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Participating media, e.g., fog and smoke, play an important role in computer animation
and games. They influence the atmosphere of scenes by inducing some special lighting
effects, such as the distant blur, glows, and god rays. To design the lighting effects in a
scene with fog or smoke, users usually need to tune many parameters to achieve their
goal. In this paper, we propose a method that aims to transfer the desired lighting and
homogeneous foggy effects in target images, including glow, god rays, and fog attributes, to
a3Dscenebysolvinganinverse problem. The experimental results show that our approach is
effective, intuitive, and user-friendly.
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1. INTRODUCTION

Participating media exist in many natural phenomena, e.g., fog, mist, and haze.
Scattering in participating media produces interesting lighting effects, such as the glow
lighting up the foggy street or god rays shining through trees in a forest. These effects
can greatly improve the atmosphere and story-telling for computer animation and video
games. To design a scene with these effects in participating media using commercial
software, users usually need to tune many parameters about lights and the participating
media by trial and error. It is often a complicated process to adjust the parameters and
obtain desired results.

We propose an approach that is able to transfer the desired foggy and lighting ef-
fects in a target image to a 3D scene by solving an inverse problem, aiming to find a set
of parameters with which the scene would have similar foggy and lighting effects as the
target image. On the target image and the rendered scene image, users draw some control
patterns to guide the sampling. The inverse problem then tries to minimize the error be-
tween the target image and rendered scene image on samples drawn from the control
patterns. As a result, a set of optimal parameters about lighting and fog is obtained.

The contributions of this paper can be summarized as follows. We propose an ap-
proach that can transfer light glows, god rays, and the homogeneous foggy effects in a
target image to a 3D scene by solving an inverse problem involving the lighting and fog
parameters. Our approach can help both novices and artists. For novices, our system does
not require the understanding of physical parameters, such as extinction coefficient and
albedo. For artists, they can rely on the optimization system to achieve the desired effects
automatically instead of tediously tuning parameters manually. Also, they can specify the
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desired effects by providing exemplary photos. Therefore, the required user intervention
is intuitive and minimized.

2. RELATED WORK

Lighting Design Schoeneman et al. [15] first described a method to set lighting configura-
tions with known light positions by solving an inverse problem. The user paints on a 3D
scene, and the intensities of lights can be derived automatically. Marks et al. [9] proposed
the Design Galleries system that provides an intuitive user interface. The user chooses
desired galleries rendered by configurations suggested by the system as targets, and then
the optimal result similar to those targets is computed.

The method proposed by Okabe et al. [12] generates the environment light auto-
matically by solving an inverse shading problem to meet the painted illumination effects
specified by the user. It provides an interactive lighting design system due to the use of
precomputed radiance transfer. Although it can handle environment lighting design well,
point lights are not supported. In the method presented by Pellacini e al. [13], the user
paints color, light shape, shadows, highlights and reflections on the 2D image, and the
optimal parameters of lights for meeting the desired illumination effects can be found.
However, the required painting effort is still inconvenient to the user who is unfamiliar
with lighting design.

Lin et al. [8] proposed a guiding system to specify lighting and shadows. In the first
step, the positions and number of lights are determined based on shadow strokes drawn
by the user. Some initial lighting parameters are precomputed, and an appropriate light-
ing configuration is obtained using the least-squares method. Then they use Nelder-Mead
simplex to find better light positions with a light tree. Other details including color, in-
tensity, and shadows can be adjusted based on the result of the first step. In addition to
directly paint desired illumination, the user can assign input by modifying the rendering
result. This makes the system more stable and user-friendly.

Participating Media Design  Zhou ef al. [18] proposed an interactive design system for
smoke or fog by incorporating their analytic method for handling isotropic, single-scat-
tering media illuminated by point lights. The user can model the distribution of media by
directly painting strokes or placing the particle emitters in the 3D scene to simulate the
foggy effect.

Dobashi et al. [3] proposed a method to synthesize clouds by analyzing the density
distribution of clouds from an input photograph. They further proposed another method
that finds parameters for rendering clouds using a reference photograph [2]. Giving
cloud density data and a photograph of real clouds, they apply the genetic algorithm to
compute the rendering parameters by minimizing the difference between the color histo-
gram of the synthesized image and the photograph. The final image rendered by the op-
timal parameters is visually similar to the input photograph. Their problem is related to
ours, but it aims for rendering clouds. The rendering of cloud scenes and fog scenes are
quite different though. The background of clouds is usually only the sky, which can be
regarded as existing in an infinite distance; however, the background of fog is diversified
and complicated, e.g., trees, roads, buildings, or terrain.
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Nowrouzezahrai et al. [11] presented a method for generating artistic volumetric
effect by decoupling the modeling and shading. Artists first sketch the shape for volu-
metric effects and specify the desired color of smoke, fire, or beam. Their system then
solves the parameters. Klehm ez al. [6] proposed a method for stylizing volumetric data.
The user needs to paint on the images from different views of the volumetric data. Emis-
sion, albedo, and extinction coefficients of the volumetric data are derived to make the
rendered image close to those images drawn by the user. They reformulate the rendering
equation such that the emission, albedo, and extinction coefficients can be solved from a
linear system. However, painting on multiple views requires the user to be familiar with
image editing software. Since the fitting targets are created by user rather than trans-
ferred from photo, the result sometimes becomes too artificial and unnatural.

Fog Removal In image processing, several approaches [4, 5, 16] were proposed to
remove or enhance the fog in a single image. These approaches focused on editing the
fog effects in 2D images, while our work aims to transfer the fog in a target image into a
3D scene.

3. SYSTEM OVERVIEW

We aim to simplify the process of designing lighting and foggy effects in 3D scenes.
In the traditional design methods, parameters of lighting and participating media are ad-
justed manually on a trial-and-error basis, which could be very tedious and time-con-
suming for artists. It may be even more difficult for novices as they may not have any pri-
or knowledge or clues on tuning the parameters to achieve the desired effects. In the
backward or inverse methods, the desired effects or some references are provided, and the
solution is found through an optimization process which minimizes the difference between
the desired effects and the synthesized result.

In this paper, we propose a backward approach which allows users to utilize some
lighting and foggy effects in a target image as the reference. The input of our system is a
3D scene with one or several target images. Some control patterns for sampling are
placed by users on the target image /, and the rendered image /; with the default lighting
and fog parameters X,. Then the optimization compares the samples on both sides, and
the rendering parameters Xj are updated automatically until the appropriate parameters
X" are found. The 3D scene rendered with the optimal lighting and fog parameters X is
the final output of our system. Fig. 1 shows the flowchart of our approach consisting of
the following components.

User Input To obtain the desired effects, the user can input one or few real-world
photos that contain the desired lighting and foggy effects as the target images. The de-
sired effects do not always suffuse the entire image. For instance, light glows often just
appear in a local region of the image. Instead of sampling the whole image, we provide
pattern tools for users to sample and map the desired effects in the target image to the
3D scene.
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Fig. 1. Flowchart of our method.

Optimization Our goal is to transfer the desired effects in the target image to the 3D scene.
Thus the problem is to find a set of parameters X with which the rendered image is as
similar as possible to the target image on the selected effects. We formulate this as an
optimization problem and solve it using Nelder-Mead simplex algorithm [10].

Rendering System We use ray marching to render scenes with the participating media.
As the optimization is an iterative process and the 3D scene is rendered for each iteration,
the high rendering cost is a major bottleneck of the optimization process. To ensure in-
teractive performance, we use GPU to accelerate rendering.

4. OUR METHOD
4.1 User Input

Our system provides two types of patterns for users to control how the desired effects
are sampled. These control patterns are placed in pair on both of the target image and the
rendered image of the input scene.

In general, the shape of control patterns should match the variation of fog in the
target image. The vanishing pattern is designed to capture the variation of fog opacity
associated with the viewing distance. Our original idea is to use a single line as a pattern
to sample the image. However, the line sampling is too coarse, and the estimated fog
variation from the target image can be greatly influenced by the background color.
Therefore, for better stability, the number of samples needs to be increased. Instead of
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placing multiple lines from near to far, the vanishing pattern is used to represent the de-
sired depth cue and provide a structure for generating samples in correspondence on the
rendered scene image and target image. Figs. 2 and 6 shows the vanishing pattern and its
usage. The user drags rectangles in the rendered scene and the target image. The corners
of the dragged rectangle are connected to the corners of the image, partitioning the image
into five pieces. Each pair of corresponding pieces on the rendered scene image and tar-
get image are then sampled, producing samples in one-to-one correspondence. A better
approach is to extract the depth structure of the target image, but the vanishing pattern
seems to work well in our experiments.

(a) (b) (©) (d)
Fig. 2. The vanishing pattern (a) A user drags a rectangle to indicate the vanishing point in the
rendered scene; (b) The created vanishing pattern; (c) The system generates the samples
corresponding to the pattern; (d) The vanishing pattern on target image.

The glow pattern is designed to capture the glow effect, in which the light intensity
decays from the center to the outside. The descriptive parameters of the glow effect include
glows range, color, and the intensity gradient. Thus, we use multiple concentric circles to
sample the glow from inside to outside. Fig. 3 depicts how the glow patterns are placed in
the scene and target image. In Fig. 3 (a), a start point as the center of a circle and an end
point representing the expected scope of the glow effect are placed first. Then sample
points which distributed in a way of concentric circles are generated (Fig. 3 (b)). Similar
glow patterns are placed on the target image (Fig. 3 (c)).

(a) (b) (c)
Fig. 3. The glow pattern; (a) User drags and places the glow pattern; (b) and (c) are examples of a
pair of patterns in the form of concentric circles for the scene image and target image, re-
spectively.
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4.2 Optimization

A set of optimized lighting and fog parameters is computed in the optimization pro-
cess. Lighting parameters include the L*a*b color of each light source with known posi-
tion. Fog parameters include extinction o; and albedo « for global homogeneous media.
We assume that the color of fog is gray, so the albedo is a scaling value rather than a RGB
color vector. If the number of lights is L,,,, then the total dimension of X is (L,,,,x3+2).

Problem Formulation We compute the optimal solution X* by minimizing the objec-
tive function O defined as follows:

arg;nin o(,,1,(X)), (1)

where X is a vector consisting of light and fog parameters; /, is the target image(s) for the
desired effects and /;(X) is the image of the scene rendered using parameter X. The ob-
jective function O includes E, for the vanishing pattern and E, for the glow pattern de-
fined as follows:

o, 1.(X) = BE,(1,,1,(X)+ B, E,(,.1.(X)), 2

where f,, and f, are scalar weights. In our experiments, we set 5, = 1, B, = 1 for all test
scenes. Larger f, causes the optimization to focus more on global brightness and the
environmental atmosphere. Larger S, can preserve the contrast of glow effect better.

The vanishing pattern transfers the overall atmosphere. Thus, we define E, as

E,(1,,1,(X)) =NLZI.N;][IIL(lf)—L(l.i)ll2 +|| Lab(4)) — Lab(4) I’} )

v

N, is the number of sample points. Lab() is the function that transfers the RGB color
to the CIELAB color. We use L*a*b* color space as it matches human perception well.
L() it the function to extract the brightness value in the L*a*b* color space. I, and . is
the color of the ith sample point in a target image and a rendered scene, respectively. A}
and A, are airlight color of the ith sample point in a target image and rendered scene,
respectively. I, I', A, and 4. are all in the RGB color space. The airlight of the target im-
age is obtained by the image dehazing method [5], while the airlight of rendered image
can be computed by rendering system.

The difference between L(/}) and L(I.) can be utilized to control the overall bright-
ness to avoid the scene getting too dark or too bright. The difference between Lab(A4))
and Lab(A4’) captures the foggy atmosphere which varies from far to near. We do not
directly minimize the difference between Lab(l}) and Lab(I\) because I, and I, are influ-
enced by the color of the background. We only want the foggy atmosphere, so we mini-
mize the difference of the airlight. If the users want to transfer the fog opacity without
the color of the atmosphere, our system provides them an option to ignore the difference
of hue. In this situation, Lab(4}) and Lab(A.) are replaced with L(4}) and L(4’).

The glow effect mainly depends on the color and intensity of light. We define E, as
the appearance difference between samples in the rendered scene and the target image:
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N, i i
E,(I,1,(X)) =D "Il Lab(I})~ Lab(I}) || “
where N, is the number of sample points.

Compute Optimal Configuration We solve the light and fog parameters simultane-
ously. Since the objective function is nonlinear, we use the Nelder-Mead simplex algo-
rithm [10] to minimize Eq. (1). For minimizing the function with d dimension input,
Nelder-Mead simplex algorithm requires (d+1) configurations to form a simplex in high
dimension space. One of the initial configurations is X, where the lights and the fog
parameters are given by users. The other d configurations can be created by slightly dis-
turbing an element of X,. Then the optimization repeatedly replaces the worst configura-
tion with a better one until the simplex is small enough. The final configuration is the
optimal parameters X .

4.3 Rendering System

We render the participating media using the ray marching method. As scene rendering
is required at each iteration of the optimization process, the rendering speed should be
fast enough. Thus, we consider only single scattering and use the GPU to accelerate the
ray marching process. Note that our framework does not restrict to any rendering tech-
nique. The design of our approach is just a trade-off between speed and quality. The con-
sidered light transport is shown as Fig. 4.

&3

Fig. 4. Light transport goes into the viewer’s eyes along the direction w. It includes the radiance
scattered by air and the radiance reflected by the surfaces of objects.

In Fig. 4, the light L(x,, @) passing through x, along the direction @ can be repre-
sented as a sum of two terms:

L(x,,0)=T,/(x,,x)L,(x,,0)+ J.!x” ! T.(x,,x, —uw)L, (x, —uw,o)du. %)
The first term represents how the light L,(x,, @), which is emitted from a light source

and reflects off an object at x,, is attenuated by participating media between x, and x,,.
The second term represents how the light L,;(x,, @), which comes from the light source
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and scatters at x,, is attenuated by participating media between x, and x,. When light pen-
etrates the media from x, and x,, its intensity is reduced due to the absorption and
out-scattering. The transmittance 7,(x,, x,) is the ratio of the remaining light leaving the
media between x, and x;:

Iro=xsll
J‘ o, (x, ~uw)du

' (6)

T(x,.x)=e

where oy(x) is the extinction coefficient composed of absorption coefficient o,(x) and
scattering coefficient oy(x). The radiance L;(x, @) at point x; in direction w comes from
the scattering:

L, (x,0) = 0,(x)|_ [ (x,0,0)L(x,0)do, (7)

where L,;(x,;, ®,) is incoming radiance at xz in direction @,. The outgoing radiance L,(x,,
®,) in direction o is determined by the phase function f{x,, @, ®,), which defines how
much light in direction @, will scatter to the direction @ after penetrating x,, and
o,(x,) is the scattering coefficient for controlling the strength of scattering effect at x,.
o,(x,) can be computed by o,(x,)x &, where « is the albedo of homogeneous fog in the
scene. In our implementation, we assume that the phase function is isotropic and the fog
parameters are homogeneous.

5. EXPERIMENTAL RESULTS

We first show that our system is robust and insensitive to the initial parameters. In Fig.
S, four different sets of initial parameters are used for the optimization. Then the optimiza-
tion tries to fit the artificial target image generated by the render system with given pa-
rameters. Although the optimized parameters are different for the same target image
since there are multiple solutions for achieving the result, the images of fitting results are
very similar to the target image. The PSNR between fitting results and the target image
are all greater than 60 dB, which implies that human eyes can barely tell the difference
perceptually.

Rendered

with differ- i
ent initial

parameters

Optimized
results

PSNR 81.58 66.67 70.94 62.85 Synthesized target image
Fig. 5. Optimization with different sets of initial parameters.
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Next, we demonstrate our system by testing with different scenes and target photos.
Fig. 6 shows an example that transfers the foggy effect using the vanishing pattern. Fig.
6 (a) is rendered with the initial parameters for a 3D scene. Figs. 6 (d) and ( b) show the
patterns drawn by the user in the rendered scene and target image, respectively. Fig. 6 (e)
is the optimized result generated by our system. Comparing with the initial parameter,
the entire scene becomes brighter and the region near the vanishing point becomes more
foggy. Fig. 6 (c) is another target image. Given Figs. 6 (d) and (c), our system generates
the optimal result shown in Fig. 6 (f). The atmosphere of Fig. 6 (f) is very similar to that
of the Fig. 6 (c).

(a) Initial scene. (b) The pattern and the sam- (c) The pattern and the sampl-
ples in target image. es in another target image.
e b

(d) The pattern and the sam- (e) Transferred resultof (b). (f) Transferred result of (c).
ples in rendered scene.

Fig. 6. Transfer the foggy effect by vanishing pattern.

(a) Initial scene. (b) First target image. (c) Second target image.
Fig. 7. Multiple Target Images; (a) The initial parameter of rendered scene; (b) The first target image
contains one sample pattern which is mapping to the red pattern in (a); (c) The second target
image contains two sample patterns which are mapping to the green and blue patterns in (a).
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(d) Transferred result (e) Another viewpoint of (d). (f) Other viewpoint of (d).
Fig. 7. Multiple Target Images; (d) The transferred result of (a); (e)-(f) Another viewpoints of (d).

Our system can also support multiple target images. In Fig. 7, we aim to transfer the
glow with different colors in target images to street lamps in a 3D scene. (Fig. 7 (a)
shows the initial rendered scene. There are two target images in this example: Figs. 7 (b)
and (c).) Note that the glow patterns in Figs. 7 (b) and (c) are mapped to those in Fig. 7
(a) with the same corresponding color. Fig. 7 (d) demonstrates the transferred result. The
red glow pattern in the 3D scene is larger than the other two patterns. Thus, the extent of
glow effect for left light is also larger than that of the other two. Figs. 7 (e) and (f) show
the results viewed at different positions. We can see that the glow and foggy effects are
still visually pleasant and consistent for the view change. Since the vanishing pattern is
not used in this example, this result only represents the transfer of glow effects, and
hence the ground is a little over bright. The usage of glow pattern can also be utilized for
other similar effects. Fig. 8 is an example that utilizes the glow pattern for the transfer of
god rays effect.

. af
(a) The pattern and the sam- (b) The pattern and the samples (c) Optimized result.
ples in rendered scene. in target image.
Fig. 8. Transfer the god rays effect by glow pattern.

(a) Initial scene. (b) Target image. (c) Optimized result.
Fig. 9. The vanishing and glow patterns can be used at the same time; (a) The initial configuration
and the samples in the rendered scene; (b) The patterns and samples in the target image.
The corresponding patterns in the scene and target images are shown in the same color; (c)
The optimized result.
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The vanishing and glow patterns are generally used at the same time for the scenes
with lights. Fig. 9 is a bridge scene with street lights. As the vanishing pattern tends to
spread the samples globally, we used it to transfer the overall atmosphere. On the other
hand, the glow pattern tends to place the samples locally, it is suitable to anchor the light
source. Both patterns are utilized and the glow and foggy effects in the target image are
transferred to the 3D scene.

Computational performance Our system is implemented on a PC equipped with Intel
Xeon E3-1230 and NVIDIA GTX 670. The major computational cost is the rendering,
whose performance depends on the total number of lights and metaballs and the com-
plexity of the input scene. Each ray in ray marching is divided into 160 sample points,
and the screen size is 768x768. Optimizing the example in Figs. 6-9 takes 5.68, 15.1,
3.48, and 7.9 seconds, respectively.

6. DISCUSSION

Although our system works well in all the tested examples, there are still some is-
sues that need to be addressed. For the objective function, the E, term in Equation 3 is
mainly designed for handling the global atmosphere. Other error metrics can also be
considered. In fact, we tried some other error metrics, such as transmittance and satura-
tion, but they do not work well. The transmittance error failed due to two reasons. First,
the extracted transmittance by image de-hazing [5] is mainly affected by depth, but the
depth distribution in the target image may be quite different to that in the 3D scene. Be-
sides, the transmittance can only preserve the order of the depth reliably, but the entire
appearance of transferred fog may be too dense or too thin. We think a depth mapping
between the scene and the target image may be needed if transmittance is adopted as the
error metric. As for the saturation, it mainly depends on the final rendered appearance
which is easily influenced by material color of the scene. Moreover, it suffers from low-
saturation target images. The worst case is a gray scale target image.

For the optimization, the convergence and the initial parameter sensitivity are also
important to our system. In fact, there are multiple parameters which can achieve visual-
ly similar results. This characteristic is also explored in Zhao ef al.’s study [17]. The ob-
jective function definitely has multiple peaks and valleys. Since the Nelder-Mead simplex
algorithm tends to converge to a local minimum, we also try the simulated annealing to
explore the search space more completely. Its result is similar to that of Nelder-Mead, but
the computation time of simulated annealing method is much longer than that of Nelder-
Mead simplex algorithm. Note that the light source should be parameterized in L*a*b*
color space rather than RGB color since the error metric is based on L*a*b* color space;
Otherwise, it creates unnecessary local minimums.

Because our system uses the image de-hazing to extract the airlight of the target
image, the quality of extracted airlight also affects the quality of the optimized result. In
some cases, the hue of extracted airlight is wrong, and the optimization fails to converge
to a desired result. If users can provide some hints to the image dehazing process, this
problem can be ameliorated.
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7. CONCLUSION AND FUTURE WORK

We propose an approach for solving the inverse problem involving both lighting and
fog parameters in this paper. Our approach can handle the glow effect of light and foggy
effects from homogeneous fog. The optimal parameters of lights and fog are obtained
simultaneously by the Nelder-Mead simplex algorithm. Based on the proposed approach,
we further develop a user-friendly system that allows users to intuitively transfer the
lighting and foggy effects in real-world photos to 3D scenes. Compared to the traditional
lighting design approach, which usually requires intensive user interventions on a trial
and error basis to achieve desired effects, our approach provides a much easier way to
design the lighting and foggy effects in 3D scenes.

In the future, we want to improve our rendering system so that more effects can be
rendered, e.g., multiple scattering and environment lighting. We would also like to add
other functions for transferring inhomogeneous media with details. We believe our ap-
proach may stimulate many related research and potential applications in the lighting
design field. In particular, many lighting effects indeed involve the interaction between
light objects, and environment. Thus, it is reasonable to solve the lighting design pro-
blem by taking into account these three factors together. From this viewpoint, we con-
sider the main contribution of this work is suggesting a novel direction for solving the
lighting design problem.
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