Real-Time Video Painting for a Large-Scale Environment
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ABSTRACT

With the rapid development of modeling and remote sensing
technologies, it becomes increasingly more feasible to model a
large-scale environment. However, the acquisition of static tex-
tures for such a large-scale environment is still a challenging task,
often demanding tedious and time-consuming manual interac-
tions. We present a system for real-time video painting, which
not only acquires textures automatically from multiple images or
video sequences, but also updates the texture data in real time to
capture the most up-to-date imagery of the environment. Experi-
ments presented in the paper show that we can create and update
textures for a university-campus size environment in real time.

Categories and Subject Descriptors

1.3.3 [Computer Graphics]: Picture/Image Generation — display
algorithm; 1.3.7 [Computer Graphics]: Three-Dimensional
Graphics and Realism — Color, shading, shadowing, and texture;
Virtual reality.

General Terms
Algorithms, Performance, Design, Experimentation.

Keywords

Video Painting, Image Registration, Hardware.

1. INTRODUCTION

Creating a large-scale photorealistic environment is important for
many virtual reality applications. With the rapid development of
technologies for modeling and remote sensing, it becomes in-
creasingly more feasible to model a large-scale environment. In
rendering a virtual environment, texture mapping is often em-
ployed to produce a realistic image without the tedium of model-
ing small-scale 3D structures and surface reflectance parameters.
However, the acquisition or update of static textures for a large-
scale environment is a challenging task that often demands tedi-
ous and time-consuming manual interactions.

Efficient generation of textures has become an important research
issue in computer graphics and image processing. There are two
main approaches to creating scene textures, texture synthesis and
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direct texture mapping from imagery. Texture synthesis is in-
spired by research in texture analysis and statistics. While these
stochastic textures are useful, this approach is unable to quickly
produce complex building and scene textures that are photo-
realistic.

Accurate and realistic appearance is feasible when real world
images are captured and used as texture-maps. While most graph-
ics systems support high-quality texture mapping, they are opti-
mized for static textures whose mapping to model geometry is
specified prior to use. Static textures are usually derived from
fixed cameras at known or computed transformations relative to
the modeled objects. The creation and management of such tex-
ture databases is time-consuming since it includes the creation of
mapping functions for each segment of image and corresponding
model patch. Therefore, static texture-maps have been difficult to
employ in applications that require rapid and dynamic updates of
environment imagery.

This paper presents a novel technique, called real-time video
painting, to cope with the aforementioned limitations of static
texture mapping. Live video is used as a texture source and the
mapping onto 3D models is computed dynamically, allowing the
visualization to reflect the most recent changes in the environ-
ments. The video streams can be acquired from stationary or
moving cameras, e.g., a handheld camcorder, and the texture
mapping onto a 3D model is computed in real time. Unlike the
traditional texture mapping process, in which regions of each
texture image are a priori associated with patches of the geomet-
ric model, our approach dynamically creates the associations be-
tween the model and texture image as a result of image projection
during the rendering process. This allows our method to automate
the texture mapping process and update the textures in real time.
These capabilities are not feasible with the traditional texture
mapping method.

Related Work

A popular texture generation method is texture synthesis [1],
which can be further divided into three classes. The first one is a
parametric model-based technique, which uses a number of pa-
rameters to describe a variety of textures [6] [16]. The second
class is non-parametric textures, or example-based methods.
These methods generate textures by directly copying pixels from
input textures [4]. The third class synthesizes textures by copying
whole patches from input images [5]. Texture synthesis has been
shown to be a powerful tool that is widely used in many fields.
However, the resulting textures are not representative of an actual
scene, which limits their application for reconstructing realistic
images of real scenes.



Another class of techniques is manually painted textures, which
allow users to paint textures. A number of interactive texture
painting systems have been presented. lgarashi [8] presents a
system that allows a user to directly paint on a 3D model without
predefining a UV-mapping. Berman [2] uses Haar wavelet de-
compositions of images for multi-resolution texture painting.
Multi-scale procedural textures are painted on 3D models [15].
Allowing a user to directly paint textures on 3D models makes
texture creation and editing much easier for the trained artist.
However, as with texture synthesis, the result is not necessarily
faithful to a real scene.

A straightforward way to generate realistic textures is to use im-
ages as the texture source [9][20]. Multiple static images are
often used to create a complete texture map that covers an entire
scene model. Bernardini [3] uses high-resolution images to create
high quality textures. Rocchini [17] blends multiple images into
final textures. Ofek [13] uses quadtree to represent multi-
resolution textures extracted from image sequences. However,
this method requires the user to mark an area that will be ex-
tracted as a texture, and then manually track the area for a short
sequence (fewer than 16 images).

Recent work by Schodl [18] treats the repeated patterns in video
clips as a video texture. From a finite video clip, the method can
generate infinitely long sequences by rearranging and blending
the original sequence frames. Soatto et al. [19] present dynamic
textures, which are sequences of images with a certain stationary
property in time. By learning a model from the input sequence,
the method can synthesize new dynamic textures. Both methods
use the concept of texture in a non-traditional way.

2. VIDEO PAINTING OVERVIEW

Textures for a large-scale environment can be tedious to acquire
through static images, and static images are cumbersome as a
means to update scene textures. We pursue the use of live video
sequences as texture sources because such sequences are likely to
contain overlap between images (no gaps) and represent the most
up-to-date scene texture available. However, the use of video
also presents several technical challenges that needed to be over-
come. A major challenge is the management of potentially infi-
nite texture data since video streams are captured continuously.
Other challenges include 3D pose tracking for moving cameras,
texture segmentation, and mapping to models.

Our approach to the infinite storage problem is based on the ob-
servation that although live video textures present boundless data,
3D models have a well-defined and bounded geometric surface
area. We define a base texture buffer of specified resolution that
is associated with a polygon model or a group of neighboring
model-polygons (Figure 2). The base texture buffer is initialized
as blank. As video images are processed, a base texture is up-
dated through a warp transformation for any polygon regions that
are visible in the image. The update of base texture buffers solves
the infinite texture storage problem and avoids the need for poly-
gon clipping in every video frame.

Figure 1 shows the data flow in our video painting system. We
briefly describe each component in this section, and further de-
tails are provided in [7]. We then present the new contribution of
this paper in Section 3, Video Painting for a Large-Scale Envi-
ronment based on dynamic base-buffer allocation, active buffer
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Figure 1. Data flow in the video painting system.

selection, and an efficient implementation that uses graphics hard-
ware.
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Texture Segment
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e Model Construction and Pose Recovering

Our 3D model is generated using LIDAR (Light Detection and
Ranging) data, and refined based on a semi-automatic approach
[22]. We recover the camera pose using a robust tracking ap-
proach for image alignment [12]. The pose is further refined dur-
ing the video painting process to achieve seamless image align-
ment.

e  Model-based Image Warping

A key part of real-time video painting is to dynamically update
the base texture buffer, which is achieved with a model-based
image warping process. A base texture buffer is selected, and its
pose (relative to the 3D model of the scene) is computed, which
gives the correspondence between each pixel in the base buffer
and a 3D model point. As shown in Figure 2, when video frames
are processed, for a given pixel 1, in the base buffer we find the
corresponding 3D point M. If the 3D point M is visible from the
current camera viewpoint, it is then projected into the current
camera image plane to find the corresponding pixel 1, and we
update the base buffer pixel I, with the pixel I, from the video
frame. Figure 3 shows one video frame and the result of 3D
model-based image warping into the base buffer.

e  Occlusion Detection
Occlusion problems occur when the model is visible from the
base buffer, but invisible (or partially visible) from the current
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Figure 2. Model-based image warping.



Figure 3. Result of model-based image warping. Left: original
image. Right: image warped to the base buffer.

camera viewpoint. Direct model-based image warping will paint
textures on these occluded model parts. As shown in Figure 4
(left), the model region inside the red ellipse is occluded by the
model closer to the camera viewpoint; however, video painting
without a depth test will paint textures on this part. The occlusion
problem is resolved using a depth map test. We render a depth
map of the 3D models for each camera position. As the image
warp is processed, we find the corresponding 3D point for a pixel
to be warped (Figure 2). Then we project the point back to the
video image plane, and compare the Z-value with the current
depth map. We keep the pixel information only if the Z-value is
less than the corresponding depth. Figure 4 shows the result be-
fore and after the depth test.

e  Texture Segmentation

Real-time video painting has the advantage of directly updating
texture information to capture the most recent environment
changes. However, if we don’t select the content to be painted, it
will paint everything in the video sequence onto the 3D environ-
ment, and possibly give an undesired result. To remove unwanted
texture pixels of moving objects and objects without a pre-built
model, we need to segment the video images. Video frames are
first warped into the base buffer, and then a Gaussian method (or
median method) is used to learn the 2D image background since
all the images are registered with the base buffer after 3D warping.
We then segment the image by subtracting the foreground tex-
tures from the background textures.

o 2D Image Registration
The pose recovered from GPS (Global Positioning System) and
inertial sensor or other tracking algorithms is usually not accurate

Figure 4. Occlusion processing. Left: video painting before a
depth test. Right: video painting after a depth test. Notice the
difference in the red ellipse region.
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Figure 5. Refining texture alignment. Left: video painting
using only 3D model-based warping, which results in signifi-
cant misalignment due to an inaccurate camera pose. Right:
video painting after refining the texture alignment.

enough for pixel precision image registration. Video painting
using this pose information results in significant misalignment
(Figure 5, left), which needs to be further refined to obtain better
visual quality. A 2D image registration process is used to achieve
seamless image alignment. We first warp the video frame based
on the 3D model, and then register the warped image with the
existing base buffer image using a 2D affine model (Equation 1).
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3. VIDEO PAINTING FOR A LARGE-
SCALE ENVIRONMENT

The video painting method described in Section 2 is suitable for a
few buildings [7]. However, to capture and update textures for a
large-scale environment, such as a university campus, we need to
overcome several challenges, including the automatic allocation
of base buffers for each polygon, the dynamic detection of active
base buffers, and real-time painting and rendering.

3.1 Base-buffer allocation

3.1.1 The Base-buffer allocation Problem

Given the 3D models of a large-scale environment, we need to
allocate base buffers for texture storage. The goal of base-buffer
allocation is to find an optimal allocation that covers all the ge-
ometry of the environment and satisfies three criteria: minimum
number of base buffers, minimum number of clipped polygons,
and optimal texture quality.

The number of base buffers corresponds to the number of texture
units in scene rendering using graphics hardware, and is also pro-
portional to the size of texture memory. Current graphics cards
have a limited number of texture units and memory, so limiting
the number of base buffers is necessary. Naive ways to resolve
the buffer-allocation problem, such as assigning one base buffer
for each polygon surface, are infeasible because the number of
base buffers will become prohibitive when the polygon count is
large, e.g., a million (common in a large-scale environment).

Since the number of clipped polygons will increase the total num-
ber of polygons and affect the rendering speed, we also want to
minimize this number. Polygon clipping is necessary when a base



buffer only covers part of a polygon.
As shown in Figure 6, we need to clip
the triangle in order to compute UV
texture coordinates for the shown base
buffer.  Assigning base buffers that
cover entire polygons will avoid the
polygon-clipping problem.

Triangle Mesh

The last issue with base-buffer
allocation is the texture quality prob-
lem. Texture quality depends on the
video resolution, the angle of the _.
- . Figure 6. Polygon
polygon relative to the camera view clipoin
direction, and the angle of the polygon ppIng.
relative to the base buffer. A good allocation for a base buffer is
one where textures will not be compressed or stretched during the
texture mapping process. This means the base buffer should be
oriented parallel to most of its associated polygons. Simple algo-
rithms that combine nearby polygons into one base buffer often
lead to low texture quality, since polygon orientation also has to
be taken into account (Figure 7, left).

3.1.2 Previous Work

The problem of selecting optimal base buffers that cover the
whole environment is analogous to the problem of selecting a
minimal number of camera positions that cover the entire surface
of a given 3D model. The latter problem has been shown to be
NP-complete in computation geometry research [14]. When the
environment model has a large number of polygons, the exact
solution for optimal base-buffer allocation becomes prohibitive.

Base Buffer

Matsushita [11] solves the camera-positioning problem using a
heuristic that gives priority to viewpoints covering large model
regions. This algorithm works well for an object, but has disad-
vantages in an environment with multiple buildings, as addressed
in this research. First, many viewpoints will overlap, i.e., base
buffers will overlap with each other, causing redundant texture
coverage. Second, picking a viewpoint based only on the model
coverage area could lead to base buffers that are not parallel to the
model surfaces, thereby degrading the texture quality. Finally,
polygon clipping is likely, since the viewpoint selection metric
does not account for clipping (Figure 6).

3.1.3 Our Solution
We summarize the three criteria of base-buffer allocation using a
cost function shown in Equation 2, where f (bn) is a function of

Figure 7. Texture quality. Left: low texture quality due to
slanted angle of polygon relative to base buffer. Right: high
texture quality when the base buffer is parallel to the polygon
plane.

Figure 8. Base-buffer allocation. Each edge of the red rec-
tangles denotes a base buffer.

the number of buffers, g(pn) is a function of the number of
clipped polygons, and h is a function of the texture quality. The
design of the functions f(bn) and g(pn) is straightforward;

however, the measurement of texture quality is more complex.
Our measure is the ratio of the model surface area to the texture
image area, as given in Equation 3. We aim to find a buffer allo-
cation method that minimizes the cost of Equation 2.

F (buffer ) = f (bn) + g(pn) + h(texure _ quality ) 2)
h(texture _ quality ) = S(polygon )/ S (texture ) ?3)
Since the exact allocation solution is prohibitive, we attack this
problem by leveraging the characteristics of the building models
in the environment to find a near-optimal solution. First, since the
roof and ground textures can best be acquired from an aerial im-
age, we focus only on the textures of building facades. We note
that most buildings are convex, and a cylindrical map is a simple
solution that will cover most parts of most buildings. However,
since buildings often have large planar surfaces, cylindrical tex-
ture mapping will stretch or compress the textures, degrading the
texture quality. Noting that buildings usually have four major
planar sides, we opt for using a box with four rectangular texture-
maps for each building.

To allocate the four rectangular buffers, we first divide the scene
model into separate buildings. Then we find the four major direc-
tions based on building surface normals and allocate a base buffer
for each direction, as shown in Figure 8. To find the relationship
between the model and base buffer, we project the vertices onto
the base buffer with an orthogonal projection to compute the UV
coordinate for each model vertex.

Four rectangular buffers work well for our campus model. The
base buffers are automatically allocated, yielding a near-optimal
solution according to the energy function in Equation 2. The
campus model has 100 buildings and 40,000 polygons, covered
by 400 base buffers. The texture quality is maximized for most
polygons because the buffers are parallel to most of the polygon
planes. Figure 7 (right) shows the base buffer relationship to
building surfaces for producing high quality textures in our
method. Since each base buffer covers one whole side of a build-
ing, polygon clipping is avoided.



Figure 9. Detect active buffer. The yellow ray identifies the
closest visible building. The red edge of the rectangle above
the building denotes the current active buffer; the three yel-
low edges are the other three buffers of the active building.

Of course, the buffers assigned by this approach will not cover
every polygon if the model is concave or there is surface occlu-
sion. Fortunately, such cases are relatively rare, and more than 90
percent of the polygons are covered by the simple base buffers.
To ensure that base buffers cover every polygon, we subdivide
building surfaces into visible regions and clip any partially cov-
ered polygons.

3.2 Active Buffer Selection

Updating the textures for all base buffers at the same time is in-
feasible for a real-time system, so we update one base buffer (ac-
tive base buffer) at a time.

A two-step strategy is employed to find the current active base
buffer. First, we find all the buildings visible from the current
camera viewpoint. To speed up this process, bounding boxes are
computed for each building. Then these bounding boxes are in-
tersected with the camera frustum to determine their visibility.
Among all the visible buildings, we find the closest one to the
current viewpoint (Figure 9). In a second step, we compute the
angle between the buffer normal and camera optical axis for all
four base buffers of the closest building, and set the buffer with
the minimum angle as the current active buffer. If all the visible
buffers in the closest building exceed an angle threshold, the next
closest building is considered. A weighted average of the normal-
ized building distance and buffer view angle is used to select the
active buffer in order to ensure the texture quality (Equation 4).

w = o * Dist + S * Angle 4)
Where Dist is the minimum distance from the polygons of a
building to the current viewpoint, Angle is the minimum angle
between the buffers’ normal and the view direction, and « and

S are the weights. Dist and Angle are normalized respectively

using the minimum distance and angle among all the visible
buildings.

3.3 Implementation Details

3.3.1 Software Implementation
We first implemented the system in software by updating the base
buffers pixel by pixel. The key process in video painting is 3D

model-based image warping, therefore we need to know the
corresponding 3D model point for every pixel in each base buffer
to do the image warping. In order to continuously update textures
in real time, we pre-compute the depth map for each base buffer,
and use it as a lookup table to find the 3D point for every pixel in
the buffer. As a video frame is processed, we first find the active
base buffer according to the aforementioned algorithm. For each
pixel in the active buffer, we find the corresponding 3D point
based on the depth map. If the 3D point passed the occlusion test
(i.e., it is visible from the camera viewpoint), we project it into
the current camera image plane to find the corresponding pixel.
We then update the base buffer pixel with the pixel from the
video frame. Textures are segmented if moving objects present,
and the warped image is registered with the base buffer if the 3D
pose is inaccurate. The system can reach up to 12 fps for video
size of 256 x 256 (Table 1), given accurate pose.

The software implementation achieves real time for a medium-
sized texture image, such as 512 x 512. However, we need to pre-
compute and store a depth map for each base buffer, which costs
additional memory. For our university campus with 100 build-
ings, each building has four buffers with a depth map of 512 x
512, so more than 400 MB are required to store the depth maps.

3.3.2 Hardware Implementation

Several issues in a practical video painting system require an
efficient implementation that uses graphics hardware. First, we
use hand-held cameras to capture video streams, which makes
pose tracking a challenging task, usually not accurate enough to
achieve seamless image alignment. Due to time-consuming 2D
image registration, the video painting process is hard to achieve in
real time using software implementation. On the other hand,
high-resolution textures are required to achieve good visual ef-
fects. However, software implementation alone cannot satisfy the
requirement. Finally, the storage of depth maps in software im-
plementation is a heavy burden on the system for a large-scale
environment. We need a more efficient implementation that uses
graphics hardware to improve the performance and reduce the
memory requirement.

Compared to 2D image warping, which can be easily imple-
mented using GPU programming, image warping based on a 3D
model is more complex to implement using graphics hardware. If
the 3D model is just a plane, the relationship between the base
buffer and camera image plane can be described using homogra-
phy. However, image warping based on homography is impracti-
cal for our purpose because most building geometry is much more
complex than a few planes. We can’t afford to segment the video
frames and warp them according to different homographies in a
time- critical system.

Another candidate way to benefit from the graphics hardware is to
render the scene with the current video frame as textures, then
warp the rendered scene into the base buffer. However, classic
texture mapping technique won’t fulfill the requirement since the
camera is continuously moving, which requires UV coordinate
computing and polygon clipping for every frame.

To fully benefit from graphics hardware, we use the technique of
projective texture mapping [10]. We first set the current active
buffer as the rendering buffer, then render the current scene using
projective texture mapping; we solve the visibility problem using



a hardware register combination based on a depth map. In order
to update the buffer with new textures and keep the old textures,
we use an alpha channel to mask out all the pixels outside the
camera frustum and those pixels without textures. The process is
summarized using the following pseudo code:

1. Dynamically detect the active base buffer.

2. Render a depth map from the camera viewpoint. (The depth
map here is used to solve the visibility problem, not to find the
correspondence between model points and pixels in the base
buffer.)

3. Load the image of the current base buffer (with textures al-
ready painted) into the rendering buffer.

4. Render the scene using projective texture mapping with the
current video frame as the textures (no pre-computed depth
map from the base buffer is required), and solve the visibility
problem based on a depth map from the camera’s viewpoint.
Set the alpha value of the pixels without textures or invisible
to zero.

5. Enable alpha test; only render pixels with alpha value greater
than zero into base buffer.

6. Read the rendering buffer, and set it as the textures for the
models corresponding to the current base buffer.

We can gain many benefits through the implementation of using
graphics hardware. The frame rate increases dramatically, and we
can achieve real time for high-resolution textures of 1024 x 1024.
Using hardware implementation, depth map storage for base buff-
ers is not necessary, which saves a great deal of memory . Table
1 compares the frame rate at different sensor resolutions and
memory requirements (for a fixed buffer resolution of 512 x 512
and 100 buildings) for both software and hardware implementa-
tion on a Dell machine with 3.4 G CPU and NVIDIA quadro 980
graphics card.

4. RESULTS

e Simulation Data

We first tested the presented system using simulation data. Li-
DAR data was used to model a university campus with about 100
buildings [22]. The campus model was texture-mapped with

brick textures to create a simulated environment (Figure 10, left).
A simulated camera (shown with a red frustum in Figure 10)
moved freely to capture the video, which was then painted onto

Table 1. Frame rate and memory requirements of hardware
and software implementation

Frame rate / sensor resolution
Method 256 | 512 | 1024 | Memory
Software 12 fps 4 fps 1 fps 700 M
Hardware 30 fps 20 fps 10 fps 300 M

the 3D model using the presented approach. In the simulation
data, since the camera pose was perfect, no further 2D image
registration was needed. The whole system was real-time using a
3.4GHZ DELL machine (Table 1). We found that most of the
time was spent rendering the whole scene with texture mapping
rather than painting. When we only rendered the current building
being painted, the frame rate reached up to 60fps, so we could
paint multiple video streams at the same time in real time. Figure
10 (middle) shows the result of tens of buildings painted in
several minutes.

Unlike traditional 2D image registration, which requires image
overlap, 3D model-based image registration requires no con-
straints on camera motion. With a specific camera motion path,
we designed special shapes using the given texture. Figure 10
(right) shows the PHE letter painted onto the surface of buildings
using this technique. Other irregular shapes were also painted,
which is hard to achieve using traditional texture mapping meth-
ods. This feature also makes the video painting technique a po-
tential method for special effects and artistic design.

. Real Data

We used real video streams captured from hand-held cameras to
further test the algorithms. While painting textures that cover a
whole simulated environment is easy (we accomplished it in less
than a half-hour), capturing video data that covers a whole real
environment (with the same models) is much harder, even with
hand-held cameras. More research is needed to explore tech-
niques for camera orienting and path design to efficiently capture
data, which is out of the scope of this research.

The strengths of our system are automatic texture mapping and
real-time texture updating; to show this, we captured three video
streams on a university campus with different motions. The mo-
tion of the first video stream is mainly rotation, the second trans-
lation, and the third both translation and rotation. A portable
tracking and video system [12] was used to collect camera track-
ing data and video streams. The video streams were painted onto
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Figure 10. Simulated data. Left: simulation environment. Middle: tens of buildings painted in several minutes. Right: user-painted
letters on building surfaces.



Figure 11. Painting results of three real video streams. Upper row: selected frames from the three video streams. Lower row:
painting result.

the 3D models using the proposed system. Figure 11 shows the
result (further details are provided in the video clip accompanying
this paper). The whole system is fully automatic and real-time
(29 fps, thanks to hardware implementation).

5. CONCLUSION

Creating a large-scale photorealistic environment is important for
many virtual reality applications. However, the acquisition of
static textures for such a large-scale environment is a challenging
task using traditional techniques, which often demand tedious and
time-consuming manual interactions. Texture updating using the
classic method is even more challenging for such a large envi-
ronment. This paper presents a practical and real-time system that
is capable of acquiring and updating textures for a large-scale
environment through video painting. Using the proposed tech-
niques, we can not only create textures for a university campus-
sized environment, but also update the textures in real time.

While we have shown the presented techniques’ success in a uni-
versity campus-sized environment, there are still some research
problems that need to be addressed:

o 3D model-based pose refinement. Although we used 2D reg-
istration to refine the pose, the result depends on the pose of
the first frame warped to the base buffer. To further improve
the visual effect, we need to improve the 3D pose of the first
frame warped to the base buffer.

e View-dependent rendering. As we have mentioned, the ren-
dering of the whole scene with texture mapping takes more
time than the actual painting process. So some rendering
techniques, such as view-dependent rendering, are necessary
to guarantee the real-time rendering for models with high-
resolution textures.
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