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Abstract: Panoramic images can be used as an image-based method for navigating in a real
environment. Recent publications have shown that it is possible to augment photographs with
correct lighting. We combine these two approaches to an interactive tool with real-time
modifications of the real scene maintaining consistent lighting. The possible changes are:
Insertion of virtual objects, new light sources and changes of materials. The only user input is a
high-dynamic-range photograph of a light probe. A 3D model is reconstructed from the light
probe image using object-based reconstruction methods. The differential rendering for all user
manipulations is performed with the latest generation of graphics hardware. Finally, we remove
the restriction to a fixed viewpoint by projecting the environment map to the geometry in the
fragment program and we present a hole-filling algorithm for the parts of the geometry which
were not visible in the light probe image
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Introduction

Augmenting real images with correct lighting conditions becomes a more and more important
area of research. Example applications are virtual furniture in a real room or new virtual
buildings in a real landscape. Also, virtual characters in a movie do not look believable if the
illumination is wrong. The goal of all these changes is to modify the image with changes that can
not be distinguished from the real parts. This means that all changes in lighting must be
calculated. Therefore, a time-consuming lighting simulation must be performed. On the other
hand, the user would like to interactively modify the real photograph without a long response
time. The graphics hardware has rapidly developed in the last few years and can be used to
display the changes in real-time. Many approaches augment a single photograph which shows
only a small part of the whole environment. We therefore decided to augment an environment

map and use a panoramic image viewer to display the augmented photograph. This enables the
user to look around and manipulate the whole surrounding.
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Previous Work

Adding virtual objects in photographs with correct lighting conditions was introduced by
Fournier et al. [FGR93]. Drettakis et al. [DRB97] improved the update rates when moving a
virtual object and Loscos et al. [LFD99] separated direct and indirect light for better display
quality. The first system directly using the graphics hardware for differential rendering was
presented by Gibson and Murta [GM00] who extracted a set of directional light sources from a
light probe image. The shadows of the virtual objects are displayed with shadow mapping in a
multi-pass algorithm. The most recent approach was presented by Gibson et al. [GCH03]. Here,
virtual objects with spatially varying light and shadows are illuminated correctly in real-time.
Using high-dynamic-range images [DM97] of a light probe was introduced by Debevec [Deb98].
The light probe is a mirrored ball that captures the illumination from all incoming directions.
This omni-directional image can be used for illuminating synthetic objects under real lighting
conditions. Another alternative was presented by Sato et al. [SSI99], they use a fish-eye lens to
capture the illumination from the upper hemisphere in one photograph. An image-based system
for navigation in virtual environments was introduced by Chen [Che95]. A set of photographs is
taken from a fixed viewpoint in different directions and stitched together to a
cylindrical/spherical environment texture. The user can pan and zoom the camera, moving is
only possible by switching between different panorama points or special object movies for hot
spots. Yu et al. [YDM99] showed augmented panoramic images with correctly illuminated
virtual objects and new lighting conditions, calculated with a complex lighting simulation. Wong
et al. [WOF03] relighted a synthetic panorama image by precomputing basis-panorama images
with a directional light source and combining the basis images.
In this paper, we develop a system with more user manipulations than rotating the camera. The
user can move virtual objects, add new virtual lights, change existing materials and move the
camera. The rest of the paper is organized as follows: In section 3 we explain the necessary
preparations for the augmentation, section 4 describes the details about all possible user
manipulations and in section 5 we conclude and give some ideas about future work.
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Preparation

The first step is to take a high-dynamic-range photograph of a light probe using the algorithm
described in [DM97]. Next, we convert the mirror ball image to a latitude/longitude environment
map and use it as a texture for a sphere. We use a fragment program with a simple gamma
correction as a tone mapper to display the floating point texture pixels. Usually, a high resolution
of the environment map is necessary, otherwise the resulting image looks blurry. To further

improve image quality, we use a sharpening filter to create a laplacian-enhanced image of the
HDR environment map.
We employ the latest generation of graphics hardware because of the support of floating point
textures. All calculations with input data can be done with floating-point precision and only the
result is mapped to the [0,1] range. Because many of the useful texture functions like filtering,
cube mapping or blending do not work with floating-point textures, we implemented these
functions in our own vertex and fragment programs. Our system was developed using C++ with
OpenGL and the RenderTexture library [Har04] for the floating point textures. The vertex and
fragment programs were created with Cg. All timing values were measured with a dual Xeon PC,
running at 2.8 MHz, equipped with a GeForceFX 5950 graphics card. The environment map
resolution is 2048 x 1024 pixels, all snapshots were made with a screen resolution of 400 x 400
pixels.
3.1

Geometry Reconstruction

The first step of our algorithm is the geometry reconstruction from a single light probe image.
Reconstruction from a single image is a well-known problem: [GH00], [CRZ99], [WBS01],
[Heu98], [SM99] present object-based algorithms for geometry reconstruction from a single
image. The intrinsic parameters, especially the focal length can be determined from the position
of the vanishing points in the image. With the known focal length and direction vectors for the
three main axes, simple geometric primitives like rectangles or boxes can be placed in the scene
using constraints like coplanarity, parallelism, orthogonality and symmetry [Heu98]. Shum et al.
[SHS98] describe how to reconstruct geometry from a panoramic image mosaic. The extension
for reconstructing geometry from a light probe image is straight forward: In our implementation,
the image is first converted to the latitude/longitude environment map format (Fig. 1) and
mapped as a texture to a sphere. The camera is placed in the center of the sphere with a
perspective projection. An initial viewing direction is set, so that at least two vanishing points
are visible. The resulting image is used as the source image for the reconstruction. When all
visible objects for the initial viewing direction are reconstructed, the camera is rotated and the
reconstruction can be continued using all the information already computed like the plane
equations for floor and walls. Fig. 1 shows the geometry reconstruction: The coordinate system
is defined by picking parallel lines and assigning them to vanishing points. Reconstruction of the
focal length is not necessary because the camera angle was set in the projection of the
perspective camera. With the known focal length f and two vanishing points, the direction
vectors of the world coordinate system can be calculated as [Gro01]:
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The user defines two points with a known distance to determine the unknown scaling factor of
the geometry. Usually, we take the distance between floor and ceiling to determine the correct
size of the 3D geometry. Now, simple geometric primitives can be placed in the coordinate
system. A whole room reconstructed from a light probe image is shown in Fig. 1. In this
example, the reconstruction process took about 30 minutes.

Figure 1: Left image: The latitude/longitude environment map. The second image shows the
camera calibration and the reconstructed geometry, in the third image the camera is rotated and
the new geometry is reconstructed using all the information from the first view. The whole
geometry reconstructed from the environment map image is shown on the right image.
3.2

Reflectance Estimation

For correct differential rendering we need to subtract radiance of the light sources in the new
shadow regions [GCH03]. Therefore, we need to know the reflectance values of all geometry
objects. In our implementation, all polygons are subdivided into patches. If we assume a diffuse
environment, the reflectance value of a non-emitting patch is simply its radiosity divided by the
irradiance

ρ = B/E

(EQ1)

The radiosity values can be obtained from the HDR image ( B = πL ), where L is the average
radiance of all pixels inside the patch. If we assume that all important light sources are visible in
the light probe image, we can also calculate the irradiance
E e = ∑ Bs Fes

(EQ2)

s

and the reflectance value for patch e can be determined as [Deb98]

ρ e = Be / ∑ Bs Fes

(EQ3)

s

During geometry reconstruction, we assign polygons to material groups. The reflectance value is
calculated for each patch, and afterwards each material group gets the average reflectance value
of all patches with the same material. The reflectance value is correct for patches near the light
probe position, for other positions we do not gather the complete irradiance. Instead we gather

irradiance from some hidden regions which are not visible in the light probe image. We use a
simple iteration scheme to fill these invisible regions with useful values and to improve the
reflectance estimate:
1. Calculate reflectance estimates for all patches which are visible in the light probe image by
using (EQ3)
2. Calculate an average reflectance value for each material
3. Copy the average reflectance values to all patches in hidden regions
4. Calculate irradiance values E for all patches in hidden regions with (EQ2) and compute a
radiance estimate L = ρE / π

5. Go back to step 1 if not converged
Tab. 1 shows the result of the diffuse reflectance estimation for the three color channels. In our
case, there are no significant changes after two iterations of our algorithm. The right column
shows the real reflectance values, calculated by measuring radiance and irradiance at several
locations and calculating the average of all measurements.
First Iteration

Second Iteration

Real

Wall

0.98 0.95 0.94

0.91 0.88 0.86

0.79

Door

0.52 0.49 0.45

0.51 0.49 0.44

0.49

Cupboard

0.53 0.32 0.19

0.53 0.32 0.19

0.37

Floor

0.46 0.31 0.17

0.46 0.31 0.16

0.38

Table

0.57 0.43 0.28

0.53 0.39 0.25

0.38

Box

0.64 0.48 0.29

0.64 0.48 0.29

0.29

Table 1: Reflectance Values
3.3

Finding Important Light Sources

Currently, we subdivide the geometry in patches based on an area threshold. For each patch, we
calculate the average radiance and then we select N patches with the highest luminous flux
φ = BA , like in progressive refinement radiosity [CCW88]. This set of patches is considered as
important light. The shadows from virtual objects are generated from these patches and the
direct lighting from these patches is recomputed when the virtual objects are moved.
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4.1

Image Manipulations
Virtual Objects

For displaying virtual objects we use a modification of the method described in [GCH03]: We
first precompute an irradiance volume [GSH98] to capture the irradiance for the whole scene.
Specular materials are displayed with floating-point reflection maps. The radiance of the
important light sources is stored at the receiver patch vertices and interpolated. In shadow
regions it is subtracted from the background. No global illumination simulation is used here, the
contributions of the important light sources i = 1..N are subtracted from the real brightness
values from the photograph [GCH03]:
∆Li =

ρ
Ei
π

′ = LPixel − ∆Li
LPixel

We use shadow volumes [Cro77] to display the shadows cast by virtual objects. In contrast to
shadow maps, shadow volumes have no aliasing effects at the shadow borders and the light
sources are not restricted to spotlights.
When using the irradiance volume, the problem of light and shadow leaks arises: This means that
shadow regions are interpolated in neighbouring regions without shadows. Therefore, we
separate the important light from the unimportant light. For each grid point, two values are
precomputed and stored: The first value is the normal irradiance gathered from all directions, the
second value is the irradiance gathered only from unimportant sources of light. The important
sources are all patches selected as described in (3.3), the unimportant sources are all remaining
patches. We assume that the resulting irradiance gathered in the second value is slowly varying
and the error due to linear interpolation is small. When moving the virtual object, we use two
different ways to display the virtual object. The first version is fast: The virtual object is
displayed by interpolating the first value of the irradiance volume. The shadows are created by
building the shadow volume with all silhouette edges of the virtual object and the precomputed
radiance is subtracted from the background image in the shadow regions. For a better, but more
time consuming display, the second value is used and the important light is recomputed for all
important sources in the vertex program. When displaying the shadows we distinguish between
shadows cast on the virtual object and shadows cast on real objects. Shadows on the virtual
object are determined by creating the shadow volume with all silhouette edges of real and virtual
geometry. The resulting shadow is a mask for the direct light computation in the vertex program.
Shadows on real objects are determined by creating two shadow images: The first image
contains the shadows of the real geometry, the second image contains the shadows of the real
scene with the virtual object. When subtracting the two shadow images, we get a mask for the
new shadows cast by the virtual object on real objects [GM00]. In these shadow regions we
subtract the precomputed radiance values from the HDR background image. Fig. 3 shows the
difference between the two versions.

Figure 2: A virtual armchair, illuminated by 32 important light patches, is inserted. The second
image shows the armchair with a floating-point reflection map. The images on the right show the
virtual object and the light sources. The chair can be moved at 3..12 fps (32..2 important lights)

Figure 3: The armchair is moved under the desk. Note that the shadows on the armchair fit
seamlessly to the real shadows.32 important light patches are used for direct lighting and
shadows. The right image shows the fast image display. The chair can be moved at 3.0 fps with
the simple algorithm and at 1.0 fps with the improved display.
Anti-aliasing techniques significantly improve the realism of the virtual object as shown in
[GMK03]. We use a simple gaussian blur filter in the fragment program, applied to all virtual
pixels in the composited image.
4.2

New Light Sources

Beside virtual objects, the user can insert new light sources in the virtual environment. We use
light goniometrics [Sch00] for the description of new lights since this is one of the most realistic
approximations of a real light source and better than simple point or area lights often used in
computer graphics. A light goniometric describes the luminous intensity of a light source for any
outgoing direction (θ , ϕ ) . If the data for the desired light is not available, it can be reconstructed
from a set of photographs [GMK03]. The irradiance E of a light goniometric is
E=

I (θ , ϕ ) ⋅ cos θ e
d2

(EQ5)

where d is the distance between receiver and light source and θ e is the angle between incoming
direction and surface normal. To display the direct light of a light goniometric in real-time, we
convert the luminous intensity values I (θ , ϕ ) to a cube-map in a pre-process. The 3D position of
a pixel is determined by copying the world coordinate to a texture coordinate in the vertex
program, because it is interpolated for the fragment program. The fragment program calculates

the light vector by subtracting the pixel position from the light position and uses the standard
cube mapping equations to select the corresponding pixel from one of the sides of the cube map.
To handle light sources with arbitrary brightness, we use floating point textures for storing the
luminous intensity values in the pixels.

Figure 4: A new light is inserted and can be moved and rotated interactively by the user at 12
fps. Note the shadows of real objects on real objects. The right image shows an artificially
generated light goniometric with different colors, stored in one cube map.
The fragment program calculates the irradiance for the current position using (EQ5). We
calculate the shadow volume for the whole scene with virtual objects for the current light
position and draw the resulting shadow with black on a white background. The shadow image is
rendered in a texture and used as a mask for the transfer function. A mask of 1 describes a pixel
which is lit, a mask value of 0 describes a pixel in shadow. We multiply this mask with the
texture containing the unoccluded light goniometric radiance to obtain light and shadows of the
new light source (Fig. 4).
4.3

Changing Materials

The third possible user manipulation is the adjustment of the reflectance values. The user can
point to an object and change the computed diffuse reflectance value of the corresponding
material group. When changing the diffuse material from ρ to ρ ′ , the radiance is changing
from L to L ′ :

L=

ρ
E
π

L′ =

ρ′
ρ′
E=
L
π
ρ

(EQ6)

The direct material changes can be visualized immediately, we simply draw the reconstructed
geometry with colors set to (ρ R′ / ρ R , ρ G′ / ρ G , ρ B′ / ρ B ) where ρ ′ is the user defined reflectance
and ρ is the reconstructed reflectance value. These relative reflectance values are rendered into a
float texture and the HDR background image is scaled with this texture in the fragment program.
To simulate color bleeding of the new surface color, we calculate delta radiosities ∆B = B ′ − B
for all patches with a changed material and send them to all other patches. This process is similar
to dynamic radiosity approaches [Che90][DSG90][MS94]. A one-bounce approximation gives
good results in most cases, but additional bounces can be computed.

Figure 5: First image: The material of door and box are changed. The resulting color bleeding
can be calculated in 0.3 - 1.0 seconds. Second image: The camera is moved to a new position.
The environment texture is projected onto the geometry in the fragment program. The top of the
furniture, parts of the wall and the area behind the box on the floor are not visible in the light
probe image. These areas are filled with the algorithm described in (3.2). Third image: A
combination of all possible manipulations. Right image: Omni-directional depth map.
4.4

Camera Movement

Omni-directional images allow the user to look in every possible direction but it is not possible
to move the camera. Because we reconstructed a 3D model and filled the invisible regions, we
can remove this limitation by projecting the environment map onto the reconstructed geometry.
This is usually done by extracting a texture for each polygon, which is rectified and mapped on
the polygon [GMM00]. We directly use the latitude/longitude image to project the background
image to the geometry. The fragment program gets the interpolated 3D position in a texture
coordinate, converts this direction vector in (θ , ϕ ) coordinates and fetches the texture pixel from
the environment map. For the invisible parts of the geometry we display the gathered radiance
estimate as described in (3.2). This distinction is done in the fragment program by using an
omni-directional depth-map storing the z-values for each direction (θ , ϕ ) (Fig. 5). If the z-value
in the texture is smaller than the real z-value in the fragment program, we use the radiance
estimate. Otherwise, we take the pixel out of the environment texture. This algorithm is similar
to shadow mapping

5

Conclusions and Future Work

We presented a new algorithm for real-time augmentation of omni-directional images with
consistent lighting. Three types of changes are possible: Addition of virtual objects, new light
sources and material changes. All manipulations can be done in real-time using the latest
generation of graphics hardware. As future work we plan to improve the detection of important
light sources and to include hardware soft-shadow algorithms to reduce the number of important
light sources. The hole-filling algorithm can be improved by analyzing the texture in visible
regions and modulating the radiance estimate with the texture in the hidden regions [LFD99].
The hole-filling algorithm can also be used when real objects are removed or moved to a new
position. Another important topic is the rapid display of changes in indirect light of new light

sources. Finally, we would like to improve the appearance of the virtual objects by using better
reflection models which can be calculated with the graphics hardware.
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