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Abstract

Image relighting is a very unique special visual effect which promiseate many important practical applica-
tions. Image relighting is essentially the process of, given one or moressraEgome scene, computing what that
scene would look like under some other (arbitrary) lighting conditions, etgnging positions and colors of light
sources. Image relighting can for example be used for interior light dedJigis paper describes an approach to
image relighting which can be implemented to run in real-time by utilizing grapgtacdware, as opposed to other
state-of-the-art approaches which at best run at a few frames pensec

Categories and Subject Descript@egcording to ACM CCS) 1.3.4 [Computer Graphics]: Three-Dimensional
Graphics and Realism

1. Introduction nique, e.g., ray tracing, radiosity or standard hardware accel-
erated approaches. Which rendering technique is employed
depends on the preferred balance between rendering speed
and accuracy in handling various lighting phenomena. In or-
der to achieve true real-time performance we have chosen to
use a hardware accelerated approach for step 2, thus sacri-
ficing certain global illumination phenomena.

This paper addresses the subject of developing relighting
techniques, i.e. techniques allowing a user to completely al-
ter the lighting conditions in an image of a real scene. Specif-
ically, the paper focuses on techniques providiagl-time
relighting functionalities, thus enabling the user to interac-
tively change lighting conditions and get "instant" visual
feedback. Figurd provides an example of the kind of re- In our approach step 1 is achieved byanputationabp-
lighting this paper addresses. It should be noted that the work proach which requires, as stated above, a 3D model of the
presented here presumes the availability of three things: 1) scene and a model of the original lighting conditions. Alter-
an original image of the scene, 2) a 3D model of the scene, natively, one could in principle acquire fronto-parallel digital
and 3) a model of the lighting conditions in the scene at the images of the surfaces in the scene under perfectly diffuse,
time the original image is acquired. We will return to ways white-balanced lighting conditions and use these images as
in which the two last pieces of knowledge can be obtained. textures on the 3D model, which is subsequently rendered
under novel lighting conditions (step 2). This would be a
mechanicalor image acquisitiorapproach to step 1, but in
reality acquiring such 'clean’ textures devoid of lighting ef-
fects is not practical for general scenes.

Conceptually image relighting in this manner is a two step
process. In the first step all effects of the original lighting
conditions areemoved e.g., highlights, shadows, and dif-
ferences in shading across surfaces due to varying light in-
cidence angles. In the second step the scene is subjected to The contributions in this work lie in the specific manner in
some arbitrary new lighting conditions and the appearance which the operations performed in steps 1 and 2 are carried
of the scene in these conditions is computed. The second out. With the approach described here the two steps can be
step thus "adds" new highlights, shadows and shading etc. combined such that the image relighting becomes a matter of
Of these two steps the former is the tricky one, while the modulating the original image on a pixel by pixel basis with
latter can be performed using any preferred rendering tech- a "relighting map". The relighting map can be computed in
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Figure 1. Left: original image acquired outdoors on a sunny day. Right: sameesasrieft but this image is a simulation of
what the scene would look like if the position of the sun were different. Theimvthis paper enables such changes in lighting
conditions to be performed in real-time.

real-time using standard techniques, and the modulation can The 3D model can be obtained in many different ways
also easily be performed in real-time. Thus, our approach [OIli02], e.g., by reconstruction from multiple images using
has two advantages: 1) it is directly designed for real-time approaches such aBKV99], by Image-Based Modelling,
performance, and 2) the original image is used directly and e.g. DTM96], or by laser range scanning. Alternative the
therefore the final image is not subject to filtering and/or scene can be measured and a model constructed manually.
aliasing effects involved in doing reprojections of textures The latter is the approach employed for our experimental re-
mapped to a 3D model of the scene. sults, i.e., we have measured the scene, constructed crude
polygonal models of the objects, and then calibrated the
camera to the 3D model using manually established 2D to
3D point correspondences. Figl2eshows the scene model
used for the relighting illustrated in figude

This paper represents the current state of work in progress
and will only address the problem for scenes with perfectly
diffuse reflectance properties. The paper is organized as fol-
lows. In sectior2, we present an overview of our approach
and show how the relighting effects are achieved. Section  The required knowledge of the original lighting condi-
3 then describes related work. Sectidrdescribes our ap-  tions can most easily be acquired using the popular light
proach in more detail, followed by sectidngiving some probe approach, i.e., by taking high dynamic range im-
practical details behind the initial experiments we have per- ages of a reflective sphere placed in the scebebp8
formed to validate the proposed approach. Sec6alis- GCHHO03. Alternatively, light source positions, sizes and
cusses central aspects of the work and points to future re- power can be measured manually as doneLiDROO] or
search. Finally section offers conclusions. semi-automatically using multiple images asYDMH99].

For the experimental results in this paper we have done it

. manually in a manner described in sectt®n
2. Overview of approach
) . ) In this paper we will limit ourselves to discussing the
Prior to describing the proposed approach in a more tech- ,qe of scenes containing surfaces with perfectly diffuse re-
nically rigorous manner this section attempts to provide the foctance properties.

reader with an intuitive understanding of the issues involved
and of the process behind our techniquel Each pixel in the original image is a measurement of the

] ) ) ) radiance (in the three RGB bands) from a unique 3D point in
~ The approach requires different types of input informa-  {he scene in the direction of the viewpoint. Thus the original
tion. First of all an image of the original scene is required. image is a 2Dradiance map, Lo(u,v), whereu andv are
Secondly, a 3D model of the scene must be available, and the o image coordinates. Because we have the 3D model and

original image must be calibrated to the 3D model such that ynqwledge of the original lighting conditions it is triviato
every pixel corresponds to a known 3D point in the scene

model. Third, the original lighting conditions in the scene
must be known, i.e., we need to know the sources of lightin T irradiance computation is trivial provided global illumiret is-
the scene, and their relative intensities. sues (irradiance contributions from diffuse reflections disre-
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re-performed constantly in response to the user’s changes in
the desired lighting conditions for the relit scene]qo, v)
must in general be re-computed for every frame.

Step 1 could be pre-computed and the result stored in an
image which is then subsequently modulated by the real-
time computed relighting irradiance map. Our approach does
not do this; we have designed a solution which embeds the
normalization with the original irradiance into the compu-
tation of the relighting irradiance may(u,v). Thus, at
run-time we actually compute the relight/original ligtat-
tio Ir(u,v)/lo(u,v) directly. This "ratio map" is then used
for modulating the original image. By doing this we avoid
the non-trivial implementation of a real-time texture division
operation.

Computing the ratio map is described in detail in sec-
tion 4. The idea is based on the observation that if one ren-
_ ders a radiance image of an all-white perfectly diffuse 3D
model of the scene under the chosen relighting conditions,
this image is then identical to the required irradiance map,
Ir(u,v). If instead we set the reflectances of the 3D model
to be proportional to the inverse of the original irradiances
then the rendered image automically becomes the desired
relight/original irradiance ratio map.

Figure 2: 3D model corresponding to scene shown in figure
1. The image illustrates the model as a depth map, i.e., in
tensity is a measure of distance from the camera. We have
used one plane for the tiled ground plane, a plane for the
brick wall on the right, six quadrilaterals for the speaker on
the left, and two quads and one triangle for for calibration
object in the center.

. - . 3. Related work
compute the amount of light arriving at the same 3D points

in the scene, i.e., it is possible to constructiaradiance In the area of image relighting there are basically two
map, 1(u,v). When the irradiance map is computed using different paradigms or approaches: image-based relighting
the known original scene lighting conditions we will call it ~and model-based religting. The work in this paper falls in
lo(u,v). Conversely, when the irradiance map is computed the model-based category, and model-based in this context

using some arbitrary differerrelighting conditions it will refers to an assumption that a 3D model of the scene is
be denoted; (u, V). available. Image-based relighting on the other hand typi-

. S o cally involves multiple images acquired under different, of-
For purely diffuse Bidirectional Reflectance Distribution  ten higly controlled, illumination conditions (light direction,

Functions (BRDFs) there is a linear relationship between gpecig| light patterns, etc.). Recent work in this category in-
radiance and irradiance (radiance is proportional to diffuse ¢|yde ALK *03,SC04SCO03.

albedo times irradiance). Therefore diffuse scenes can be
very simply relit by dividing the radiance map with the ' )
original irradiance map, and then multiplying with the re- ©Ver the model-based approaces, which as stated above is
ligting irradiance map. Using the introduced terminology the category in which this work falls. First of. all Yu et al.,
Le (U,V) = Lo(U,v) - Ir (U, V) /1o(U, V). [YM98]., demonstrated how they could acquire reflectaqce
properties of architectural scenes by taking at least two im-
Figure 3 shows original and relighting irradiance maps ages of each surface of the objects under different lighting
corresponding to the relighting example in figdre conditions. The recovered 3D model combined with the es-
timated reflectance parameters could then be used to render
the scene under changing lighting conditions. The focus of
this work is entirely on parameter recovery and relighting is
by no means done in real-time.

There is a small amount of related work in the literature

Sectionl presented the general concept of relighting as a
two step process: 1) removing original light from the image,
and 2) adding new light. In the described diffuse case step
1 is represented by thHey(u,Vv)/lo(u,Vv) operation, whereas
step 2 is performed by multiplying the result from step 1 by Similarly, inverse global illumination was proposed by Yu
the relight irradiancel; (u,v). Step 1 is a once-only process et al., [fDMH99] for recovery of reflectance parameters for
as it only involves elements that do not change over time indoor scenes using multiple images of each surface from
(originalimage and original irradiance map). Step 2 has to be different viewpoints. Again this work focuses on reflectance
parameter estimation and relighting is done using RADI-
ANCE, [War94, which again is far from real-time.

garded. If this is not a fair assumption the work by Yu et al.,
[YDMH99], can be used to compute these contributions. The most closely related work is that of Loscos et al.,
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Figure 3: Left: irradiance map, d(u,Vv), corresponding to original lighting conditions of the scene shown in fiquf@enter:
irradiancemap, d(u,v), corresponding to lighting conditions where the dominant light sourcestime has changed location
relative to the scene. These are the lighting conditions valid for the relit imaggurefl. Right: illustrates the "relighting
factor", i.e., the ratio of original irradiance to relighting irradiance lo. Every pixel in the original radiance map is modulated
with its corresponding pixel in this map. Dark means "light is removed" fooiginal pixels, and bright means "light is added"

to original pixels.

[LDROQ]. This work also enables a user to change the light-
ing conditions in an image of a scene in an interactive man-
ner, but this work is centered around a radiosity method for
irradiance computations. Therefore, the method performs at
a few frames per second when the only lighting changes per-
formed are intensity adjustments. If the number of sources
or their positions are changed updating takes on the order of
10 seconds.

The work in LDROQ] also employs texture modulation
for efficient relighting, and the modulation texture (irradi-
ance map) is computed using radiosity. We have chosen to
focus specifically on true real-time performance and there-
fore the computation of the relighting irradiance maps does
not account for global illumination phenomena such as color
bleeding. Nevertheless, with the work currently being done
in Pre-computed Radiance Transfer and Photon Mapping,
real-time global illumination is coming closer and closer to
reality, and our approach can readily be combined with such
efficient global illumination techniques.

4. The perfectly diffuse case

For perfectly diffuse reflectors the relationship between in-
cidentirradiancel,, and radiancd,, in any direction is given
by the diffuse albedqy:

_ P
L="2 (1)

The original image (radiance mag)s(u, V), provides us
with measured radiances from a dense set of 3D points in the

scene, and these points are known since we assume the cam-

era is calibrated to the scene. In general the diffuse albedo
and the irradiance vary for every point in the scene, so the

relationship between radiance maps and irradiance maps be-

comes:

Lo(u,v) = &:[’V)Io(u,v) )

Here,pq(u,V) is the "albedo map". When doing relighting
the albedo stays constant; the only thing that changes is the
irradiance at each scene point. Therefore, the radiance map
of the relit image/scene can be expressed as:

Pd (:7 V) Ir (U, V)

(Lo(u,v)/lo(u,v)) - Ir (U, V)
Lo(u,Vv) - (Ir (u,v) /1o(u,v))

Lr(u,v)

@)

Eq. 3 simply shows that the relit image can be computed
by modulating the original image with a ratio of two irradi-
ance maps: the relight irradiance mégu, v), correspond-
ing to the user’s desired scene (new) lighting conditions, and
the original irradiance maye(u,Vv). The key element in our
approach is a technique for computing this map in real-time
and using it for modulation of the original image.

4.1. Computing theirradianceratio map

How can we efficiently compute the irradiance ratio map?
First, let us describe how simply the relighting irradiance
map can be computed using standard local illumination tech-
niques (specifically we will use the Phong lighting model
of OpenGL, a description of which may be found in books
such asBus03WPO01]). Rendering an image of a scene us-
ing the Phong lighting model results in a radiance from a
3D point which can be formulated as (disregarding specular
reflection):

k

L = pala-+pg _Z'icos(ei) (4)

HerelL is the radiance from a 3D point in the direction
of the viewpoint.pa andpq are the ambient and diffuse re-
flectances, respectively, (edjis to be evaluated for each of
three RGB colors)la is the ambient irradiance at the 3D
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point. l;cog6;) is the irradiance at the point caused by the
ith point light source, §(u,Vv) is the angle between the sur-
face normal and the direction vector to the ith light source at
the 3D point) k is the number of light sources.

If we set the ambient and diffuse reflectances equak eq.

changes to:
( k
L =opgllat I-cos(G-))
i; i i

Eq. 5 states that rendering with OpenGL Phong lighting

®)

the only real issue to contemplate is the resolution of the 3D
model of the scene. In order to properly capture gradients in
the original irradiances of the scene the resolution of the 3D
model has to be high at such gradients. We are working on
designing methods for adaptive subdivision based on evalu-
ating irradiance differences between 3D model vertex loca-
tions. If differences are too high the surface is subdivided.

Computing original irradiances to be used inversely as
reflectances of the (subdivided) 3D scene model is an off-
line process which can be done using any preferred render-
ing technique, for example Monte Carlo ray tracing to en-

the radiance from a point equals the reflectance at the point 5pe proper handling of area light sources. This is especially

times the total irradiance (ambient plus sum of individual
point source contributions) at the point. Thus, by setting unit
reflectances, theadiance equals the irradiancehis may

possible if a high dynamic range light probe image of the
scene is available, because then an Image-Based Lighting
approach, Deb98 Deb03, can be used to compute accurate

be self-evident but is important because it shows that we can jrradiances which properly handle soft shadows in the origi-

use the graphics card’s efficient lighting computation capa-
bilities to produce irradiance maps needed for relighting.

That s, if we render the 3D scene model from a viewpoint
corresponding to the original image, and if all surfaces in the

nal image.

In the on-line stage, when rendering the 3D model with
the assigned reflectances, cast shadows are important for
proper irradiance computation. For this we propose to use

rendered 3D model have unit reflectances, then the resulting a shadow volume approach to detecting shadowed areas.

image is an irradiance map. This means that relighting irradi-
ance mapsiy (u,v), for any user desired lighting conditions
can be rendered simply by rendering a diffuse, all-white 3D
scene model under the chosen lighting conditions.

To actually do relighting we not only needed real-time
computation ofly(u,v), but we needed the lighting ratio
map, Ir (u,v)/lo(u,Vv). This is accomplished by setting the
reflectances of points in the 3D model to the inverse of the
original irradiance at that poinpg = 1/lo.

To summarize the light ratio maps are generated by doing
the following rendering using hardware acceleration:

1. upload 3D scene model to graphics card

2. set ambient and diffuse RGB reflectances of all vertices
to the inverse of the original irradiance at that 3D point
setup the desired lighting conditions consisting of ambi-
ent and point source contributions

render the model to a texture using a viewport corre-
sponding to the camera in the original image

3.

4.

4.2. Pratical issues

In the previous section we described how to use hardware ac-

celerated local lighting rendering to produce irradiance ratio
maps for modulating the original image. With this approach
there is really no limits to how much the lighting conditions
in the scene can be altered.

We are presently implementing the proposed technique
but all images in this paper were produced by a non-real-
time simulation of the presented approach. Fighishows
what the original scene looks like with a (non-existing) light
source in the very center of the scene.

For the ongoing implementation of the real-time version

(© The Eurographics Association 2005.

5. Experiments

As mentioned previously the images shown in this paper
are produced using a non-real-time version of the presented
technique. The original image was acquired with a standard
5 mega pixel digital camera. The scene was measured man-
ually and a simple 3D model of it was constructed (as de-
scribed in sectior).

The camera was calibrated to the 3D model using man-
ually established 2D to 3D point correspondences, and the
estimation of internal and external camera parameters was
done using an approach from\98].

The original lighting conditions were modelled as a com-
bination of a point light source (the sun) and an ambient term
(the sky). The position of the sun relative to the scene model
was determined by orienting the calibration object such that
sun rays were parallel to the xz-plane, thus fixing the sun’s y-
coordinate to zero. The x and z coordinates were then found
by measuring the length of a shadow cast by an object of
known height. The RGB intensities of the blue ambient sky
light was determined from the image colors of the white pa-
per of the calibration object in areas not exposed to sunlight.
By comparing RGB values of calibration object cardboard
in shadow and in direct light the relative intensities between
ambient and sun light were determined, (taking the cosine
fall-off for diffuse reflection into account for the sun point
source).

It should be made very clear that the original lighting con-
ditions modelled as described above are extremely crude and
this was only done to get quick working results. A much
more precise method is to use light probe images, and the
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Figure 4: Left: irradiance map corresponding to a user defined lighting enviroriméthh a weak ambient term and a point
light source in the middle of the scene. Right: resulting relitimage.

last two weeks we have been waiting for nice weather to

the basic approach with using the 3D scene model, normal-

capture better test images, but the deadline ran out beforeized with original irradiances, can be used in conjunction

we could redo the experiments.

For computing the original irradiance map a simple ray

tracing approach was implemented which consideres local

illumination only, by casting primary rays plus shadow feel-

with any lighting algorithm depending on how accurate one
desires the result should be.

Throughout this paper we have assumed scenes to con-
sist entirely of Lambertian materials. Our approach actually

ers. The original radiance map was computed in image reso- does generalize nicely to scenes with glossy BRDFs. It re-
lution. The relighting examples given in the paper basically quires an additional rendering pass in the real-time relighting
involve changing the location of the sun source. Given some process, in order first to modulate the original image with the
desired sun position the simple raytracer was used to renderdiffuse part of the relighting/original irradiance ratio map
a relighting irradiance map, again in image resolution. The and subsequently add the specular radiance part. Fiyure

relighting irradiance map was divided by the original irradi-
ance map and the result multiplied with the original image
to complete the diffuse relighting process.

6. Discussion

In this section we will briefly discuss some important points
in relation to our proposed method.

Using our approach it is possible to employ arbitrarily
complex and accurate computations of the original irradi-
ance map. This is an off-line, once-only computation the re-

demonstrates the effect of adding a specular component to
the surfaces during relighting.

7. Conclusions

We have descibed an approach to image/scene relight which
based on a 3D model of the scene and knowledge of the orig-
inal lighting conditions can compute the appearance of the
scene under any arbitrary new lighting conditions, includ-
ing chaging the number of light sources, their positions and
radiant powers.

sults of which are used to set the reflectances of the 3D scene The main contribution of the work is the fact that the

model subsequently used for relighting. We believe handling approach is directly designed for real-time performance,
area light sources to be very important, even for outdoor im- enabling a user to get instant visual feedback upon hav-
ages, since shadows due to sun light actually do have notice-ing changed the parameters of the lighting environment. A

able penumbra regions. Similarly, we believe taking global
illumination phenomena (indirect light) into account is im-
portant, especially for indoor scenes, where reflections from
other surfaces may be a significant irradiance contribution
for a given surface.

Conversely, for the actual on-line, real-time rendering of
irradiances during interactive relighting we have here pro-
posed a straight forward local illumination approach. Yet,

smaller contribution lies in the idea of performing the nor-
malization with the original irradiance by appropriately set-
ting the reflectances of the 3D model used for real-time ir-
radiance computations. This allows the approach to operate
directly on the original image, rather than computing the
albedo map off-line and modulating it at run-time.

An important aspect of the proposed approach is that re-
lighting is performed as a modulation of the original image.
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Figure 5: A specular reflection component has been added
to each surface during relighting to illustrate the possibility
of playing with the reflectance properties.

Itis believed that doing relighting in this manner is superior

to an approach were textures extracted from the image are
mapped to the scene geometry and reprojected at run-time,

because the multiple re-sampling steps involved will cause
the resulting image to be blurred.
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