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Abstract

In this paper, we present a lighting design framework for glossy
real objects, starting from the reflectance field of an object. Us-
ing existing digital imaging software, the lighting designer paints
the desired illumination distribution on a photograph of an object.
This painted-on illumination is used to determine the light intensit-
ies which produce a shading of the real object matching the desired
illumination distribution. Certain areas in the painted image can be
favored among others by weighting their importance in the optimiza-
tion algorithm. Our optimization algorithm is driven by a simulated
annealing approach to find fixed-sized lighting combinations and ac-
compagnying intensities.
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Abstract

In this paper, we present a lighting design framework for glossy real objects, starting from the reflectance field of an
object. Using existing digital imaging software, the lighting designer paints the desired illumination distribution on
a photograph of an object. This painted-on illumination is used to determine the light intensities which produce a
shading of the real object matching the desired illumination distribution. Certain areas in the painted image can be
favored among others by weighting their importance in the optimization algorithm. Our optimization algorithm is
driven by a simulated annealing approach to find fixed-sized lighting combinations and accompagnying intensities.

Categories and Subject Descriptors(according to ACM CCS): I.3.4 [Computer Graphics.]: Graphics Utilities. Paint
Systems. I.3.6 [Computer Graphics.]: Methodology and Techniques. Interaction techniques. F.2.1 [Analysis Of
Algorithms and Problem Complexity.]: Numerical Algorithms and Problems. Computations on matrices

1. Introduction

Given a full scene specification such as the geometry, mate-
rial properties and camera parameters, the look and feel of
an environment highly depends on the lighting setup. Good
lighting can significantly improve the character of an envi-
ronment, reducing under- or over-illuminated regions, en-
hancing contrast, etc. In certain spaces (workshops, storage,
utility rooms) one is usually interested in bright, shadowless
light. But in other areas (lobbies, boardrooms, restaurants,
museums) one might be looking for a little style, drama, or
have the lighting be part of an artistic expression.

Inverse lighting design starts from desired illumination
objectives and constraints, such as the position of shadows,
the intensity of highlights, or the overall brightness level of
the environment. Using a cost function for each of the de-
sired targets, an optimization process determines the most
optimal positioning and color of light sources to satisfy the
objectives and constraints of the lighting design. This inverse
approach requires ana priori knowledge of the desired ap-
pearance.

With the availability of advanced rendering techniques
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and global illumination algorithms, an approach widely used
in lighting design, is to make a 3D model of the real envi-
ronment and find a suitable lighting design for the virtual
environment. While this is a very flexible approach in ex-
ploring the space of possible lighting designs, applying a
design back in reality still remains a problem. Building an
exact 3D model with appropriate material parameters for a
real environment or object can be a demanding task. One
has to address all these problems when performing virtual
simulations.

In this paper, we present a novel inverse lighting design
technique for real objects, starting from the reflectance field
of an object. The designer is able to specify the desired il-
lumination by painting on a photograph of the object using
existing digital image software, such as Adobe Photoshop.
A simulated annealing algorithm is then used to work back-
wards and establish a lighting configuration, suiting the de-
signers goals. Additional input can be provided to the op-
timization algorithm by giving painted areas different im-
portance. Afterwards, we show our lighting design can be
reproduced in reality.

Since we only use a reflectance field, real world lighting
design for which virtual descriptions of an object are difficult
to construct, can benefit from our approach. For instance,
designing a lighting configuration for fragile or highly valu-
able objects for which it is difficult to acquire the geometry
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from can be done with any type of light source. There are
no constraints on the type of light sources as well. Our ap-
proach might also be applicable in stage design as long as
photographs can be made of the possible lighting setup.

2. Previous and Related Work

Lighting design techniques address the problem of finding
lighting parameters, such as position, orientation or inten-
sity, that yield a desirable lighting configuration. Inverse
lighting design techniques in computer graphics so far, have
mostly addressed this problem for virtual environments.

Poulin [PRJ97], [PF92] allowed the designer to specify
design goals by sketching shadows and highlights, from
which the light source position and surface roughness are in-
ferred. Related to this approach, [PTG02] presented a tech-
nique in which shadows are considered as modeling primi-
tives. Costa [CSF99] presents a methodology in which ficti-
tious luminaries can be defined and placed in a virtual scene
to describe a desired radiance distribution. Kawai [KPC93]
controls light emissions and directions, as well as surface
reflectance to create a room for which the user will have a
feeling of comfort, or to minimize the overall energy. Dorsey
[DSG91] designed and simulated opera lighting and projec-
tion effects using global illumination techniques. An entirely
different approach for exploring the space of possible de-
sign solutions is presented byDesign Galleries[MAB +97].
Their interface presents the user with the broadest selection,
automatically generated and organized, of perceptually dif-
ferent lighting configurations. Shacked et al. [SL01] deter-
mine various lighting parameters by optimizing quality ob-
jective functions such as contrast or histogram equalization.

Inverse lighting design using prerecorded photographs,
the approach we follow in this paper, relates strongly to the
field of image-based relighting [NSD94][DKNY95][GH00]
[DHT+00][DWT+02]. By photographing an object under
different illumination conditions, the reflectance field of the
object for a fixed viewpoint can be captured. Using this re-
flection field, the object illuminated by any environment map
can be rendered as a linear combination of the basis images.
The core technique in our paper is to inversely apply the
image-based relighting approach: If an image of an object
is given, what is the linear combination of basis images that
resembles the target image as close as possible?

Our user interface is somewhat related with work pre-
sented by Schoeneman [SDS+93]. By painting light on the
geometry present in the scene, they optimize the light source
intensities necessary to obtain the desired shading. The num-
ber and positions of the light sources are known in advance.
Using a reflectance field of an object, we remove the con-
straint of postiotning the light sources in advance and deter-
mine the postion as well as the intensities of the lightsources
for real objects.

3. Simlated Annealing

Simulated annealing in a nutshell: You are given a single
function F that depends on one or more independent vari-
ables. You want to find the value of the variables whereF
takes on a maximum or minimum value. The computational
effort of doing so is dominated by the cost of evalutatingF .
An extremum can be either global or local. Finding a global
extremum is, in general, a very difficult problem. A method
of solving for extrema is to perturb a local extremum by tak-
ing a finite amplitude step away from it, and then see if the
routine returns you a better point. Relatively recently, so-
called simulated annealing methods have demostrated im-
portant successes on a variety of global extremization prob-
lems.

The method of simulated annealing is a technique that
has attracted significant attention as suitable for optimiza-
tion problems of large scale, especially one where a desired
global extremum is hidden among many, poorer. Usually, the
nuber of elements in the configuration space is factorially
large so that they cannot be explored exhaustively.

At the heart of the method of simulated annealing is an
analogy with thermodynamics, specifically with the way that
liquids freeze and crystallize, or metals cool and anneal. At
high temperatures the molcules of a liquid move freely with
respect to one another. If the liquid is cooled slowly, thermal
mobility is lost. The atoms are often able te line themselves
up and form a pure crystal that is completely ordered over
a distance up to millions of times the size of an individual
atom in all directions. this crystal is the state of minimum
energy for this system. The amazing fact is that, for slowly
cooled systems, nature is able te find its minimum energy
state. In fact, if a liquitd metal is cooled quickly, it does not
reach this state but rather ends up in a amorphous state hav-
ing somewhat higher energy.

Many optimization methods go greedily for the quick
nearby solution: From the starting point, go immediately
downhill as far you can go. This leads often to a local,
but not necessarily a global, minimum. Nature’s own min-
imization algorithm is based on quite a different procedure.
The so-called Boltzman probability distribution,Prob(E)↔
Exp(−E/kT) expresses the idea that a system in thermal
equilibrium at temperature T has its enegy probabilistically
distributed among all different energy states E. Even at low
temperature, there is a chance, albeit very small, of a sys-
tem to get out of a local energy state. Therefore, there is a
corresponding chance for the system to get out of a local en-
ergy minimum in favor of finding a better, more global one.
The quantityk (Boltzmann’s constant) is a constant of nature
that relates temperature to energy. In other words, the system
sometimes goes uphill as well as downhill; but the lower the
temperature, the less likely is any significant uphill excur-
sion.

In 1953, Metropolis et al. [MRR+53] first incorporated
these kinds of principles into numerical calculations. the
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general scheme of always taking a downhill step while some-
times thaking an uphill step, has come to be known as the
Metropolis algorithm. One must provide the following ele-
ments:

• A description of possible system configurations.
• A generator of random changes in the configuration.
• An objectice function E whose minimization is the goal

of the procedure.
• A control parameter T and an annealing schedule which

tells how it is lowered from high to low values. After how
many random changes in configuration is each downward
step in T taken, and how large is that step.

4. Lighting Design

Given a full scene specification such as the geometry, mate-
rial properties and camera parameters, the look and feel of
an environment highly depends on the lighting setup. Good
lighting can significantly improve the character of an envi-
ronment, reducing under- or over-illuminated regions, en-
hancing contrast, etc. In certain spaces (workshops, storage,
utility rooms) one is usually interested in bright, shadowless
light. But in other areas (lobbies, boardrooms, restaurants,
museums) one might be looking for a little style, drama, or
have the lighting be part of an artistic expression.

Inverse lighting design starts from desired illumination
objectives and constraints, such as the position of shadows,
the intensity of highlights, or the overall brightness level of
the environment. Using a cost function for each of the de-
sired targets, an optimization process determines the most
optimal positioning and color of light sources to satisfy the
objectives and constraints of the lighting design. This inverse
approach requires ana priori knowledge of the desired ap-
pearance.

We present a system that searches the space of lighting
designs spanned by free lighting parameters: position and
color of a fixed number of light sources. In the image based
lighting design paper [AD04] we were able to optimize light
intensities for light sources which were placed in advance
around an real object. The major disadvantage of the tech-
nique was the fact we had to position our light sources and
contructed basis sets of 40 light source positions. We could
not constrain the number of light sources used.

By using larger basis sets and capturing the reflection field
of an object, we are able to constrain the number of light
sources used to obtain a certain desired illumination. This
implies that a linear combination of a constrained subset of
basis images has to be found in such a way that it minimizes
the overal objective function.

5. Lighting Design by simulated annealing

In our image-based lighting design technique, we searched
for an optimal linear combination of basis images, in such a

way that the linear combination matches the desired illumi-
nation as closely as possible. Recall that every basis image
corresponds to a light position in the light-stage. The linear
combination refers to the intensities that have to applied in
reality. If this is not clear, we refer the reader to [AD04].

If we want to constrain the number of light sources used,
we have to apply our image based lighting design technique
to a subset of the basisimages and find an optimal subset of
images which minimizes the objective function. The linear
combination of a subset of the images corresponds to the
light intensities of the fixed number of light sources used.
The other lights will have intensity zero and so, only a fixed
number of lights will be used.

By capturing the reflectance field of an object lit from
1280 directions, we are searching a fixed set of directions
for the light sources which match a painted light distribu-
tion of an object as closely as possible. Every light direction
can be formulated as a 2 dimensional vector consiting of a
phi and atheta. Fixing the lights to e.g. 4, will result in an
8-dimensional dimensional problem of finding 4 phis and 4
thetas in such a way that

O(x(φ,θ)) = ∑
i

wi

[
(∆t < ai ,x(φ,θ) >)

1
γ −yi)

]2
, (1)

is minimal. i iterates over the pixels which have received
some color information and< ai ,x > is the dot product be-
tween theith row of reflectance fieldA and its lighting con-
figurationx for the selectedphis end thetas. Additionally,
for each pixel, a weightwi can be provided to modulate the
importance of some pixels or areas. Also, since our basis
images are taken at maximum intensity of the light sources
and emitting negative light is impossible, our weightsx are
limited to [0..1]. I refer to [AD04] for a more elaborate ex-
planation of this objective function.

We solve this non-linear problem with simulated anneal-
ing since it performs well in finding solutions in high di-
mensional environments. As mentioned above, the following
items have to be taken into account:

System Configurations

The simulated annealing problem can be formulated as find-
ing the minimum ofO(x) where x is an N-dimensional vec-
tor. Since we are optimizing our light directions, parameter-
ized in φ andθ, the possible configurations for the system
involve theφ constrained between 0 and 360 degrees, while
θ may vary between 0 and 90 degrees. Only the upper hemi-
sphere is taken into account.

A generator of random changes in the configuration

To determine random changes in our system we use a mod-
ification of a downhill simplex method. This amounts to re-
placing the single pointx as a description of the system



F. Anrys & P. Dutre / Lighting Design By simulated Annealing

state by a simplex ofN + 1 points. The moves are con-
trolled by reflextions, contractions or expansions of the sim-
plex [PTVF99].

The annealing schedule.

As in all applications of simulated annealing, there can be
quite a lot problem-dependent subtlety in the phrase: suffi-
ciently slowly. Success or failure is quite often determined
by the choise of annealing schedule. A strategy which works
well is to reduce the temperatureT fractional to the smallest
function value currently represented in the simplex, and the
best function ever encountered. If they are close, one should
slowly reduce temperature to explore this region more. How-
ever, never reduceT by more than some fractionγ at the
time.

6. results

For capturing the reflectance field, we use the setup as pre-
sented in [MPW04]. Our setup is shown in image 1. The
camera and the object are mounted on a turntable. A semi-
circular brace with 40 light sources is mounted over the
turntable. By rotating the turntable 180 degrees in 32 steps
and switching on one light source at a time, the object can
be illuminated from 64 x 20 regularly sampled directions.
Recording a reflectance field lasts for about 2 hours and must
only be done once for an object.

A combination of the C# programming language and
MATLAB numerical analysis software was used to create
a user friendly interface to our technique. The optimization
procedure takes only into account the painted pixels. Other
pixels can be added if necessary. The optimization process
takes about 2 minutes to complete on a standard computer
(1.2 Ghz). If the result is not satisfying, user defined areas or
pixels can be given more weight.

Figure 2 shows lighting configurations achieved for a
metal sportscar based by designing the upper part of the car
to be illuminated by green light, while the bottom part re-
sides in red. (a) displays the target image. (b) shows a result
for which 2 light sources are used. Notice the system used
the shadow of the car to fill up with red light. (c) and (d)
show the results, achieved by using 4, respectively 10 lights.

7. discussion and future work

Due to the image based approach, all basis images must be
photographed in advance. For each possible position and di-
rection a light source might be placed, a photograph must be
made. This manual placement might be a difficult job for ar-
chitectural complex environments or rooms where mounting
real lights is not possible. We used a light stage to capture
the reflectance field of real objects. Ones a reflectance field
is captured, the space of possible lightpositions and intensi-
ties can be searched to find an optimal configuration.

Figure 1: The setup for our data acquisition. The scene, a
set of stones, and the camera are placed on a turntable. A
semi-circular brace with 40 light sources is mounted over the
turntable. By rotating the turntable 180 degrees in 32 steps
and switching on one light source at a time, the object can
be illuminated from 64 x 20 regularly sampled directions.

Another subject of future investigations might be design-
ing a target illumination for multiple camera viewpoints.
Once a viewer will walk away from the chosen camera po-
sition, the illumination will be perceived differently. High-
lights might shift position on glossy surfaces, or obscured
parts of the objects might come into view. Also, more com-
plex environments, such as rooms, could be taken into ac-
count.

Our system only allows working on one photograph of the
object, from a single point of view. Currently, this prohibits
specifying any illumination constraints on parts of the object
not visible in the photograph. Also, fine details such as sharp
highlights are not within our reach because the optimization
function has too narrow valleys around the highlights. So we
are limited to objects with glossy materials since the valleys
are somewhat broader.

Since we are using existing imaging software, we cannot
give feedback about whether the painted illumination can be
achieved in reality. Some feedback could be given based on
the consequences of the designers actions: the designer can
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(a) (b)

(c) (d)

Figure 2: Lighting configurations are optimized for a metal sportscar based by designing the upper part of the car to be
illuminated by green light, while the bottom part resides in red. (a) displays the target image. (b) shows a result for which 2
light sources are used. Notice the system used the shadow of the car to fill up with red light. (c) and (d) show to results, achieved
by using 4, respectively 10 lights.

be restricted to paint certain colors, he can be provided with
a set of possible illumination solutions for pixels he did not
touched yet, etc.

Computing the design with photographs provides us with
a solution which is perfectly reproducible in reality without
further knowledge of geometry or material attributes. This is
certainly not the case with virtual objects, since rebuilding
a virtual design in reality will have problems with light at-
tachment, simulating the virtual lights with real ones, etc. In
virtual environments there is a lot of freedom with does not
exist in reality.
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