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Abstract

A rendering system for interior scenes is proposed in this paper. The light reaches the interior scene, usually
through small regions, such as windows or abat-jours, which we call portals. To provide a solution, suitable for
rendering interior scenes with portals, we extend the traditional precomputed radiance transfer approaches. In
our approach, a bounding sphere, which we call a shell, of the interior, centered at each portal, is created and
the light transferred from the shell towards the interior through the portal is precomputed. Each shell acts as an
environment light source and its intensity distribution is determined by rendering images of the scene, viewed from
the center of the shell. By updating the intensity distribution of the shell at each frame, we are able to handle
dynamic objects outside the shells. The material of the portals can also be modified at run time (e.g. changing
[from transparent glass to frosted glass). Several applications are shown, including the illumination of a cathedral,
lit by skylight at different times of a day, and a car, running in a town, at interactive frame rates, with a dynamic

viewpoint.

Categories and Subject Descriptors (according to ACM CCS): L.3.7 [Computer Graphics]: Three-Dimensional

Graphics and Realism—Radiosity

1. Introduction

Environment lighting [Deb98] has been recognized as a
powerful lighting model, and many efficient rendering algo-
rithms have been presented. In previous methods, the ren-
dering of exterior scenes lit by environment lighting was
the primary target, while interior scenes is also important
for many applications, such as interior lighting design. In
this paper, we present a rendering system for interior scenes
under dynamic environment lighting. We assume that the
interior scenes, such as an architecture or a car, consist of
static objects, which are surrounded by a dynamic environ-
ment that may have moving objects. Possible examples of
the scenes are the interior of a church (Figure 1), lit by time-
varying skylight, or the interior of a car, running in a town.

In an interior scene, the environmental light penetrates
into the scene, usually through some small regions, such as
windows or abat-jours, which we call portals. Since most
interior scenes have windows, it is important to take into ac-
count the light transferred through these portals. There are
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Figure 1: Sibenik cathedral, lit by skylight issuing through
portals, rendered using our method at around 16 [ps. Both
direct and indirect lighting components are calculated.

several distinct property differences between interior and ex-
terior scenes, which make difficult the direct use of the pre-
vious PRT (precomputed radiance transfer) approaches.
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Firstly, due to the portals, only a fraction of the envi-
ronment light from the portals is transferred into the inte-
rior scene, which makes the traditional spherical harmon-
ics based PRT approaches unsuitable for the direct lighting
component. Secondly, the precomputation time would be-
come extended. In an interior scene, the inter-reflection ef-
fects become more important, and usually several bounces
of inter-reflections need to be taken into account.

In this paper, we consider the above distinctive properties
and propose an efficient method for rendering interior scenes
with dynamic environmental lighting. Firstly, we compute
the direct and indirect lighting components in different ways.
We selectively use Haar wavelets and pulse functions to en-
code the direct lighting component and spherical harmonics
for the indirect lighting component. Secondly, our method
treats portals explicitly, and regards each portal as a non-
diffuse area light source for efficient precomputation and
rendering.

The assumptions in our method are as follows. The inte-
rior scene is static and consists of polygonal meshes, and the
radiances are computed at vertices of the objects, thus the
scene needs to be finely subdivided. Our method can handle
any low-frequency BRDFs (Bidirectional Reflectance Dis-
tribution Functions). Using our method, we can render the
scene at interactive frame rates with manipulating the view-
point, light sources, and the material of portals. In addition,
our method can handle dynamic exterior environment.

2. Related Work

Precomputed radiance transfer (PR1) [SKS02] provides
very high rendering frame rates and convincing results for
exterior scenes. However, it becomes inaccurate in comput-
ing the direct lighting component of interior scenes, espe-
cially when the portal is small (see Figure 2 for detailed
discussion). This inaccuracy is due to the truncation of the
high-frequency components. Possible alternatives would be
to use other bases [NRHO3, TS06, GKMDO06] to project the
light transfer, at the cost of long precomputation time. While
accelerating the calculation is an interesting approach, e.g.
[KTHSO06], it is still challenging to make the method appli-
cable for scenes composed of a large number of polygons.

For the sake of designing BRDFs under environment light
sources, Sun et al. [SZC*07] proposed to use precomputed
transfer tensors and Cheslack-Postava et al. [CPWAPOS]
proposed to use non linear cut approximation.

Additionally, while previous PRT methods assume dif-
fuse uniform area light sources, our technique can essentially
handle non-diffuse area light sources, which are basically the
portals introduced in this paper.

Direct-to-indirect light transport proposed by HaSan et
al. achieved high quality rendering with static scenes and
fixed viewpoint in real-time [HPB06]. Wang ez al. used a
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Figure 2: A box scene, with an abat-jour on the ceiling,
lit with the light probe image (f), and rendered using path
tracing (a). (b) and (c) show the direct and indirect lighting
components of (a), respectively. (d) and (e) show the direct
lighting component, approximated using spherical harmon-
ics (SH) and our method, respectively. We can clearly notice
the large error when using SH to encode the direct lighting
component. This is because the light traveling through the
small abat-jour is only a small portion of the whole environ-
mental illumination, which is only a small portion of (). (g)
shows the light probe image represented in SH up to the 10-
th order. (h) shows the global illumination rendered using
our method.

spectral mesh basis to encode the direct-to-indirect trans-
fer [WZHO7]. It is possible to dynamically change the sur-
face albedo using their method, but the frame rate drops
according to the number of bounces of the inter-reflection.
To incorporate large scenes, a meshless approach [LZT*08]
would be a good combination with the direct-to-indirect
light transport to handle diffuse surfaces.

Direct solution of the rendering equation [Kaj86] is an-
other interesting research direction. Recently, there are a few
solutions for interactive global illumination, without impos-
ing any static condition or precomputation. Dachsbacher et
al. [DSDDO07] and Dong et al. [DKTS07] extended radiosity
[CG85,NN85] A drawback of these methods is that they do
not scale well regarding the number of polygons in the scene.
Ritschel et al. [RGK*08] extended instant radiosity [Kel97]
and used imperfect shadows maps. When the scene contains
glossy objects or large light sources, the method needs a
large number of virtual point lights for good approximation.
Wang et al. [WWZ*09] implemented a global illumination
solution based on photon mapping and final gathering fully
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Figure 3: Examples of portals. Left: An abat-jour in the
Sibenik scene. Although the portal consists of several sep-
arated glasses, they can be treated as one portal. Right: A
stained glass in the Sibenik scene. The colored glasses can
be treated as several portals according to their colors. If all
the materials of the glasses are fixed during rendering, we
can treat all the glasses as one portal.

on the GPU. In their applications the scene is lit by only
point light sources or spot light sources.

Considering that the interior scene is static, we chose to
build our system on the previous PRT framework. We com-
pute the direct and indirect lighting components separately
to overcome the weakness when just using a single pre-
vious method, with only a small performance degradation.
The precomputation can be performed efficiently as shown
in Section 4.

3. Lighting Computation

To handle the light transport from the exterior dynamic en-
vironment into the interior scene, we introduce the two con-
cepts of portals and shells.

3.1. Definition

The concept of portal was first introduced by Teller et
al. [TS91] to indicate the spaces through which the light
transfers between rooms. In our case, a portal represents a
region through which the light travels from the exterior into
the interior. We assume that each portal is represented as a
collection of triangles (usually, a triangle mesh or several tri-
angle meshes (Figure 3)). Typical examples of a portal are a
single glass of a window, a collection of several windows, or
a portion of a window.

A shell is a bounding sphere, enclosing the interior scene,
centered at a portal. Each shell acts as an environment light
source and its intensity distribution is determined by render-
ing images of the exterior scene, viewed from the center of
the shell.

Strictly, each portal has a one-to-one relation with a shell.
On every location in a portal, the surrounding environment
is assumed to be identical to that seen from the center of
the portal (i.e., identical to what is projected onto the corre-
sponding shell). To ensure this assumption, if the size of a
window is too large, the triangle primitives of the window
are classified into several portals (see Section 6 for details).
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Figure 4: (a) A shell (dotted-circle), centered at the center
cofaportal p. T denotes the light transferred from the shell
through ¢ with more than zero inter-reflections before reach-
ing a vertex v in the interior. (b) The light is occluded before
reaching c.

3.2. Mathematical Formulation

Let shell s be centered at the center ¢ of portal p (Fig-
ure 4(a)), and let 7,,(c,®,®,) be the transfer function from
shell s, passing through point ¢ from direction w, and reach-
ing vertex v in the interior, leaving in the viewing direction
. In this paper, we define @ and ®, in world coordinates.
We encode the direct and indirect light transport (proba-
bly with several bounces of inter-reflection) in 7y, (c, ®, 0o).
We also handle the occlusion before reaching point ¢ in
Ty (c,,0,) as shown in Figure 4(b). Then, we can write the
differential radiance dLy(c,®,)/dx transferred from shell s
to vertex v through a small opening dx around point ¢ in the
portal as follows,

dLv (C7 (Do)

P /pLs(oo)Tv(c,w, Wy)dw, (1)

where Ly(w) is the radiance leaving the shell s, and $* indi-
cates directions in sphere and in world coordinates. Here, we
naturally extended the definition of 75 (¢, ®, ®,) to include ®
in any direction, by defining the light emitted from the other
side of the portal to 0. Since all the points on portal p share
the same shell s, we can write the light Ly(w,) transferred
from shell s to vertex v through portal p as follows,

Lu(wo) = /S /A Ly(0)T(x,0,00)dxdw,  (2)

where A is the region of the portal. Since the interior is static,
the transfer function for each portal p to vertex v can be pre-
computed as T y(0, W) = [, Ty(x,®, o )dx. Then,

Lo(00) = /g L) Ty (,00)do. 3)

3.3. Discussion

Advantages of using Eq.(3) are as follows. Firstly, since
Lg(w) is dependent on each portal, we can apply some ef-
fects to it (i.e., by replacing Ls(®) with L{(®) = f(Ls(w)))
to simulate the light transfer through portals with different
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Figure 5: The portion of the light from the shell contributing
(a) directly into the scene, (b) indirectly to the scene.

properties. For example, multiplying L¢(®) with a color co-
efficient would result in different colors of the glasses in the
portal, and applying a Gaussian filter to Ly(®) would give an
approximate effect as if the portal is made of frosted glass.
Secondly, this formulation gives us a trivial treatment of how
to efficiently sample the whole transfer function by explicitly
handling the portals. From the formulation, we can regard a
portal as a non-diffuse area light source. A distinct aspect
is that we also need to check the visibility in the backward
direction (Figure 4(b)), which we call backward occlusion.

If we have many different windows with different prop-
erties, we evaluate each component of the radiance corre-
sponding to each portal. On the other hand, if the materials
of the windows are fixed, and the environment light comes
from infinitely far away, then one shell and one portal, which
is the collection of all the windows, are sufficient. In this
case, we encode the transport property of the portals into
the transport function 7p, and our method is analogous to
a traditional PRT framework. Thus, our method can be con-
sidered as an extension of the PRT framework.

3.4. Basis Representation

We represent both Lg(®) and 7y, (0, ®,) in orthonormal
bases for efficient calculation. From Figure 5, we can see
a distinct property of the transfer function, compared to the
case in exterior scenes; the portion of the light contributing
directly into the scene is far smaller than that contributing
indirectly due to the existence of the portals. This property
will guide us in choosing the bases for the direct and indirect
lighting components.

For the indirect lighting component, we chose to use
spherical harmonics rather than wavelets for the following
reasons. Firstly, it is sufficient to use only low-order spheri-
cal harmonics (see Section 4.2), therefore, is convenient for
practical use. Secondly, to use wavelets to encode the indi-
rect lighting component is itself a very challenging problem.
Also, if we limit the number of wavelet coefficients to be
comparable to that for spherical harmonics, which means
approximately 2 by 2 coefficients for a single face of the
cubemap, then it seems difficult to obtain accurate approx-

imation. If we increase the resolution, we need much more
computational time.

For the direct lighting component, it can be efficiently
handled by directly sampling the transfer function on a cube-
map, and keeping only a small number of non-occluded sam-
ples. To encode the direct lighting component, we use one of
the following two bases, depending on each vertex for better
compression ratio. The first type constitutes the set of pulse
functions on each cell of the cubemap, so that the bases form
a trivial set of orthogonal bases. The second type constitutes
Haar wavelet bases. Intuitively, as long as the portal is not
too wide, the former type outperforms the wavelet type. If
the portal is small and the resolution of the cubemap is low,
using only the wavelet bases will need 3 to 4 times more
storage than using only the pulse functions as the bases. On
the other hand, if the portal is large and the resolution of
the cubemayp is high, using the wavelet bases will reduce the
storage to about 40%.

We briefly review the lighting computation using or-
thonormal bases in Appendix for completeness of the paper.
Readers can find detailed description on spherical harmonics
in [SKS02] and on the Haar wavelets in [NRHO3].

4, Precomputation

In this section, we first describe the algorithms to precom-
pute indirect and direct lighting components of the trans-
fer function, then an evaluation on using low-order spherical
harmonics to approximate the indirect illumination.

4.1, Precomputation of Transfer Function
4.1.1. Indirect Lighting Component

To compute the indirect lighting component, we utilize pho-
ton mapping and final gathering for the calculation of the
light transport response for each basis of the spherical har-
monics. That is, each photon carries not the actual energy
related to a particular environment light source, but the light
transport response for a certain basis function. We gather the
light transport response in the final gathering step. If a par-
ticular shell is given during rendering, the radiance at each
vertex is obtained by a linear combination of the precom-
puted response.

We summarize the precomputation steps as follows. The
steps are repeated for each portal.

1. For each basis function

a. trace photons from the portal
b. estimate radiance at each vertex

2. For each vertex
a. perform final gathering for each basis function
Next, we describe the implementation details. For each
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Figure 6: Left: we choose a triangle (yellow one) of the por-
tal and select a location (dark gray circle) on the triangle,
then emit a photon in random direction and trace the pho-
ton. Orange circles indicates the locations where the light
transport response is stored into the photon map. Right: the
initial energy of the photon is assigned to be the value of the
basis function, evaluated in the direction. Blue and red re-
gions show the negative and positive values, respectively, of
a particular basis function.

basis function, we create a photon map. Firstly, we randomly
select a triangle, with the probability being proportional to
its area, belonging to the portal. Secondly, we randomly se-
lect a location on the triangle and emit a photon in a ran-
domly selected direction (Figure 6 Left). To handle the back-
ward occlusion, we trace a ray in the backward direction.
If the ray cannot reach the shell, the photon is discarded.
Thirdly, we assign the energy of the photon to be the value of
the basis function at the emitting direction (Figure 6 Right).
Lastly, we trace the photon path, record the light transport
response at each hit point, and multiply the BRDF at the sur-
face to the light transport response.

After all the photons are traced, we estimate the radiance
at each vertex and store the radiances, as in [Chr99]. Then,
we perform final gathering for each vertex using the stored
radiances. If the vertex is on a diffuse surface, we obtain the
irradiance through the final gathering. Otherwise, we com-
pute the outgoing radiance distribution for the vertex by eval-
vating the BRDE. Then, we represent outgoing radiance dis-
tribution with spherical harmonics.

We would like to emphasize three aspects in which our
method is efficient. Firstly, the process for the precompu-
tation can be easily parallelized. For the process to render
photon maps and estimate the radiance at each vertex, we
can process several photon maps in parallel, and in the final
gathering step, we can process several vertices in parallel.
Secondly, the photons are traced from the portals rather than
from the entire environment. This approach can be regarded
as an explicit importance sampling of the transport function,
which would benefit greatly since most light paths would be
occluded by the walls. Lastly, the light transport is calculated
for each order of the spherical harmonics (like [DKNY95]),
and can be performed in a progressive manner. That is, if
we ascertain that the accuracy of the approximation is not
sufficient after computing the light transport for spherical
harmonics up to the n-th order, we just continue the com-
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Figure 7: Left: we choose a triangle of the portal and select
a location on the triangle, then check the occlusion between
the location and the vertex. Right: the directions of the rays
are encoded as the IDs of the cells on the cubemap faces,
and the contribution is accumulated for each cell.

putation for the (n 4+ 1)-th order, rather than re-computing
the light transport from scratch.

4.1.2. Direct Lighting Component

We summarize the precomputation steps as follows. The
steps are repeated for each portal and each vertex.

1. Generate samples on portal

2. Check the visibility between the samples and the vertex

3. Multiply the visibility with the BRDF and accumulate the
energy into the cubemap

4. Encode the energy distribution using

a. pulse functions
b. Haar wavelets

5. Quantize both sets of coefficients into 8 bits
6. Choose the bases resulting in a better compression ratio

Next, we describe the implementation details. For each di-
rection at each vertex, we directly sample the contribution.
For a vertex on a diffuse surface, we discretize the ranges of
directions @ into the directions on the cubemap with the res-
olution required, e.g. 32 x 32 for each face. The discretized
directions at each vertex are represented in world coordi-
nates to make the computation simple. Since the solid an-
gle of viewing a portal from a vertex is usually very small,
we explicitly select a point on the portal and then check the
visibility between the point and the vertex (Figure 7 Left)
as well as the backward occlusion. If the ray is established,
we encode the direction into the cubemap (Figure 7 Right),
and sample the BRDF to obtain the irradiance. The irradi-
ance is finally accumulated for each direction. If a vertex
is on a non-diffuse surface, we also discretize the range of
directions @, into the directions on the cubemap, and calcu-
late the radiance between the direction of the ray and each
discretized direction of ®,.

After obtaining the irradiance and radiance, we encode
them into our bases. For a vertex on a diffuse surface, we
have obtained a distribution of the irradiances on the cube-
map. We try two choices and select the better one. The first
choice is just to quantize the distribution into 8 bits, and the
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second one is to perform a Haar wavelet decomposition for
each cubemap face before the quantization. For the quan-
tization, we calculate the maximum contribution among all
the directions for the vertex in our implementation. Usually,
there are only a small number of directions on the cubemap
that are not entirely occluded, thus, the wavelet representa-
tion would perform less well. On the other hand, if a vertex
is near a portal, wavelet representation will perform better.
Therefore, we choose the bases depending on each vertex,
according to the compression ratio. For a vertex on a non-
diffuse surface, the radiance distribution on ® is encoded for
each discretized direction of .

4.2. Evaluation on Using Low-order SH

Using low-order spherical harmonics to approximate the in-
direct illumination will lead to ignore the high frequency
components of the indirect portion of the transfer function.
This will result in high frequency components of the source
lighting begin ignored as well. We, therefore, evaluated if
this assumption is valid by accounting for the maximum pos-
sible contribution carried by each order of the spherical har-
monics. To briefly summarize the evaluation result, in gen-
eral, the maximum energy carried by a certain order of the
bases would decrease as the order increases, which results
in that the 4-6th order approximation shall cover over 90%
of the whole energy. Thus, low-order approximation is quite
good for general scenes.

Starting by considering an arbitrary environment light-
ing L(w), its spherical harmonics expansion is then given
by L(®) = Y12 ):fn:_, 1, mY1,m(®), where ¢; , is the coeffi-
cient for the m-th basis y; ,, in the /-th order. In the same way,
the transfer function for diffuse vertex v, due to portal p can
be expanded using another coefficient tl’j ”‘: . Then, radiance

Ly at vertex v is calculated as Ly = Y75 Y/, c,,mt;? " We
define the squared average of the radiances of all the vertices
due to the /-th order as

—2 1 M, d P2

L = XX Cmlin)s @)

v=l m=—

where N, is the number of vertices. To examine the maxi-
mum energy the /-th order coefficients will carry, we solve a
maximization problem as

l

Y (am)’=1 (5)

m=—I[

—2
max L;” s.t.

By plotting the maximum of L_lz, we can see how the energy
carried by certain order coefficients decreases, as shown in
Figure 8 (a). We can also calculate the summation of the
energy up to a certain order, which is shown in Figure 8
(b). This means that given an environment light source with
its energy equidistributed in all the orders, the approximated
energy of using coefficients up to a certain order can be ob-
tained from the figure. From this illustration, we can also say
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Figure 8: The Cornell box scene with a window (shown in
the upper right of (a)) is used as the test case. Ny is 24K.
Horizontal axes in (a) and (b) show the orders of the spher-
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ical harmonics. (a): energy contribution L;~ of the I-th or-
der bases are plotted. (b): energy ratio when using the ap-
proximation up to the l-th order bases are plotted. Red, blue,
and green lines show the red, blue, and green contributions,
respectively. Since the scene has only red, green and gray
walls, the red and green contributions are dominant.

that if the accuracy in this squared average sense is needed
to be a certain amount, e.g. 90%, it is sufficient to approx-
imate the energy using the coefficients up to the 5th order.
For the evaluation of a particular environment light source,
we can weight the summation by the energy distribution of
the source.

The order of the spherical harmonics required depends on
the size of the portal. If the size of the portal becomes 1/16
of that used in the test case in Figure 8, then we need the
coefficients up to the 8th order to obtain total energy being
larger than 90%. Generally, as the size becomes smaller, the
required order gets higher.

5. Rendering

To render the scene, we first capture the environmental light
distribution for each shell, and then calculate the radiance
for each vertex. We determine the environmental light distri-
bution for a shell by rendering images of the scene, viewed
from the center of the shell. The environmental light distri-
bution is then modified according to the change in the ma-
terial of the portal, if necessary. Next, we represent the en-
vironmental light distribution in spherical harmonics bases,
cubemap representation and wavelet bases. The rotation of
the outside environment is handled intrinsically, since we di-
rectly capture the environmental light distribution.

To calculate the indirect lighting component, the spheri-
cal harmonic representation of the environmental light dis-
tribution is multiplied by that representation of precomputed
Tp,» at each vertex using Eq.(6) or (7). The direct lighting
component is calculated analogously. Finally, the colors are
modulated with textures at the surfaces. Currently, we com-
pute the direct and indirect lighting components using CPU
and GPU, respectively. We are planning to implement all the
computations using GPU in the future.
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Figure 9: [llustration of the criteria for the conditions to
handle dynamic exterior objects.
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6. Dynamic Environment

In this section, we discuss two conditions for handling dy-
namic exterior objects.

First, our method assumes that all the points in a portal
share the same shell. We have to decide the valid distance
between the exterior object and the portal which does not
break the assumption. To do this, we check the directional
error due to this assumption. Let g be an exterior point, / be
the length between the maximum distance among any two
points in portal p, and r be the distance between point ¢ and
the center of the portal (Figure 9(a)). Then among all the
points in the portal, the angles of viewing point g will vary
at most 8, which can be approximated by 0 = [/r. Since we
assume point ¢ is viewed from the center of the portal when
we project the dynamic environment onto the shell, we can
say that the directional error is approximately at most /2.
Thus, by setting a threshold 8y, if //(2r) < 6y holds, then
we can say that the assumption is valid. To give an example,
if we set 07 to be 5°, and an exterior object will not be closer
than 3m, then the size of the portal can be as large as 50cm.
Thus, in a car running scene, we can treat each window as a
separate portal.

Second, in order to ensure that an exterior object will re-
ceive little inter-reflected light from the interior scene, the
solid angle of the interior scene viewed from the exterior
object must be sufficiently small, since the solid angle is a
determinant of the quantity of the reflected light. Let A be
the area of the interior scene facing towards the exterior ob-
ject, and d be the distance between the exterior object and
the interior scene (Figure 9(b)). Then, by setting a threshold
ratio R, if A/(4md*) < Re holds, then we assume the inter-
reflected light is sufficiently small. To give an example, A
can be assumed at most 2m? for cars like sedans, and if we
set Re to be 0.02, then distance d must be longer than 2.8m.
Thus, in a car scene, the reflected light from the interior to
exterior objects is generally very small and can be ignored.

From the above two conditions, we can handle a certain
range of dynamic exterior objects. We can also see that,
when the light comes from only infinitely far away and the
materials of all the windows are same, then all the windows
can be classified as one portal from the first condition.
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7. Results

First, we show some simple experimental results using the
box scene. We then show the applications of our method us-
ing two scenes: the Sibenik cathedral and a car. The precom-
putation and rendering are all conducted using a PC with an
Intel Core 2 Extreme QX9650 CPU, 2GB memory, and an
NVIDIA GeForce 9800 GTX+ GPU.

We show four examples of the box scene for different set-
tings of the portal in the top row of Figure 10. The envi-
ronment light source used to render these results is a sunny
sky, shining through a window on the wall. The exposures
are set to be the same for all these results to show the dif-
ferences in the luminance due to the sizes of the portals.
Figures 10(e) and (f) show the direct and indirect lighting
components of Figure 10(g), respectively. We conducted a
comparison between the rendered results of the scene using
our method and a pure Monte Carlo method (Figures 10(g)
and (h)). Figure 10(i) shows the difference between (g) and
(h). The average difference between Figures 10(g) and (h)
is 1.5%. From these results and the comparison, we can say
that the illumination effects are accurately calculated using
our method. We also conducted an experiment on handling
large number of polygons. To do this, we subdivided the box
scene and obtained 1.1M polygons in the scene. The subdi-
vided box scene can be rendered at 27 fps. The storage for
the precomputed data is approximately 300 MB.

Next, we show some rendered results for glossy surfaces
by replacing the diffuse bunny with a glossy one in Fig-
ures 11(a) and (b). Figure 11(c) shows a reference image
rendered using a pure Monte Carlo method, and Figure 11(d)
shows the difference between (b) and (c). The average dif-
ference is 2.1%. The difference arises mainly in the direct
glossy component since our method calculates radiances
per-vertex while the Monte Carlo method per-pixel. The
Phong exponent of the glossy bunny is 10. We can see that
the shadows on the wall due to the bunny and the nature of
the glossy surface are accurately rendered.

The Sibenik cathedral scene contains many portals as
shown in Figure 12(a). Figure 12(b) shows a rendered re-
sult of the scene at sunset. Enlarged views of Figure 12(b)
are shown in (c) and (d). The direct lighting issuing through
the portals, as well as the shadows, are well-captured. Fig-
ure 12(e) shows a top view of (a), and (f) shows a result lit by
daylight. By using our method, good visual effects due to the
environment light passing through the portals are obtained.

Figure 13 shows an example of a car running in a town.
The car is considered as the interior scene, and the town,
which consists of 680K triangles, is a dynamic exterior en-
vironment in this case. We can see that the illumination dis-
tribution changes as the car moves.

We set the resolution of the cube face to precompute the
direct lighting component to be 32 x 32 for all the scenes.
We used spherical harmonics up to the 4th order to represent
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®

Figure 10: Top row: the box scene with different portals. (a): small, (b): large, (c¢): blueish, and (d): made of frosted glass.
(e) and (f): the direct and indirect lighting components of (g). (g): our result, (h): reference image using a pure Monte Carlo
method, and (i): showing the difference between (g) and (h) using false colors.

(b)

() (d)

Figure 11: (a): a rendered result of the box scene, (b): the color of the glossy surface changes when viewed from another
direction, (c): reference image using a pure Monte Carlo method, and (d): difference between (b) and (c) in false colors.

the indirect lighting component. We tested 4,096 rays from
each vertex to estimate the direct lighting component for the
box scene and 16,384 rays for the Sibenik and car scenes.
We traced 2M photons for each basis function to precom-
pute the indirect lighting component, and 4,096 rays at each
vertex were used for final gathering. We considered inter-
reflected light up to 9 times bounces. The statistics for the
precomputation and rendering are given in Table 1. We can
see that the size of the precomputed data is acceptable for
modern graphics hardware.

Although there are no interior light sources in the exam-
ples shown here, our method can easily handle them by using
precomputed local radiance transfer [KAMJO5].

8. Limitations and Discussions

There are mainly two limitations in our method. Firstly,
since the direct lighting component is captured on a per-
vertex-basis, some jaggy artifacts occurred when the discon-
tinuity of the mesh does not adapt to the discontinuity in the

radiance [LTG92]. This problem should be resolved by ap-
plying some sophisticated geometry tessellation algorithm.
Also, we need to finely subdivide glossy objects to accu-
rately capture the direct glossy component.

Secondly, we need to provide the portals to render the
scene. Usually, an interior scene, e.g. an architecture scene
or a vehicle scene, contains glass polygons, which can be di-
rectly used as polygons for the portals. Otherwise, we have
to provide the polygons for the portals explicitly.

9. Conclusions and Future Work

In this paper, we have proposed a rendering system for inte-
rior scenes, lit by dynamic environment illumination, issuing
through portals. By representing and computing the direct
and indirect lighting components in different ways, the light-
ing due to the environment illumination can be efficiently
handled. An implementation of fast precomputation is also
presented. Several examples to demonstrate the importance
of the environment lighting and the efficiency of our method
for rendering interior scenes are also displayed. The glossy

© 2009 The Author(s)
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Table 1: Statistics of the scenes. 'Box’ indicates the scene
shown in Figure 11. T (dir/ind) denotes the times for pre-
computation of the direct and indirect lighting components
in minutes. M(dir/ind) denotes the required storage sizes
Jfor the direct and indirect lighting components in MB.

Scene Box Sibenik Car
#1riangles 69,410 185,676 329,070
#Vertices 44,763 188,394 182,470
T (dir/ind) 12/11 56/ 14 60/23

FPS 70 16 12
M(dir/ind) 90.8/112.4 | 87.0/35.3 | 70.6/34.2

surfaces and complex scenes are also handled well. Using
our method, we can render at interactive frame rates, manip-
ulate the viewpoint, light sources, and the material of portals,
and we can also handle dynamic exterior environment.

For the future work, we are planning to explore a way of
subdividing the geometry of scenes, making the number of
resulting triangles as small as possible, as well as capturing
the illumination accurately. We are also willing to further im-
prove the performance for precomputation and for comput-
ing the direct lighting component during rendering by using
GPUs. We believe that GPU based tracing and photon map-
ping [WWZ*09] are useful to accelerate the precomputation.
Other challenging research directions would be to consider
a bidirectional light transfer (not only from the exterior to
the interior but also from the interior to the exterior) and to
handle moving portals.
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Figure 12: (a): the portals in the Sibenik scene (portals with transparent glasses are shown by white color, and colored glasses
shown by the colors), (b): at sunset. (¢) and (d): close-ups of (b). (e) and (f): the Sibenik scene at sunset and lit by day light.

(g): Figure 1 at sunset.

Figure 13: The results of a car running in a town.
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Appendix : Lighting computation using orthonormal bases

First, the light distribution of the shell can be represented as,
Ls(®) = ):;:01 [;¥;(®), where, k is the number of the bases, /;
is the coefficient of i-th basis function ¥;(®). Next, the trans-
fer function can be represented as follows. For non-diffuse
vertices, Tp"f;"_dif H(o,00) ~ P Z’j‘.;(} 1) ¥ (o),
where, ;5 is the coefficient of the combination of i-th basis
function ¥;(®) and j-th basis function ¥ ;(®,), and can be
represented as a matrix. For diffuse vertices, T;{ if vf((o, W) =
Zf;ol 1;¥;(®), where ¢; is the coefficient of i-th basis func-

tion W;(®), and can be represented as a vector. Then, Eq.(3)
is approximated by

) k=1 k=1
L (o) = Y W(wo) Y uijls, (6)
j=0 i=0
for non-diffuse vertices, and
diff N
I
Ly (@o) = Y il (7
i=0
for diffuse vertices. The computation of Eq.(6) is a matrix-
vector multiplication, followed by an evaluation of the basis

function in the direction ®,, and the computation of Eq.(7)
is an inner product of the coefficient vectors.
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