in some detail in Chapter 15.) Using the AMBFILE variable in rad
also allows what is called an overture calculation, which populates a scene with indi-
rect values prior to rendering by making a low-resolution first pass over the image
and throwing away the results. This increases interpolation accuracy and smooth-
ness significantly at a very modest expense, and is highly recommended.

Multiple Diffuse Reflections

What about multiple reflections between surfaces? How does indirect irradiance
caching affect this? Do we have to do anything special?

Diffuse interreflections in Radiance are limited to a maximum depth, set by the
-ab option. Since diffuse interreflections are expensive to calculate and in many
cases do not affect the distribution of illumination after one or two bounces, it
makes sense to limit them separately. This also provides a simple means of turning
the interreflection calculation off when it is not needed or desired, by setting -ab
to 0.

While indirect irradiance caching results in big savings for a single-bounce cal-
culation, it results in huge savings for multiple-bounce calculations. Without
caching, our initial hemisphere samples would each go out and spawn many addi-
tional samples, proportional to the number of initial samples ro the power of the
number of bounces. Caching avoids such geometric growth in the calculation by
storing and reusing values at each level, keeping the number of higher-order sam-
ples to a minimum.

The only special modification we must make to our algorithm is to keep track
of what recursion level a value corresponds to. We can do this either by keeping sep-
arate lists for each level or by storing a number corresponding to the recursion level
in our data structure and testing against it as part of determining whether or not to
use a particular value. We chose the latter approach because it minimizes storage
and permits us to easily use lower levels for higher values when the opportunity
arises. (It usually does not, because we must calculate our higher levels first in order
to get our lower-level values.)

Figure 12.16 illustrates what happens when Radiance computes multiple inter-
reflections. Deeper levels in the ray tree end up spawning new indirect calculations
only when there are no nearby values cached. This happens relatively less frequently
as the calculation goes on and the deeper levels become sated. Additional optimi-
zations in the calculations reduce the number of hemisphere samples by 50% at
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<

Figure 12.16 The lines represent rays, and the points represent indirect evaluations. The rays
that reuse cached values do not propagate.

each higher level and increase the effective value of the target interpolation accuracy
by 40%, because the effect on the final error decreases by the average surface reflec-
tance each time. (We assume the average reflectance to be about 50%.)

Figure 12.17 shows how this works in a three-bounce calculation. When the cal-
culation starts out, the deepest level is being filled. As level 3 reaches saturation,
level 2 begins to fill. Eventually, the initial level starts to fill up, though it never con-
stitutes the bulk of the calculation because only as many values as are needed for
the particular view are computed.

Constant Ambient Approximation

Obviously, we cannot calculate an infinite number of interreflections no matter
how efficiently we go about it. In most cases, the light being reflected is more or less
uniform after one or two bounces anyway. That is why, in Radiance, we apply a con-
stant approximation to interreflection after the requested number of bounces has
been computed. This ambient value is set by the -av option, given in units of watts/
steradian/m?. Tt corresponds to the average radiance measured in all directions over
the visible scene (excluding light sources) and is used in place of a locally computed
average from hemisphere samples.

The actual ambient approximation used in the calculation may not be a
constant, but may instead be a moving geometric average computed from the user-
specified ambient value and the accumulation of all indirect irradiances computed
so far. As the calculation progresses, the ambient approximation gradually becomes
more accurate and the initial -av value becomes less important. However, if the
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Figure 12.17 This plot shows the relative computation time spent on each level of the interre-
flection tree as the calculation progresses.

initial value contained large errors, some of the indirect values cached early on may
be too high or too low, resulting in a few lighter or darker areas. The -aw option
controls this moving-average process. The initial value carries the integer weight
given by this parameter, and all indirect irradiance values are given unit weight in a
weighted geometric average (moving as new indirect values are added). If this value
is set to 0, the initial value is always used. This is preferable in scenes where some
areas are very much brighter than the area of interest, since indirect irradiance
computed in those brighter areas might otherwise “leak” into the darker regions.

Using a geometric mean rather than an arithmetic mean reduces the likelihood of
this, but it still happens in some circumstances.

12.2.2 Diffuse Illumination

Another use for the indirect irradiance calculation is to handle very large light
sources, especially distant sources such as the sky. Even though we know the sky to
be a significant source of illumination, and do not need an interreflection calcula-

tion to determine its brightness, it is difficult to treat it properly as part of the direct
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component. This is because it is so widespread that determining the associated
(very weak) shadow is both expensive and wasteful if undertaken at each pixel. If
we use the glow material type instead of light in our sky definition, we can avoid
sending large numbers of shadow rays and take advantage of the more thorough,
but less frequent, hemisphere sampling and value caching of the indirect
calculation.

Another example of putting light sources into the indirect calculation is when
they are very large and uniform, as with a luminous ceiling system. Rather than
describing the ceiling as one big light source, use the glow material type with an
active distance of zero. The illumination will then be considered as part of the inter-
reflection calculation, with a significant reduction in computation time and most
probably an improvement in appearance as well.

12.2.3 Limitations

As with any optimization, there are times when the indirect irradiance caching algo-
rithm runs into trouble. Most radiosity calculations have a serious problem with
“light leaks.” These are places where the illumination sneaks under an obstructing
surface during interpolation. A floor polygon near an outside wall in a scene with
daylight may, for example, look too bright near the corner because values are being
interpolated from the other side of the wall, where it is much brighter. This tends
to happen less often in Radiance than in radiosity programs, because interreflection
values are adaptively spaced closer and closer together on inside corners and in
cramped places. It can still happen, though, under certain conditions.

Figure 12.18 shows a classic case in which light leaks can happen in Radiance.
Because the two indicated points are so far away from the structure, they have very
large valid domains, and may accidentally be used for the floor inside the building,
whereas the nearby values have smaller domains that would prevent it. The solution
is to set the -ar (ambient resolution) value correctly. The ambient resolution con-
trols the minimum distance under which the interpolation accuracy is allowed to
gradually degrade. When you use this option, the minimum spacing between
cached values is the maximum scene dimension divided by the ambient resolution
times the ambient accuracy. The -ar parameter limits not only the minimum dis-
tance between cached values, but also the maximum distance, which is set to 64
times the scene size over the ambient resolution (except when -ar is 0). Placing a
limit on the maximum distance avoids the problem we have just illustrated by forc-
ing additional calculations over the exterior ground plane.
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Problem Values

Figure 12.18 A typical scene with potential light leaks in Radiance. The points show cached
indirect irradiance values. The ones farthest from the building geometry are most likely to cause
problems, since they see no nearby surfaces.

Another, more common problem arises in scenes with very high detail, such as a
forest or a library full of bookshelves. Such a scene would require hundreds of thou-
sands, if not millions, of indirect irradiance values to accurately portray the
illumination on all the surfaces. In many cases, the indirect illumination of these
small surfaces is of minor consequence in the overall calculation, and a constant
ambient approximation would suffice in these areas. So that interreflection may still
be considered on more important surfaces, Radiance offers the -ai, -al, -ae, and -aE
options to specify materials to include in, or exclude from, the indirect calculation.
Surfaces made of the named materials will be included or excluded from indirect
irradiance computation and caching, depending on the setting.

Sometimes interreflection is desired even on these detailed areas. In these cases,
the -ar option can be used to limit the number of values cached, or caching and
interpolation may be turned off entirely by setting -aa to 0. This generally necessi-
tates a small setting for the number of initial samples (-ad) to keep the problem
tractable. The drawback here is greater noise, but in a scene with many thousands
or millions of tiny surfaces, the noise may not be noticeable.
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12.2.4 Relation to Rendering Parameters

Several parameters control the “ambient” calculation in Radiance:

-av

Sets the constant ambient value approximation to the given RGB
radiance. This corresponds to the average radiance in all directions
in the visible scene, in watts/steradian/m?. If irradiance caching is
taking place, the given constant will be moderated by a moving aver-
age with the cached values. As more values are computed, the
original setting will have less and less influence.

Sets the ambient weight for the given ambient value to the specified
integer. The initial value set with the -av option will dominate the
internal calculation until this number of new indirect irradiances has
been computed, at which point the computed values will begin to
dominate. A value of 0 turns the moving average computation off, so
that the initial value is always used. This is often necessary in scenes
with wildly varying indirect contributions, which might give
splotchy results if a true global average were employed.

Sets the number of ambient bounces to the specified integer. This
many diffuse interreflections will be calculated before the constant
ambient value will replace a hemispherical sampling and/or interpo-
lation. A setting of 0 turns the interreflection calculation off.

Sets the number of ambient divisions, which is how many initial sam-
ples will be sent out over the divided (stratified) hemisphere.
Increasing this value improves the accuracy of the calculated indirect
irradiances and is necessary in a scene with a lot of brightness
variation.

Sets the number of ambient supersamples. This is the number of extra
rays that will be used to sample areas in the divided hemisphere that
appear to have high variance. Supersampling improves accuracy sig-
nificantly in scenes with large bright and dark regions by carefully
sampling the shadow boundaries. It is rarely useful to specify more
supersamples than initial ambient divisions. In scenes with a lot of
small detail, it is better to put the extra samples into the divisions and
leave the supersamples at 0.

Sets the ambient accuracy to the specified fraction. This is the maxi-
mum error permitted in the indirect irradiance interpolation, and is
generally less than 0.3. (Note that this would allow up to 30% error
in the indirect calculation, not in the overall calculation, which
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depends heavily on direct contributions.) Smaller values result in
closer spacing of indirect calculations, at a commensurate cost. A set-
ting of 0 turns indirect irradiance caching off.

-ar Sets the ambient resolution to the given integer. This setting is akin to
a universal grid resolution in a more conventional radiosity calcula-
tion. The accuracy of the indirect interpolation will start to relax at
distances less than the maximum scene size divided by this number.
This setting places a lower bound on the variable R; (see
Equation 12.12) to avoid overkill on unimportant geometric detail.
(It also places an upper limit on R/—see the section entitled Limita-
tions, above, for a discussion.) A setting of 0 allows R; to take on any
value.

-af Stores cached values to the named ambient file. This provides a con-
venient mechanism for sharing indirect irradiances in multiple
invocations of rpict, rtrace, and rview. On systems with a working
network lock manager, values may even be shared between simulta-
neously active processes over the network. The Radiance program
lookamb can be used to examine or translate the contents of this por-
table binary file.

-ae Adds the named material to the ambient exclude list. Any surfaces
modified by this material are excluded from the indirect irradiance
caching and receive the constant ambient value approximation
instead. This is an effective way to avoid wasting time on minor geo-
metric detail. Additional materials may be given by additional -ae
and -aE options. See the rpict or rtrace manual pages for descriptions
of these and the complimentary -ai and -al options.

Recommended Settings

Setting these parameters correctly is very important, because they affect both ren-
dering quality and time dramatically. Unfortunately, finding the optimal values is
not easy and requires some understanding of the underlying algorithms, as well as
knowledge of the scene being rendered and the desired output quality. Fortunately,
this is the sort of intelligence built into the rad program, with the required scene
information distilled into its more intuitive input variables.

The rad input variables that influence the ambient parameter settings are QUAL-
ITY, INDIRECT, VARIABILITY, DETAIL, ZONE, and EXPOSURE. In addition, the AMBFILE
variable is used to indicate an ambient file for the -af option.
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The EXPOSURE setting determines the -av parameter, which is set to 0.5/EXPOSURE.
If EXPOSURE is not set, a -av value of 0.01 is used for interior zones and 10.0 is used
for exterior zones.

Because of the interrelated nature of the variables and parameters, we show the
rad settings in a slightly different format in Table 12.1.

QUALITY = Low QUALITY = Med QUALITY = High
-ab 0 -ab 7 -ab 7+1
DET = Lo -ar 4d -ar 84 -ar 16d
DET = Med -ar 84 -ar 164 -ar 32d
DET = Hi -ar 16d -ar 324 -ar 64d
VAR = Lo -aa .4 -ad 64 -aa .3 -ad 128 -aa .25 -ad 256
VAR = Med -aa .25 -aa .2 -aa .15
-ad 196 -as 0 -ad 400 -as 64 -ad 768 -as 196
VAR = Hi -aa .15 -aa .125 -aa .08
-ad 256 -as 0 -ad 512 -as 256 -ad 1024 -as 512

Table 12.1 Parameter settings corresponding to rad input variables where I represents the
integer setting of the INDIRECT variable and  represents the maximum scene size divided by the
average ZONE dimension.

In certain pathological scenes, even setting VARIABILITY to High is not enough
to sample the indirect component adequately. In such scenes, the render variable
can be used to override the rad parameter settings. The render variable is also con-
venient for setting -ae and -aE options, which are not controlled by rad.

An example of a problem scene might be a forest, where any kind of irradiance
caching will get out of hand. To avoid interreflection calculations on the trees, we
can use the render option to name some excluded materials, like this:

render= -ae tree_bark -ae leaf_mat
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If, instead, we want interreflection to be done everywhere but without caching,
we can use the following settings instead:

render= -aa 0 -ad 16 -as 0

Setting -aa to 0 turns off caching, which requires that we reduce the number of
hemisphere samples so that the calculation will finish in a reasonable time.

12.2.5 Algorithm Details and Source Code

There are two main modules that implement the diffuse indirect calculation in
Radiance, src/rt/ambient.c and src/rtfambcomp.c. A header file, src/rt/fambient.h, and
an additional input/output module, src/rt/fambio.c, are also shared with the lookamb
program. The src/rt/ambient.c module contains routines for caching and interpolat-
ing indirect irradiances. The src/rt/ambcomp.c module contains routines for
sampling the hemisphere and computing the indirect irradiance gradients.

Most material functions see only a single call interface, ambient (acol,r), which
returns the ambient color for an intersected ray. It does this either by using the irra-
diance caching method we have discussed, or by using a modified ambient_value,
which is computed from the sum of the nav indirect values computed so far (avsum)
and the -av and -aw settings as follows:

if aw == 0 then
ambient_value

av
else

ambient_value = exp ((aw * Log(av) + avsum)/(aw + nav)

The ambient routine is defined in sre/re/ambient.c, and given in pseudocode here:

ambient(acol, r) begin
if -ad is zero or fbounces >= -ab or \
material is excluded then

set acol = ambient_value
return

end if

if -aa is zero then
call doambient(acol,r,..)
return

end if

call sortambvals(0)

call sumambient(acol,r,..)

if successful then return
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call makeambval(acol,r,..)

if successful then return

set acol = ambient_value
end ambient

Obviously, most of the actual work is carried out in other routines. The proce-
dure doambient computes the indirect irradiance and (optionally) the irradiance
gradients. It is also called by makeambval, which stores the results in the cache
octree. The sumambient function attempts to interpolate indirect irradiance from
cached values, returning nonzero if successful. Finally, the sortambvals procedure
periodically re-sorts the cache to optimize virtual-memory performance when the
number of stored values is large.

Two principal data structures are employed by the indirect caching routines:

® AMBTREE atrunk;
This is the base of the octree holding all the cached indirect irradiance values.
Each node contains a list of cached values at this cube and/or a pointer to eight
child nodes (an array of eight AMBTREE structures). The location and size of the
global octree cube are identical to those of the scene octree, which is stored in
the global variable thescene.

®* typedef struct ambrec AMBVAL;
This is the basic structure in which indirect irradiances are stored. As well as the
indirect value itself (a Radiance color), there are fields for the 3D position and
surface normal vectors associated with the sample point. Also stored here is the
harmonic mean distance to other surfaces determined during hemisphere sam-
pling, the associated recursion level and sample weight, and the translation and
rotation gradient vectors.

Let’s start with a brief introduction of the routines in sre/rt/fambcomp.c, which
sample the hemisphere and compute the actual indirect irradiance value and its
gradients:

® double doambient(COLOR acol, RAY *r, double wt, FVECT pg, FVECT dg);

This function computes the indirect irradiance for the ray intersection stored in
r and returns the harmonic mean distance to other surfaces, or zero if the calcu-
lation fails for some reason. If the vector pointers pg and dg are non-NULL,
doambient also computes the translation and rotation gradients. The routine
inithemi is called to compute the number of samples to use over the hemisphere
based on the sample weight, wt, and divsample is called to compute each ray
sample. If supersampling is done, comperrs is called to estimate the error at each
hemisphere division. If gradients are requested, posgradient and dirgradient
are called to compute the translation and rotation gradients.
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® void inithemi(AMBHEMI *hp, RAY *r, double wt);
Computes the number of divisions to use over polar and azimuthal directions
based on the sample weight and the user’s -ad setting. Sets up the coordinate axes
needed for vector generation in divsample.

® int divsample(AMBSAMP *dp, AMBHEMI *h, RAY *r);
Computes a ray sample for the given dp structure on the given hemisphere h
from the given parent ray, r. Returns 0 on success, or -1 if rayorigin indicates
some limit has been reached.

® void comperrs(AMBSAMP da[], AMBHEMI *hp);
Estimates variance for each ambient sample in the array da corresponding to the
sampling hemisphere hp. It does this by computing the average difference
between each value and its neighbors.

® void dirgradient(FVECT gv, AMBSAMP da[], AMBHEMI *hp);
Computes the rotation gradient vector gv for the ambient samples da over the
hemisphere hp. This is a straightforward implementation of Equation 12.8,
given earlier in this chapter.

® void posgradient(FVECT gv, AMBSAMP da[], AMBHEMI *hp);
Computes the translation gradient vector gv for the ambient samples da over the
hemisphere hp. This is a straightforward implementation of Equation 12.9, also
given earlier in this chapter.

The following procedures are contained in sr¢/rt/ambient.c, and are called by the
ambient routine to cache and interpolate indirect irradiance values:

®* double makeambient(COLOR acol, RAY *r, int al);
Computes and caches an indirect irradiance value at the ray intersection point
of r and ambient bounce level a1. Calls doambient, to sample the hemisphere
and compute the associated gradients, and avsave, to store the resulting AMBVAL
structure in the octree atrunk. Returns the harmonic mean distance to visible
surfaces, or zero if unsuccessful.

* void avsave(AMBVAL *av);
Calls avstore to store the passed ambient value in its own allocated memory and
inserts the result into the octree atrunk with a call to avinsert. If an ambient file
has been opened (-af option), writeambval is called. If AMBFLUSH calls have been
made since the last file sync, ambsync is then called to update the ambient file.

® void avinsert(AMBVAL *av);
Insert the ambient value av into the octree atrunk. To do this, we simply descend
the tree looking for the cube that contains the sample point associated with av
and has the correct size relative to the associated value radius. (This routine is
given in pseudocode in the Irradiance Cache section of this chapter.) New nodes
are created as necessary along the way.
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* int ambsync();
If the target operating system does not support network file locking, this is
merely a call to the flush library routine and a resetting of the nunf1shed vari-
able. For systems with file locking, ambsync permits the sharing of ambient files
and values among multiple, simultaneous invocations of the rendering pro-
grams. It accomplishes this by first checking to see if the ambient file has grown
in size. If it has, ambsync reads in the new indirect values (which must have come
from other running processes) before writing out its own buffer. A write lock is
put on the file during this operation to avoid contention and race conditions.

* double sumambient(COLOR acol, RAY *r, int al, AMBTREE *at, FVECT cO,
double s);
This recursive function searches the octree node at and its children, looking for
usable indirect irradiance values. Such values are modified by their gradients by
extambient, multiplied by their respective weights, and added into acol. Suman-
bient returns the sum of all these weights plus the sum of all recursive calls to
itself. Zero is returned if no suitable values are found in the cache.

® void sortambvals(int always);
The purpose of this routine is to sort cached AMBVAL structures by most recent
access, so as to minimize thrashing in virtual memory environments. The Bool-
ean parameter always indicates whether rebuilding the octree is mandatory or
not. If not, sorting takes place only if the ambclock variable has been incre-
mented sortintv1 times since the last sort. The variable sortintv1 itself doubles
on each successive sort, to reduce the frequency of sorting as the process contin-
ues. Each AMBVAL structure contains a Tatick member that is set to the ambclock
value at the time of its last use by sumambient. This is used as the key for the sort.

12.3 Conclusion

In this chapter, we have described the accounting of indirect specular and diffuse
light components in Radiance. It is especially important to understand the indirect
diffuse component calculation in order to set sensible values for the associated ren-
dering parameters. Although these are controlled to some extent by the rad
program, there are always circumstances under which it is beneficial to override
these settings to arrive at a more efficient, quicker, or more accurate result.

In cases where the assumptions of the diffuse irradiance computation are not
met, specifically where there are bright, concentrated sources of indirect illumina-
tion, the performance of these algorithms will never be satisfactory. In such cases,
it is usually necessary to reclassify these sources back into the direct component cal-
culation. The next chapter, on secondary light sources, explains how this is done.





