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Abstract

Projective texture-mapping is a powerful tool for image-based rendering. However, visibility information must be
obtained in order to project correct textures onto the geometric sturcture. This paper presents a novel visibility
algorithm for determining which polygons are visible from each camera position. It has object-space precision,
but operates in both image-space and object-space to get better performance. It generates much less polygons than
traditional object-space algorithmsto help accel erate the speed of texture-mapping. The techniques used to achieve
these are conservative image-space occlusion testing and object-space shallow clipping. This agorithm has been
successfully used to generate large-scale image-based rendering of a whole university campus, and image-based
rendering of architectures under dynamic lighting.

1 Introduction

Proj ective texture mapping was first introduced in [1] and now has been implemented in OpenGL graphics package
on SGI machines. Although it was only for shadows and lighting effects in the original paper, people have found it
extremely useful in the fast developing field of image-based rendering because projective texture mapping simulates
the setting of taking photographs with a camera. In order to do projective texture mapping, the user needs to
specify a virtual camera position and orientation, a virtual image plane with the textures. The texture is then cast
onto a geometric model using the camera position as the center of projection. In image-based rendering, real
photographs with calibrated camera positions are often used to re-render ascene. If thereare also somerecovered 3D
geometric structures for the same real scene, these photographs can be texture-mapped onto the recovered structures
by projective texture mapping to generate extremely realistic renderings. 3D geometric models can be reconstructed
from laser rangedata[2] or multiple photographs[3]. Thesystemin [3] implemented this projective texture mapping
in software. However, the hardware implementation on SGI machines are much faster.
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Figure 1. The current hardware implementation of projective texture mapping on SGI workstations let the texture
pierce through the geometry and get mapped onto all backfacing and occluded polygons on the path of the ray

For a complex scene, multiple photographs taken at different camera positions are often needed to cover the whole
scene. We want to texture-map those real images onto the recovered structure. For a fixed image, we only want to



map this image onto the polygons visible to the camera position where we took this image. We should not erro-
neously map it onto those occluded polygons. The current hardware implementation of projective texture mapping
on SGI workstations cannot do thisin hardware. It |et the texture pierce through the geometry and get mapped onto
all backfacing and occluded polygons on the path of the ray(Fig. 1). So parts of the geometry that are occluded in
the original image still receive legible texture coordinates and are incorrectly texture mapped instead of remaining
in shadow. Thisindicates we need to obtain visibility information before texture-mapping.

We could solve this visibility problem in image-space using ray tracing or item buffer. But that means if we want
to render alarge number of frames for an animation or do a real-time demonstration, we need to compute visibility
in image-space for each frame, which would be impracticaly slow. Hardware texture-mapping can be done in real -
time if al the visibility information is known, which means we need a visibility preprocessing step in object-space
to fully exploit the hardware performance. For any sequence of animation, this object-space preprocessing needs to
be done only once. It also allows the view point to be changed dynamically during a real-time demonstration.

In an object-space visibility preprocessing, we should subdivide partially visible polygons so that we only map the
current image to their visible parts. If a polygon is invisible from this camera position, it can still be visible from
other camera positions since we have multipleimages. So we need to feed alist of visible camera positions for each
polygon to the rendering program and let it choose dynamically which ones should be used for the current view
point.

Since the whole scene is covered by multiple images which may have overlapping areas and gaps, the object-space
visibility preprocessing also needs to deal with the image boundary problem. If a polygon is partially covered by
multiple images, we need to clip the polygon against the image boundaries so that different parts of the polygon get
textures from different images.

Figure 2; Users can pick a desired texture region from each image by drawing a convex polygon inside the image
frame. The chosen texture region may be either the interior or the exterior of the polygon.

Itis also desirable to allow users to pick a part of each image as the texture in texture mapping instead of forcing
them to use every pixel from each photograph. In our algorithm, a convex planar polygon can be specified inside
each image and the user can pick either theinterior or the exterior of this polygon asthe desired texture(Fig. 2). This
givesrise to the necessity to clip polygons in the scene against the edges of this texture region.

This visibility problem is for a number of fixed camera positions. If we consider the visibility subproblem at one
camera position, it is similar to the traditional problem of visible surface determination [12]. But object-space
preprocessing means previous image-space a gorithms are not appropriate. Previous object-space algorithms [12, 7]
were designed only for one viewpoint. They do a lot of needless polygon clipping on completely and partially
invisible polygons, therefore, increase the number of polygons dramaticaly. If we repeatedly applied them on the
recovered geometry view by view, the size of thefinal polygon set would be unmanagable. We wish to minimize the
number of polygons resulted from visibility processing because a large number of polygons will significantly slow
down the speed of hardware texture mapping.

Thereis another class of visibility algorithms [10, 11]. They try to analyze visibility for all pairs of surface patches
in an environment so that shadows and/or global illumination can be computed efficiently for area sources. They are



also object-space preprocessing. Since these algorithms deal with area sources while we are concerned about fixed
camera positions, they are not suitable for our problem.

We will introduce our visibility algorithm in the next section. In Section 3, we will give the performance of our
algorithm and compareit with some existing algorithm. In Section 4, wewill introduce some interesting applications
we have done. Section 5 has the conclusions.

2 Thealgorithm

What we need to do is to decide in which photographs a particular polygon from the geometric model isvisible. If a
polygon is partially visible in a photograph, we should clip it so that each resulting polygon is either totally visible
or totally invisible. After this visibility processing, we can correctly and efficiently assign radiance values from the
photographs to the visible polygons.

Thisalgorithm is operated in both image space and object space. It is summarized asfollows.

1. Giveeach origina polygon anid number. If apolygon is subdivided later, all the smaller polygons generated
share the same original id number.

2. If there are intersecting polygons, subdivide them along the intersecting line.

3. Clip the polygons against all image boundaries and user-specified planar polygons so that any resulting poly-
goniseither totally inside or totally outside the desired texture regions.

4. Set each camera position as the viewpoint in turn, and render the original large polygons from the geometric
model using their id numbers astheir colors and Z-buffer hardware.

5. At each camera position, scan-convert each frontfacing polygon in software so we can know which pixes are
covered by it. If at some covered pixel location, the retrieved polygon id from the color buffer is different
from the id of the polygon currently under consideration, a potentially occluding polygon is found and it is
tested in object-space whether it is really an occluding polygon.

6. Clip each polygon with itslist of occluders in object-space.

7. Associate with each polygon alist of photographs to whichit istotally visible.

Clipping in object-space does not take much time because we use the original large polygons in the hardware Z-
buffering step, which results in a very small set of occluders for each polygon. So this algorithm has nearly the
speed of image-space algorithms and the accuracy of object-space algorithms as long as the original polygonsin the
model are all larger than a pixel. Using identification(id) numbers to retrieve objects from Z-buffer is similar to the
item buffer technique introduced in [8].

Thereare somevariants of thisalgorithm. First, we can replace scan conversion with object-space uniform sampling.
On each polygon, draw uniform samples and project these sample points onto the image plane to check if there are
any occluding polygons. But scan-conversionis obviously faster. Second, under some circumstances, we need some
data structure to maintain the connectivity of the polygons and T intersections are not allowed.

The objective of this algorithm is to minimize the number of polygons resulted from clipping to accelerate texture
mapping at a later stage while safely detect all occluding polygons so that texture mapping are done correctly. To
achieve this goal, the following two techniques are introduced, conservative testing and shallow clipping.



2.1 Conservative Image-space Occlusion Testing

From the hardware Z-buffering results, we want to safely detect al occluding polygons. We donot want to miss
any occluding polygons. But if a nonoccluding polygon is erroneously reported, that is fine because we can do
obj ect-space testing to verify if it is really an occluding polygon and get rid of it if it is not.
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Figure 3: In the origina scan-conversion of a polygon, only pixels whose centers are within the projected polygon
are rendered, which is shown on left; our conservative occlusion testing checks all pixels with some overlap with
the projected polygon, which is shown on right.

For the version using scan-cornversion, if we consider each pixel is a tiny sguare, conservative testing is done by
checking all pixels overlapping with the projected area on the image plane of the currently considered polygon
instead of only checking the pixels whose centers are within the projected area as in the original version of scan
conversion(Fig. 3). If any of these pixels have an id number different from the polygon’s own id number, a poten-
tialy occluding polygon is found.

We can not use hardware Z-buffering for this scan-cornversion because we have to check all pixels overlapping with
the projected area of a polygon to see whether the considered polygon is completely or partially visible and which
polygons occlude it. However, Z-buffering only gives the visible polygon at each pixel, and cannot directly tell us
which pixels overlap with the polygon. Without software scan-conversion, we need to check the whole color buffer
to obtain these pixels. Repeating this for every polygon is obviously impractical.

For the version using uniform object-space sampling, at the image-plane projection of each sample point, check all
pixelsin its neighborhood for occluding polygons rather than check only one pixel corresponding to the projected
location.

The purpose of thisimage-space testing step is to quickly obtain the list of potentially occluding polygons.

2.2 Accurate Object-space Occlusion Testing

We assume al polygons are convex here since honconvex polygons need to be tessellated before rendering with
Z-buffer.

To test in object-space if a polygon really occludes another polygon from a camera position, we should first test
if they are coplanar because Z-buffer only gives one id number at each pixel despite the fact that there might be
coplanar polygons at the same depth. If the polygons are coplanar, we consider them both visible. Otherwise, we
should form a viewing pyramid for the first polygon with the apex at the camera position and check if the second
polygon is outside this pyramid(Fig. 4). Each bounding face of the pyramid has two edges which are half lines
extending to infinity. The semi-infinite bounding faces are called wedges. Each wedge lies on a plane. We can
check if a polygon falls totally inside a pyramid by using the plane equations of its wedges. To test if the polygon
falls outside the pyramid, we need to check each wedge with the polygon. Using the plane equations are not safe



Figure 4: To verify if apolygon really occludes another onein object-space, we need to form a pyramid for thefirst
polygon with the apex at the camera position and check if the second polygon is outside this pyramid

any more, see Fig. 5 for a counterexample. We have the following conditions to verify whether awedge intersects a
polygon.

Theorem Awedgeintersects a polygon if there are vertices of the polygon on both sides of the plane to which the
wedge belongs, and either of the following two conditions is satisfied

i) one of the edges of the wedge goes through the interior of the polygon,

ii) one of the edge segments of the polygon intersects the interior of the wedge.

Fig. 6 shows all the cases that a polygon can intersect a wedge. We can consider it as a simple proof of the above
theorem.

If apolygon isin front of another one and its corresponding pyramid intersects the other polygon, it becomes a real
occluder. We need to clip the occluded polygon against the occluding polygon.

2.3 Polygon Shallow Clipping

The method of clipping a polygon against image boundaries is the same as that of clipping a polygon against areal
occluding polygon. In either cases, one should first form a viewing pyramid as in Section 2.2, and then clip the
polygon with the bounding faces of the pyramid. Before clipping with each bounding face, we should also verify if
that bounding face really intersects the polygon using the above theorem.

Our agorithm does shallow clipping in the sense that if polygon A occludes polygon B, we only use A to clip
B, and any polygons behind B are unaffected(Fig. 7). Only partially visible polygons are clipped. Those totally
invisible ones are left intact. This is the major reason that our algorithm can minimize the number of resulting
polygons.

If apolygon P hasalist of occluders O = {p1, p2, ..., pm }, We use arecursive approach to do the clipping. Obtain
the overlapping area on the image plane between each member of O and polygon P and choose the polygon p in O
with maximum overlapping areato clip P into two parts P' and S where P’ is the part of P that is occluded by p,
and S isaset of convex polygons which make up the part of P not occluded by p. Recursively apply the algorithm
on each member of S, i.e. first detect its occluders and then do clipping.



w

Figure 5: To test if the polygon falls outside the pyramid, we need to check each wedge with the polygon. Using
the plane equations are not safe any more. Thisis a counterexample. Polygon B is actually outside the pyramid for
polygon A. But it has two intersections [ and m with the planes defining two sides of the pyramid.

2.4 Thresholding Polygon Size

By experiments, we found most polygons resulting from clipping are tiny polygons. To further reduce the number
of polygons, we set athreshold on the size of polygons. If the object-space area of a polygon is below the threshold,
it is not subdivided any more and is assigned a constant color based on the textures on its surrounding polygons. If a
polygon is very small, it is not noticable whether it has atexture on it or just a constant color. The rendered images
can till maintain good quality.

Figure 6: All possible situations that a polygon can intersect awedge



Figure 7: Our agorithm does shallow clipping in the sense that if polygon A occludes polygon B, we only use A to
clip B, and any polygons behind B are unaffected.

3 Experimental Results

Fig. 8(a) shows the texture-mapping result if we do not obtain visibility information of the geometric model. The
backfacing and occluded faces obtained incorrect textures.

We have implemented the above visibility algorithm on SGI machines. Although it operates in both image-space
and object-space, it actually outputs object-space geometric data which are the polygons after subdivision and a
list of camera views to which each polygon is visible. These data can be used to generate real-time projective
texture-mapping.

To demonstrate our algorithm'’s efficiency in both polygon clipping and running time, we compare it with a pure
object-space algorithm which is a modified version of Weiler-Atherton hidden surface removal algorithm [7, 12].
Thehierarchical Z-buffer algorithmin[9] isgood for complex models. But it is essentially an image-space algorithm
and is not appropriate for our purpose. Since we have more than one camera positions in our situation, we apply
Weiler-Atherton algorithm repeatedly at each camera position and the input data for the processing at each camera
position is the output data from the processing at the previous camera position.

The comparison was performed on three data sets. Oneis avery detailed model of a bell tower(Fig. 8(b)). Another
isacoarse modd of auniversity campus, including both the buildings and the terrain(Fig. 8(c)). These two models
were recovered by the system in [3]. The third data set is a cluster of polygons uniformly distributed in a bounding
box. The polygons have random sizes and orientations. They do not give any obvious object shape. The number of
polygons in the original models and the number of camera views used for visibility processing are shown in Table
1.

For fair comparison, in both algorithms we only process those frontfacing polygons falling into field of view at each
cameraposition. Thevisibility processing results for thefirst two modelsare shown in Fig. 9. Both therunning time
on aSGl O, workstation and the number of polygons generated after visibility processing are compared in Table 2-4
where our algorithm is named Hybrid. The comparison is done for three thresholds on polygon size. Any polygon
smaller than the threshold is no longer subdivided as proposed in Section 2.4. From these results, we can see our
algorithm is significantly better in both running time and the number of polygons generated. The running time of
each part of our algorithm is shown in Table 5. The time spent on Z-buffering is ignorable. Scan-conversion isthe
most time-consuming part which keeps the time spent on object-space operations much lower than it should be for
an algorithm with object-space precision. We can speed up this part by identifying all the completely or partially
visible polygons from the hardware Z-buffering results, performing scan-conversion only on these polygons and
ignoring those completely invisible polygons. However, as preprocessing, the compactness of the final polygon set



is much more important than speed.

| | Model I | Model Il | Model 111 |

# polygons | 2409 660 1000
#views 24 10 16

Table 1. Statistics for three geometric data sets: number of polygons and number of camera positions for visibility
processing.

| [ Th=0.0001 | Th=0.001 | Th=0.01 |

Hybrid | 19018 7511 3584
WA 62556 12461 4779

| [ Th=0.0001 | Th=0.001 | Th=0.01 |
Hybrid | 11214s 81.15s 6147
WA | 87540s 23497 | 17553

Table 2: Comparison between the Hybrid and Weiler-Atherton(WA) algorithms on Model | with three different
thresholds on polygon size. The first half shows the number of polygons generated. The second half shows the
running time in seconds on a SGI O, workstation.

| [ Th=0.0001 [ Th=0.001 | Th=001 |

Hybrid 5623 5541 5255
WA 10194 9878 8675

| [ Th=0.0001 | Th=0.001 [ Th=0.01 |

Hybrid 14.36s 14.63s 13.96s
WA 22.85s 21.60s 18.64s

Table 3: Comparison between the Hybrid and Weiler-Atherton(WA) algorithms on Model |1 with three different
thresholds on polygon size. The first half shows the number of polygons generated. The second half shows the
running time in seconds on a SGI O, workstation.

4 Applications

We designed this visibility algorithm in terms of the demand from real-time image-based rendering. So far, we
have successfully used this algorithm to process datain two applications. Thefirst is for view-dependent projective
texture-mapping. By visibility processing and projecting the real images like those shown in Fig. 10(a)-10(d), we
are able to have a recovered large-scale 3D modd covered with seamless textures, and re-render the model from
novel view points(Fig. 11). This application has produced a fly-by animation for UC Berkeley campus [5]. Since
our algorithm generates much less polygons than previous algorithms, we are able to produce a corresponding real -
time(60HZz) demonstration on SGI Onyx2 InfiniteReality Engine. The second application uses visibility processing
to assign correct radiance values from photographs to their corresponding geometric surfaces and then recover the
reflectance of the surfaces [4]. Thus we are able to re-render the model under novel lighting conditions such as a
novel solar position for an outdoor scene(Fig. 10(e)).



| [ Th=0.0001 [ Th=0.001 | Th=001 |

Hybrid 15745 8596 6573
WA 40973 16238 9040
| | Th=0.0001 | Th=0.001 [ Th=0.01 |
Hybrid 90.43s 62.96s 47.23s
WA 239.74s 182.32s 141.92s

Table 4: Comparison between the Hybrid and Weiler-Atherton(WA) algorithms on Model 111 with three different
thresholds on polygon size. The first half shows the number of polygons generated. The second half shows the
running time in seconds on a SGI O, workstation.

| [ Th=0.0001 [ Th=0.00L | Th=001 |

HW Z-buffering 0.69s 0.68s 0.72s
Scan-corversion 61.92s 50.80s 44.34s
Object-space ops 49.53s 29.67s 16.41s

| | Th=0.0001 | Th=0.001 | Th=0.01 |
HW Z-buffering 0.09s 0.08s 0.09s
Scan-corversion 8.16s 8.30s 7.84s
Object-space ops 6.11s 6.25s 6.03s

Table 5: Statistics of the running time of each part of the Hybrid algorithm on Mode | and I1, including Z-buffering
time, scan-conversion time and time for object-space testing and clipping operations.

5 Conclusions

This paper presents a novel visibility algorithm for projective texture-mapping which is a powerful tool for image-
based rendering. It is a hybrid algorithm operating in both image-space and object-space. It has object-space
precision, but part of it operatesin image-space in order to get better performance. It generates much less polygons
than traditional object-space algorithms to help accelerate the speed of texture-mapping. The techniques used to
achieve these are conservative image-space occlusion testing and object-space shallow clipping. This algorithm
has been successfully used to generate large-scal e image-based rendering of awhole university campus, and image-
based rendering of architectures under dynamic lighting.
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Figure 8: (a)Viewing the mode from a viewpoint far from the origina produces artifacts unless proper visibility
pre-processing is performed, (b)A detailed bell tower model, (c)A model for a university campus, including both
the buildings and the terrain.

(a) (b)
Figure 9: Visibility results for abell tower mode with 24 camera positions and for a university campus model with
10 camera positions. The color of each polygon encodes the number of camera positions from which it is visible:
white= 0, red= 1, green= 2, blue= 3, yellow= 4, cyan= 5, magenta= 6 and unsaturated colors for larger numbers.
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Figure 10: (a)-(d) Some of the photographs of the university campus and bell tower used for projective texture-
mapping, (€) A re-rendering of the bell tower under a new lighting condition with the sun directly behind it so the
frontfacing side is shaded and has alight bluetint.

Figure 11: Two re-rendered images of the university campus at two novel view points. The textures are actualy
from different photographs, but they seamlessly cover the geometry using visibility processing.
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