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Abstract
We propose a novel rendering method which supports interactive BRDF editing as well as relighting on a 3D
scene. For interactive BRDF editing, we linearize an analytic BRDF model with basis BRDFs obtained from a
principal component analysis. For each basis BRDF, the radiance transfer is precomputed and stored in vector
form. In rendering time, illumination of a point is computed by multiplying the radiance transfer vectors of the
basis BRDFs by the incoming radiance from gather samples and then linearly combining the results weighted
by user-controlled parameters. To improve the level of accuracy, a set of sub-area samples associated with a
gather sample refines the glossy reflection of the geometric details without increasing the precomputation time.
We demonstrate this program with a number of examples to verify the real-time performance of relighting and
BRDF editing on 3D scenes with complex lighting and geometry.

Categories and Subject Descriptors (according to ACM CCS): Computer Graphics [I.3.3]: Three-Dimensional
Graphics and Realism—

1. Introduction

Since graphics hardware was first introduced, many tech-
niques have been explored extensively for the real-time ren-
dering of 3D scenes. This has contributed to a dramatic re-
duction in the cost and time of production as it provides in-
stant feedback to designers working in the area of lighting
and material setup. A common approach to supporting in-
teractive rendering is to separate the static part of rendering
from dynamically varying computations, as in the precom-
puted radiance transfer (PRT) method proposed in a recent
study [SKS02].

Given the considerable size of the precomputed data, they
are usually computed and stored in a per-vertex based man-
ner. Per-vertex based computations, however, cannot gener-
ally capture pixel-scale details. Even worse, the stored data is
highly compressed because the typical GPU memory size is
not large enough to contain the data as it is. For a high com-
pression ratio, a significant amount of data should be dec-
imated and most of it is from high-frequency components.
Thus, high-frequency changes of radiance transfer are usu-
ally smoothed out, which leads to a blurry reflection. An-
other drawback is that the radiance transfer data should be

updated if the surface reflectance is modified, as the trans-
ferred light intensity can be affected by the new reflectance.

The goal of this work is to support real-time lighting and
BRDF editing of a globally illuminated scene with enhanced
glossy reflection. For BRDF editing, we convert an analytic
BRDF model approximately to a linear combination of basis
BRDFs in which the surface BRDF is edited simply by mod-
ifying the coefficient values. Basis BRDFs are obtained from
a principal component analysis of a set of BRDFs, snapshots
of the target BRDF model at different parameter values. For
every pixel, the light transfer is precomputed with each basis
BRDF, as it is in other PRT methods. At run time, the pixel
illumination is computed by multiplying the light transfer
data of basis BRDFs with the incoming radiance field and
linearly combining the results with coefficients. The coeffi-
cient values are controlled by an editing parameter.

For enhanced accuracy of the glossy reflection, we em-
ploy a level-of-detail approach with sub-area samples. As in
the direct-to-indirect light transfer by Hasan et al. [HPB06],
our algorithm gathers radiance from pre-sampled surface
points to compute the illumination of a pixel. The sur-
face points are termed gather samples. This approach, how-
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ever, produces blurry and irregular highlight reflection for
a glossy BRDF, the peak of which is often missed by the
gather samples. We enhance the highlight reflection by in-
creasing the sample density around a peak gather sample
with additional sub-area samples. To minimize the computa-
tional cost, which is increased by the sub-area samples, they
inherit their geometric properties from the associated gather
samples.

2. Related Work

Many-light: Indirect lighting can be approximated with
many virtual point lights attached to lit surfaces. Recently,
instant radiosity technique [Kel97] approximated a point
light attached to a surface patch as radiosity was emitted
from the patch. Using many point lights, however, slows
the rendering speed considerably as the number of lights
increases. Walter et al. [WFA∗05] introduced a light-cut
method using a hierarchy of point lights to speed up ren-
dering with many lights. Hasan et al. [HPB07] used a ma-
trix row-column sampling method that accelerated the large-
scale matrix-vector multiplication for many-light rendering.

All of these earlier works produced visually plausible re-
sults in a reasonable amount of time for diffuse surfaces;
however, they often failed to render a scene with glossy
surfaces, especially when the number of point lights was
not sufficiently large and when their distributions were not
properly created. To overcome this limitation, Hasan et al.
[HKWB09] introduced virtual spherical lights. While they
enable the high-quality rendering of glossy surfaces in the
many-light framework, they are not appropriate for interac-
tive rendering.

Precomputed Radiance Transfer (PRT): The PRT meth-
ods amortized the expensive rendering cost by factorizing
the rendering equation into a static and a dynamic term.
The static term, containing expensive computations such as
visibility tests, is precomputed for real-time use. The pre-
computed data, too large to be stored, is transformed into a
compact representation. The spherical harmonics, the Haar
wavelets [NRH04], a mixture of Gaussian [GKMD06] and a
spherical radial basis [TS06] have been used to represent the
precomputed data compactly. Wang et al. [WRG∗09] used
a spherical Gaussian basis in their rendering algorithm to
render glossy surfaces not well supported by other represen-
tations accurately.

Interactive BRDF editing: Sun et al. [SZC∗07] pro-
posed an interactive BRDF editing method based on the in-
out BRDF factorization developed by [WTL04]. Cheslack-
Postava et al. [CPWÅP08] proposed a nonlinear cut ap-
proximation method for efficient relighting with dynam-
ically varying BRDFs. These methods showed good in-
teractive performance with a reasonable level of quality
but are nonetheless limits in terms of an accurate render-
ing of specular surfaces. A precomputed polynomial basis

Method R E D1 G1 DN GN M
[CPWÅP08]

√ √ √ √ √

[HPB06]
√ √ √ √

[BAEDR08]
√ √ √ √ √

Our Method
√ √ √ √ √

Table 1: Comparison of previous interactive rendering algo-
rithms. Our method fully supports relighting (R) and BRDF
editing (E) including 1-bounce glossy (G1), 1 and multi-
bounce diffuse (D1, DN) indirect lighting. Multi-bounce
glossy (GN) and moving camera (M) are not supported by
our method.

used for compact BRDF representation by Ben-Artzi et al.
[BAEDR08] supported specular BRDF editing, but it lim-
its the number of available BRDFs in a scene and does not
allow the lighting to be changed at run time.

Interactive relighting system: Early efforts on relighting
focused on direct illumination for only the direct reflec-
tion of light. However, recent works have been more con-
cerned with indirect illumination. Here, we will briefly dis-
cuss two previous methods that support indirect illumina-
tion, as both are closely related to our work. Lehtinen et
al. [LZT∗08] proposed a relighting method using a hierarchi-
cal basis function induced from scattered data. However, its
splatting scheme was incapable of computing glossy illumi-
nation. The direct-to-indirect transfer framework proposed
by Hasan et al. [HPB06] precomputed radiance transfer ma-
trices from a set of gather samples and compressed them by
wavelet transformation. Both of these techniques do not al-
low surface reflectance to be edited at run time.

Interactive global illumination: Wang et al. [WWZ∗09]
implemented a global illumination scheme based on photon
mapping, final gathering and radiance caching fully on the
GPU. Imperfect shadow map method [RGK∗08] approxi-
mates visibility test in many point-lights approach. Another
study [NSW09] exploits an image-based approach to pro-
duce plausible indirect lighting. All of these techniques can-
not easily handle highly complex scenes with high glossy
interreflections.

Here, a rendering algorithm based on the direct-to-
indirect light transfer framework [HPB06] that supports
high-frequency details of reflection and BRDF editing is de-
veloped. The extension can also be applied to other PRT-
based rendering algorithms. A functional comparison of our
algorithm with those in previous works is shown in Table 1.

3. Rendering Framework

The rendering algorithm proposed in this paper is based on
a precomputed light transfer framework. We extend it using
sub-area sampling and linear BRDF approximation to sup-
port the interactive editing of the lighting and material prop-
erties.
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Figure 1: An overview of the proposed algorithm (see Table 2 for notation description). Mw
s (Eq. 17), Tw (Eq. 7), Dw

( [HPB06]), H (Eq. 15) are precomputed and loaded into GPUs at run time. Direct lighting on the view and gather samples is
computed using deep frame buffer caching shading parameters.

Symbol Description
W Wavelet transform
Ld Direct on gather samples
L Indirect on gather samples

Ms Single bounce gather matrix
T Glossy transfer basis matrix
D Diffuse transfer matrix
γ BRDF editing parameters.
H BRDF basis projection matrix

c(γ) Projection of γ into basis space.
kd Diffuse coefficients
ks Glossy coefficients

Table 2: Important notations. We use the superscript w to
denote a matrix (or vector) projected into the wavelet space.

3.1. Light Transfer Equation

We use the same light transfer setup used in the direct-to-
indirect light transfer method [HPB06]. There are two sets
of samples: a set of view samples and a set of gather sam-
ples, denoted by X and G, respectively. A view sample is a
surface point visible from the viewpoint that is later mapped
to a pixel of the rendered image. A gather sample is a sur-
face point sampled in the target scene as a source of indirect
illumination.

For a gather sample g∈G, the intensity of the reflection to
the ray direction ωo at view sample x, denoted by Ig(x,ωo),

is computed as follows:

Ig(x,ωo) =
∫

Cg

f (x,ωq,ωo)V (x,q)L(x,ωq)cosθqdωq (1)

Here, Cg is a cone of rays from x toward the surface region
Ag, represented by a gather sample g, and q = x +ωq ∈ Ag.
The function V (x,q) is a visibility function between x and q,
and θq is the angle between ωq and the normal at x. L(x,ωq)
is the incoming radiance at x along ωq; it is actually the ra-
diance emitted from q. The total intensity of the reflection at
x is simply the sum of all values of Ig:

I(x,ωo) = ∑
g∈G

Ig(x,ωo) (2)

Unlike the direct-to-indirect light transfer method, a gather
sample is not regarded as a point light source but as an area
light source. Although many gather samples are used to com-
pute the indirect reflection, they are not sufficient enough
to ensure that the details of specular reflection are accurate
when using highly glossy BRDFs. Moreover, increasing the
number of gather samples also increases the compression
ratio of the radiance transfer data, which leads to a loss of
the details acquired by the added samples. Importance-based
sampling could be a solution to enhance the rendering ac-
curacy, but this would require extensive runtime sampling
because surface BRDFs vary dynamically. An area light is
more capable of catching the peak reflection than a point
light and using it can therefore improve the accuracy of the
glossy reflection details.
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3.2. Sub-area Sampling

As there is no known closed-form solution to Eq. 1, the
Monte-Carlo integration is used to approximate it here. If
we have a point set Mg sampled on Ag with a PDF p, Eq. 1
is written as

Ig(x,ωo) =
1
|Mg| ∑

q∈Mg

f (x,ωq,ωo)V (x,q)L(x,ωq)cosθq

p(ωq)
(3)

A point q in Mg is termed a sub-area sample of g.

Eq. 3 is still too heavy to evaluate for all instances of g ∈
G at run time. For further approximation, we assume that
region Ag has uniform light intensity and that its visibility is
identical to that of gather point g. Under these assumptions,
L(x,ωq) = Lg and V (x,q) = Vg(x). Thus, Eq. 3 is simplified
to

Ig(x,ωo) = Lg
Vg(x)
|Mg| ∑

q∈Mg

f (x,ωq,ωo)cosθq

p(ωq)

= Lg ·Tg(x,ωo) (4)

For a fixed view point, we can write Tg(x,ωo) simply as
Tg(x). Although Tg(x) is not dependent on the lighting, the
summation in Tg(x) is not yet computable in the preprocess-
ing time due to the dynamically varying BRDF f . Later, f
will be represented as a linear combination of basis BRDFs,
which will make the summation precomputable.

As a consequence of Eq. 4, the sub-area sampling is
equivalent to increasing the total number of surface samples,
which clearly enhances the rendering accuracy. The sub-area
samples are distributed in a small area around a gather sam-
ple, thus inheriting the radiance value and visibility from the
gather sample. Consequently, sub-area sampling does not in-
crease the overall complexity of the run-time computation,
as shown in Eq. 4, whereas the gain in accuracy is signifi-
cant (See Figure 2).

3.3. BRDF Decomposition

To enable BRDF editing, we first linearly parametrize a tar-
get standard BRDF model, including analytic and measured
BRDF models. An analytic model, such as the Blinn-Phong
model, Ward model, and Lafortune model, defines its re-
flectance lobe by an algebraic formula with one or two ed-
itable parameters. Meanwhile, a measured BRDF model is
simply an array of reflectance values, it does not have any
intrinsic parameters to control its reflectance. It is possible
to define a BRDF space linearly spanned by a set of mea-
sured BRDFs, as in an earlier study [MPBM03] and change
the weight values to construct a new BRDF. In this paper,
the edited target is restricted to an analytic BRDF because
defining editing parameters that are generally suitable for
measured BRDFs remains unclear.

A BRDF model is first factorized into two terms, as

f (γ,ωi,ωo) = fE(γ,ωi,ωo) fF (ωi,ωo) (5)

Figure 2: Cornell box: the left image is rendered in direct
lighting, and the right images are magnified views of the
red and the blue box areas. Here, they only show indirect
glossy reflection to demonstrate the effect of sub-area sam-
pling. The first and the second images are rendered with-
out and with sub-area sampling, respectively. Image arti-
facts appearing along the sharp edges are less noticeable
in the images with the sub-area sampling (second images).

where γ is a vector of the editing parameters; the first term
fE(γ,ωi,ωo), determining the BRDF characteristics, is con-
sidered as an edited term, and the second term fF (ωi,ωo) is
a scale factor known as a fixed term not affected by γ. The
edited and fixed terms of various BRDF models are summa-
rized in Table 4. fF is separated from fE to minimize the
complexity of the target function to be linearized.

Suppose that the function fE is approximated with a linear
combination of k basis functions, b j(ωi,ωo),

fE(x,γ,ωi,ωo)' c(x,γ) ·b(ωi,ωo) (6)

where c is a coefficient vector and b is a vector of b j. In this
case, f j = b j · fF is regarded as a basis BRDF of f . If Tj,g is
the j-th term of Tg computed with a basis BRDF f j, Eq. 2 is
rewritten as

I(x,ωo) = ∑
g∈G

Lg · (c(x,γ) ·Tg(x))

= c(x,γ)T ·T(x) ·L (7)

where T is a matrix of Tj,g, and L is a vector of Lg. As T
is not affected by changes of lighting or BRDF, it is pre-
computed at every pixel and stored into a texture object. If
multi-bounce reflection among the gather samples is taken
into account, it can be formed into another light transfer ma-
trix ML; hence

L = ML ·Ld (8)

where Ld is a radiance vector from the gather points illumi-
nated by direct lighting.

3.4. Wavelet Compression

To reduce the storage of the matrices and the computation
cost, we use wavelet compression. All of the rows of T are
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projected into the wavelet space and compressed by keeping
the most significant coefficients. The projected matrices are
denoted by Tw. The radiance vector L is also similarly trans-
formed to Lw whenever L is re-evaluated. As a consequence,
Eq. 7 is simplified as a product of wavelet coefficient matri-
ces, as

I(x,ωo) = c(x,γ)T ·Tw(x) ·Lw (9)

4. PCA-based BRDF Linearization

Let the parameter vector γ ∈ [γmin,γmax]. We first separate
the mean function b0 over the range of γ in Eq. 6, as shown
below:

fE(γ,ωi) = b0(ωi)+
k

∑
i=1

ci(γ)bi(ωi). (10)

ωo is dropped from the equation because it is fixed at a spe-
cific x. The basis function bi(ωi) is a continuous function; it
could be a well-known basis function such as a spherical har-
monic function, a Fourier basis function or a polynomial ba-
sis function. However, these bases have a common drawback
in that a highly specular peak is not correctly represented.
For this reason, we choose to utilize a principal component
analysis (PCA).

In order to apply the PCA, it was necessary to set up the
problem in a discrete domain by sampling γ and ωi. Most
analytic BRDFs, as summarized in Table 4, have only one
scalar parameter. Therefore, γ is set to a scalar variable. For
ωi, we transform it to δ, the angle between the normal N and
the half vector H(ωi) so as to avoid sampling over the hemi-
sphere of ωi. One exception is the Lafortune model, where
the edited term does not have a clearly δ. Thus, we make it
to be a function of δ by setting δ =

(
Cxlxvx+Cylyvy+Czlzvz
max(|Cx|,|Cy|,|Cz|)

)
in

the range [0+ ε,1− ε] (We omit 0 and 1 to avoid singularity
of the PCA linearization, ε = 10−3).

Let the γ samples be evenly spaced as {γ1,γ2, ...,γk′}
in the range [γmin,γmax], and the δ samples also be evenly
spaced as {δ1,δ2, ...,δh} in its range. For each γi, we con-
struct a h-dimensional column vector pi:

pi =

 fE(γi,δ1)
...

fE(γi,δh)

 (11)

It then becomes possible to apply PCA to the set of pi’s to
determine the basis matrix B such that

pi = B · c(γi) (12)

where

b0 =
1
k′

k′

∑
i=1

pi, c(γ) = [1 c1(γ) · · · ck(γ)]
T (13)

and B = [b0 b1 · · · bk] (k� k′) (14)

BRDFs Formulation
BP ρs

γ+2
2π

cosγ
δ

W ρs
1√

(N.L)(N.V )
exp[−tan2

δ/γ
2]

4πγ2

WD ρs
1

(N.L)(N.V )
exp[−tan2

δ/γ
2]

4πγ2

La ρs
(γ+2)[Cxlxvx+Cylyvy+Czlzvz]γ

2π[max(|Cx|,|Cy|,|Cz|)]γ

CT ρs
π

DG
(N·L)(N·V ) F(F0,V ·H)

AS γ+1
8π

(N·H)γ

(V ·H)max((N·L),(N·V )) F(F0,V ·H)

Table 3: Analytic BRDF models and their original formu-
lations: Blinn-Phong (BP), Ward (W), Ward-Duer (WD),
Lafortune (La), Cook-Torrance (CT), Ashikhmin-Shirley
(AS). N is the normal vector, V is the view vector, L is
an incoming vector, R is the mirror reflection of L, H is
the half vector, δ is the angle between N and H, and G =
min{1,

2(N·H)(N·V )
(V ·H) ,

2(N·H)(N·L)
(V ·H) }, D = 1

γ2cos4δ
e−[(tan δ/γ)2].

In our framework, F is the Fresnel term fixed with the pa-
rameters F0, V and H.

Model Fixed term fF Edited term fE
BP ρs

γ+2
2π

cosγ(δ)

W ρs
1√

(N·L)(N·V )
exp[−tan2

δ/γ
2]

4πγ2

WD ρs
1

(N·L)(N·V )
exp[−tan2

δ/γ
2]

4πγ2

La ρs
(γ+2)

2π

(
Cxlxvx+Cylyvy+Czlzvz
max(|Cx|,|Cy|,|Cz|)

)γ

CT ρs
G.F(F0,V ·H)

(N·L)(N·V )cos4δ

exp[−tan2
δ/γ

2]
πγ2

AS F(F0,V ·H)
(V ·H)max((N·L),(N·V ))

γ+1
8π

cosγ
δ

Table 4: Decomposition of analytic BRDF models given in
Table 3 into fixed and edited terms.

Each column vector in B represents the basis function
b j(ωi,ωo) in Eq. 6.

The coefficient vector c(γ) is not expressed in a closed
form for γ. Hence, we compute c(γ) at run time with the
least-squares method when the user specifies a new value of
γ. A vector p is constructed for a given γ value, and c(γ) is
then obtained as

c′(γ) = (B′T ·B′)−1 ·B′T · (pi−b0) = H · (pi−b0) (15)

where c′(γ) = [c1(γ) · · ·ck(γ)]
T and B′ = [b1 · · ·bk].

We surveyed standard BRDF models, as shown in Table 3,
to identify their primary editing parameters. The fixed terms
factored out of the BRDF models are summarized in Table 4.
The Fresnel term F , taking two indices of refraction as input
parameters, goes into the fixed terms because the indices are
assumed to be fixed during the rendering process.
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5. Precomputation

For a rapid computation of Eq. 9, Tw,Dw and Mw
s (Sec-

tion 5.2) should be precomputed before interactive render-
ing. The detailed procedure of the precomputation is shown
below:

1. decompose a BRDF into basis vectors,
2. construct a gather sample set G and sub-area sample sets

Mg’s for each gather sample g,
3. compute the glossy transfer basis matrix T, the diffuse

transfer matrix D and the single bounce gather matrix Ms,
and

4. compress T, D and Ms and pack Tw, Dw and Mw
s into

texture objects.

5.1. Sampling Surface Points

Gather Samples

As in [HPB06], we use a backward photon shooting method
starting from the view point to sample the surfaces. A photon
is shot from the view point through a pixel and is reflected
at the first hit point. The reflected photon makes a second hit
at a surface point which is chosen as a gather sample point.
To handle the diffuse and glossy reflections effectively, we
divide the total gather samples into two groups: diffuse and
glossy samples. The reflection directions to find diffuse sam-
ples are uniformly sampled on the hemisphere. The reflec-
tion directions for glossy samples, ωs, are randomly chosen
by the probability density function

p(ωs)∝ (ωo ·R(ωs))e (16)

where R(ωs) is the mirror reflection of ωs and e is a rough-
ness constant, usually set to 200. The ratio of glossy samples
to diffuse samples is empirically chosen as 1

6 , as a peak re-
flectance lobe usually has a very narrow bell shape.

Here, the gather samples are stored in a hierarchical clus-
ter structure to accelerate construction of the light transfer
matrix.

Sub-area Samples

In the proposed rendering framework of Eq. 3, we intro-
duced sub-area samples q ∈ Mg in surface region Ag repre-
sented by gather sample g. For efficient sub-area sampling,
we approximate surface region Ag as disk Kg centered at g
with a radius derived from the area |Ag|. To estimate |Ag|,
we generate uniform samples s over all of the scene surfaces
such that at least one sample is assigned for each triangle of
the scene. Subsequently, we classify s by the nearest gather
sample g and estimate |Ag| with the number of s’s assigned
to g.

For a gather sample g, the number of sub-area samples is
determined by the maximum spherical angle of Kg viewed
from a view sample. |Mg| points are then uniformly sampled

from Kg and their PDF is defined as |x− g|/(|Ag||Ng ·ωi|),
where Ng is the surface normal vector at g and x is the posi-
tion of a view sample.

In the computation of Eq. 3, the actual number of sub-area
samples used for a view sample x is generally less than |Mg|,
as the summation of Eq. 3 stops when converging within a
certain threshold.

5.2. Light Transfer Matrix Computation

The light transfer matrix ML represents the contribution of
each gather sample to the other gather samples through infi-
nite bounces. It can be decomposed into a sum of multiples
of a single bounce matrix, denoted as Ms. From Eq. 8, the
final radiance vector L including indirect illumination is

L = ML ·Ld

= (I +Ms +(Ms)2 +(Ms)3 + · · ·) ·Ld

= L0 +L1 +L2 +L3 + · · ·

where Li = (Ms)i · Ld . Projecting them into the wavelet
space for a fast computation gives

Lw = Lw
0 +Lw

1 +Lw
2 +Lw

3 + · · · (17)

with Lw
0 = Lw

d and Lw
n = (Mw

s ·Lw
n−1)

w for n ≥ 1. Since Li
converges to zero as i increases, Eq. 17 is calculated only up
to n specified by users.

Similarly to T and D, Ms is compressed using the wavelet
during precomputation time. In the construction of Ms, we
assume that all the surfaces of scene are Lambertian for sim-
plicity. This assumption is not physically true, but supporting

Figure 3: An example of gather samples in an interior scene:
(a) BRDF types of view samples (diffuse and glossy in red
and blue, respectively), (b) glossy gather samples, (c) dif-
fuse gather samples and (d) all of the gather samples. Note
that the gather samples are distributed more densely on the
surface regions next to glossy surfaces.
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glossy BRDFs raises the computational complexity signifi-
cantly, while glossy effects quickly dissipate through subse-
quent bounces.

6. Implementation

6.1. Data Quantization for GPUs Computation

In Eq. 9, c(γ) and Tw(x) are dependent on a view sam-
ple, which corresponds to an image pixel. Supposing that
an object has a single BRDF over its surface, we can use
the object index pointing to c(γ) which is stored separately.
Hence, each pixel contains only the object index and Tw(x).
As Tw is a sparse matrix, it is stored using a the row-indexed
scheme to save storage space. Mw

s is also stored in a separate
texture object using the row-indexed scheme. Dw is packed
as in [HPB06].

6.2. Interactive BRDF Editing

There are two editing modes for BRDF and light. In the
BRDF editing mode, a single BRDF is edited at a time, while
other BRDF’s c(γ)T ·Tw(x) are left unchanged. Thus, we
freeze these vectors to improve the rendering performance
and free the memory occupied by them. As the entries of
T(x) are highly coherent, nonzero wavelet coefficients are
likely to be clustered. Thus, this freezing process can be
done efficiently (See Table 5). We choose the most impor-
tant wavelet coefficients of c(γ)T ·Tw(x) packed and loaded
them into the GPU at run time. In the light editing mode,
c(γ)T ·Tw(x) is frozen at every pixel in a similar manner,
while Ld is computed with the user-controlled lights.

7. Results and Discussion

7.1. PCA Basis Analysis

A root mean squared (RMS) error metric is used to assess the
accuracy of a linearized BRDF. Although it is not obvious to
determine the threshold of the RMS for reasonable render-
ing quality, a lower RMS value implies a better rendering
quality.

Figure 5 shows the RMS errors measured for the Blinn-
Phong model. For different numbers of basis vectors, we
computed the errors of the linearized function over the exact
edited term. We observed that 6 basis vectors were sufficient
to ensure at least 10−5 accuracy over the parameter range of
[3,300]. This level of accuracy is feasible considering that
the peak of the editing parameter is in the range of [10,250].
Figure 4 shows a comparison of the rendering result with
k = 6 basis BRDFs and a reference image rendered by the
PBRT renderer with final gathering.

7.2. Results

We tested our algorithm on a Intel Quad-core i7 CPU with
4GB of RAM and the NVidia GTX295 graphics accelerator.
We ran the precomputation module in a single thread.

 

 

 

 

  

 

(a) 

(b) (c) 

(b) 

(c) 

Figure 4: Illustration of the error of our method compared
to the PBRT renderer with final gathering: (a) reference (b)
our method (c) the difference is computed on the original
images. Subtle differences are noticeable along the object
edges and shadow borders.

We chose the Cornell box, Tableau and a still-life scene
with different BRDF models to test the BRDF and light edit-
ing features of our renderer. The interior scene was chosen to
show the performance of our renderer for a complex scene
with a reasonable number of gather samples. As the most
important concern is the accuracy of the glossy surface ren-
dering, we ensured that the tested scenes had many glossy
surfaces.

Except for Cornell box scene with 16k gather samples,
we used 64k gather samples for all other test scenes. In
most cases, keeping k = 6 basis BRDFs is sufficient to cap-
ture the important features of the BRDF model. To com-
pute the illumination on high glossy surfaces, it was nec-
essary to keep more wavelet coefficients of transfer matri-
ces than diffuse surfaces. As the basis BRDFs have different
factors of importance, we adaptively determined the num-
ber of coefficients proportionally to their eigenvalues: i.e.,
(250,150,150,100,100,100,100) for the floor in the Cornell
box scene. With this setting, it is nearly impossible to load
all of the precomputed data into any GPU memory; how-
ever, using the freezing technique discussed in the previous
section, we were able to load all of the necessary data into
the GPU. The memory requirement and the freezing time are
summarized in Table 5.

8. Conclusions and Future work

We have presented a novel algorithm that supports interac-
tive relighting and BRDF editing of a globally illuminated
3D scene. For interactive BRDF editing, a given analytic
BRDF with parameter γ is discretized into a set of vectors on
which the PCA is applied to identify the basis BRDFs. For
each basis BRDF, the light transfer from the gather samples
to the view samples is precomputed and stored in a wavelet-
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(a) (b) (c)

Figure 5: Example of fitting the edited term fE of BP with γ ∈ [3,300] (a) the number of basis vectors and the RMS errors in
log scale, (b) the first 7 basis vectors, (c) the RMS errors along the γ when 6 basis vectors are used.

Scene Precomputation Storage (MB) f(s)
Name res. objects model [γmin,γmax] |G| k t(h) Tw Dw Mw

s max
Cornell box 400×400 floor BP [3,300] 16k 6 1 152 (41) 60 20 232 6

Tableau 400×400
floor BP [3,300]

64k
6

4
423 (109)

66 32 627
17

bunny W [0.05,2.0] 6 197 (45) 5
dragon W [0.05,2.0] 6 247 (61) 8

Still-life 400×400

floor CT [0.1,2.0]

64k

6

4

228 (93)

66 32 437

18
ball LF [3,300] 6 158 (39) 7

bottle AS [3,300] 6 45 (10) 4
bowl BP [3,300] 6 163 (46) 10
fruits BP [3,300] 6 79 (16) 5

Interior 640×480 - - - 64k 6 10 2580 (–) 168 32 707 25

Table 5: For the scenes used in the experiments, the statistics including scene complexity, precomputation time, storage require-
ment for the matrices (Tw before (after freezing), Dw, Mw

s and memory requirement (max)) and freezing time for each objects in
seconds, are summarized. k and t are the number of wavelet coefficients and the construction time of transfer matrices in hours.

compressed matrix. Given that the target BRDF is formed
in a linear combination of basis BRDFs, the final value of
illumination is computed as a linear combination of the in-
coming radiance field multiplied by the basis BRDFs.

We also introduced an auxiliary set of samples, termed
sub-area samples, to enhance the accuracy of the glossy re-
flection. A set of sub-area samples is attached to each gather
sample and is used to compute more accurate light transfer
during the precomputation time.

The proposed algorithm has two limitations which remain
unsolved. Solution to these limitations will be sought in a
future study.

Textures. As with other point-based global illumination
methods, our algorithm also has a limitation when render-
ing the glossy reflection of a textured surface with high fre-
quency patterns. Increasing the number of sub-area samples
may mitigate this problem, but it is not a perfect solution be-
cause small texture features are still missed by any limited
number of samples.

Measured BRDFs. Currently, measured BRDFs are not yet
supported, but technically can be handled with the proposed
algorithm. Matusik et. al. [MPBM03] showed that 30-40
PCA basis BRDFs are sufficient to parametrize the 104 mea-
sured BRDFs with unnoticeable errors. These basis BRDFs
can be directly used, but the matrix size Tw will easily ex-
ceed the GPU memory capacity. If we reduce the number of
basis vectors for a smaller set of measured BRDFs, there are
no other technical barriers to support them.
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(a) (b) (c) (d) (e)

Figure 6: Cornell box scene rendered with two-bounce diffuse reflection. From left to right: direct lighting (a), floor while
increasing γ to 3 (b), 100 (c) and 300 (d). The last image (e) was rendered by modifying the light direction.

 

(a) (b) (c) 

(d) (e) (f) 

Figure 7: Dragon and bunny scene rendered with two-bounce diffuse reflection. The top images demonstrate editing the BRDF
on the bunny surface: γ =0.5 (a), 1.5 (b) and direct lighting only (c) for comparison. The two bottom images demonstrate the
effect when editing the BRDF on the dragon surface: γ = 0.5 (d) and 1.5 (e). In the final image, the floor BRDF is modified to
γ = 5 (f). The dragon color is also edited simultaneously at run time.
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[HKWB09] HAŠAN M., KŘIVÁNEK J., WALTER B., BALA K.:
Virtual spherical lights for many-light rendering of glossy scenes.
ACM Trans. Graph. (Proceedings of SIGGRAPH Asia 2009) 28,
5 (2009), 1–6. 2

[HPB06] HAŠAN M., PELLACINI F., BALA K.: Direct-to-
indirect transfer for cinematic relighting. ACM Trans. Graph.
(Proceedings of SIGGRAPH 2006) 25, 3 (2006), 1089–1097. 1,
2, 3, 6, 7

[HPB07] HAŠAN M., PELLACINI F., BALA K.: Matrix row-

c© 2010 ETRI
Journal compilation c© 2010 The Eurographics Association and Blackwell Publishing Ltd.

1477



C. H. Nguyen et al. / A PCA Decomposition for Real-time BRDF Editing and Relighting with Global Illumination 

   

 

(a) (b) 

k=0 k=1 k=2 

k=3 k=4 k=5 

Figure 8: Still-life scene: using direct lighting (a), setting the floor BRDF to the CT model with γ = 0.1 (b). The small images
on the right are magnifications of the blue box with k basis BRDFs.
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Figure 9: Interior scene rendered with three-bounce diffuse reflection. The floor texture was changed from grid (a) to wood (b).
The effect of indirect lighting is clearly visible in the scene compared to images (c) and (d) which were rendered with direct
lighting only. Minor visual artifacts appear on the curtain surface to the right of the window due to insufficient gather samples
on the curtain.
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