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Abstract:  Providing a wider movement range of virtual camera is an unsolved problem for state-of-the-art 
image-based rendering system. In this paper, we present a new image based rendering technology called pan- 
ommic mosaics of slit images with depth that can provide large virtual camera motion region for some scenes. 
By limiting camera motion to a horizontal plane only, a slit image with united depth value is used as the ren- 
dering element. The panoramic mosaics of slit images with depth are easy to capture, and the data size is as 
small as that of panorama. We present here the capturing, construction as well as rendering process of pan- 
oramic slit images mosaic with depth. In addition, we present the join up process of maltiple panorarrdc slit 

images mosaic with depth. 
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INTRODUCTION 

Traditional computer graphics try to generate 
realistic scene view from a geometric model. 
Computer vision extract geometric model by ana- 
lyzing images from the real scene. Combining 
them together gave us the idea of image-based 
rendering ( I B R ) ,  which generates realistic 
scene view from some analyzed real images 
(photographs) along the motion of a virtual cam- 
era. The modeling of scenes photorealistieally is 
then easier, and the rendering speed is faster. 

Panorama(Chen,  1995) is one of the first im- 
age-based rendering ( I B R )  technologies used 
and is still being used widely. Using this techn- 
ology, a set of photographs was taken in a view- 
point. The photographs were then registered 
(Brown,  1992; Szelishi et a l . ,  1997)  and 
stitched together to cdnstruct a panorama. The 
advantage of panorama is that it is easy to cap- 
ture and small in data size. Its disadvantage is 
that the viewpoint is fixed and only the viewing 
directions and camera zoom can be altered. 

Plenoptic Modeling (McMillan et al. , 1992) 
is another kind of panorama-based IBR tech- 
nique that supports the viewpoint motion. In 
Plenoptic Modeling, several panoramas are 
joined up, and interpolation is used to generate 

the novel ( i . e . ,  synthesized ) view. However, 
in this technique the establishing of the corre- 
spondence relation is complex. 

Light F ie ld(Levoy et a l . ,  1996) or Lumi- 
graph(Gortler et a l . ,  1996) is another kind of 
image-based rendering technology. By sampling 
every ray passing through the motion range, 
these technologies support the motion of virtual 
camera. Nevertheless, their data size is large 
even for a small motion range. 

The data size versus the virtual camera mo- 
tion range has long been a trade off for most im- 
age-based rendering systems. Small data size 
means limited virtual camera motion, like in 
panorama. When virtual camera moves, like in 
Light Field or Lumigraph, many data will be 
needed. The huge data size actually limited the 
movement of virtual camera. Therefore providing 
a wider range movement of virtual camera is very 
hard for state-of-art image-based rendering sys- 
tem. 

As recent research shows, geometric infor- 
mation can help to reduce the photos needed in 
new scene view synthesizing ( C h a i  et a l . ,  
2000) . In other words, with the same number of 
photos, more geometric information, more view 
can be synthesized. If we know nothing about 
the scene geometry, a panorama is only the pan- 
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orama itself: no new view is available if we leave 
the original viewpoint. However,  if we have 
some depth information, we can deduce the cor- 
responding points in the new view of pixels in 
original photos. Assuming the surface is Lamber- 
tian, we can synthesize the novel view from the 
original photos by image warping, just like in 
view interpolation (Chen et al. , 1993 ) or view 
morphing (Seitz et a l . ,  1996) .  However,  it is 
hard to get the depth value of every pixel in a re- 
al scene.  

This paper presents panoramic mosaics of 
united depth slit images that support virtual cam- 
era motion. In addition, several mosaics gener- 
ated by this technology may join-up to provide 
wider range virtual camera motion. 

Slit images are 1-D images with width of only 
1 pixel. We can treat them as a column of a nor- 
mal image. The concept of slit image comes from 
computer vision (Peleg et a l . ,  1997; Zheng et 
a l . ,  1 9 9 0 ) ,  and it is used in several image- 
based rendering systems. In Muhiple-Center-of- 
Projection ( MCOP ) images ( Rademacher et 
a l . ,  1998) ,  a set of slit images instead of nor- 
mal images is taken to achieve uniform sample. 
A MCOP image is a kind of range image, that 
is, every pixel in the image has its depth value 
sampled by special equipment ( e .  g . ,  range 
f inder) .  

Another image-based rendering technology 
using silt image is the concentric mosaics (Shum 
et al. , 1999) .  In concentric mosaics, cameras 
move along planar concentric circles, and create 
concentric mosaics using a manifold mosaic for 
each circle ( i . e . ,  composing slit images taken 
at different locations).  Concentric mosaics index 
all input image rays naturally in 3 parameters: 
radius, rotation angle and vertical elevation. 
Novel views are rendered by combining the ap- 
propriate captured rays in an efficient manner at 
rendering time. However, it still cannot provide 
wider range virtual camera motion. 

This paper is organized as follows. We intro- 
duce the research works we have done on depth 
recovery from slit images and present the concept 
of slit images with depth in Section 2.  In Section 
3 we present the sampling and constructing pro- 
cess of panoramic mosaics of slit images with 
depth as well as the rendering of novel view us- 

ing these mosaics. In Section 4 we present an 
experiment system to verify our idea. We sum- 
marize our work with some conclusions in 
Section 5. 

THEORY AND CONCEPT 

1. Slit images with depth 

Most computer graphics technologies are 
used for simulating human motion, which is usu- 
ally only in 2-D: left and right, or forward and 
backward. In such condition, pixel change in 
horizontal direction is much faster than that in 
vertical direction. If the motion of the virtual 
camera is limited only in a horizontal plane,  we 
can make a helpful simplification: combine ver- 
tical pixels together, use the combination, i . e . ,  
slit images to be the element in image warping. 
A united depth value is used for the whole slit 
image. The scenes are assumed to be composed 
of a set of colored 1-D vertical lines, or pillars; 
the color of the lines looks the same for any an- 
gle of view. 

Of course, especially in forward and back- 
ward motion, depth variance alone in slit images 
also cause pixel change in them. If we want this 
simplification to approach reality, another as- 
sumption is needed: for most pixels in a slit im- 
age, the depth variance should be small. When 
most objects in a scene are very far away from 
the viewpoint, the depth variance could also be 
neglected. We call a slit image with a united 
depth value "sl i t  image with dep th" ,  and will 
use a panormnic mosaic of slit image with depth 
for our rendering system. 

2. Analogical slit images 

Fig. 1 shows two slit images (called analogi- 
cal slit images (Jiang et al. , 2000) ~ captured by 
the same camera, from the same direction but at 
two different positions. They contain the projec- 
tions of almost the same scene objects,  especial- 
[y when the camera is near the two slit images. 
Now consider a point M in the scene,  its projec- 
tion in two analogical slit images is ml and rr~2 

respectively, m l and m2 are called correspond- 

ing points in terms of computer vision. 
Denote the optical centers of the two cameras 
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as C1 and Ca respectively. Using a pinhole mod- 

el of camera, we can deduce the following 
(When H is not equal to zero) : 

- H 

h2 (1) 
L d 2 -  H 

lo dv (4)  
lv - do 

Where do is a initial depth value of a slit image, 

lo is a initial length of a slit image, d, is depth 

value from a given new virtual camera, and d, is 

the new length of the slit image at that view- 
point. 
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Where f is the focal length of the pinhole model 
cameras,  H is the distance from M to the optical 
axis of the cameras, dl and d2 are the lengths of 

the projections in the optical axis of MC~ and 

MC2, h l and h 2 are distances from the optical 

axis to ml and m 2 , respectively. 

Obviously, when H is not equal to zero, 
to zero. From neither hi nor h2 will equal 

Equation 1 we get: 

h2 dl (2 )  
hi - d2 

hi - h2 d2 - dl 
or h2 - dl (3 )  

These equations can be used to recover depth 
from looming parallax. If we knew the corre- 
sponding point of the two slit images, we can de- 
duce the d value from the above equations. If it 
is assumed the slit image has a united depth val- 
ue ,  the equation can also be used to apply to the 
slit image to simulate the looming parallax while 
the viewpoint moves: 

PANORAMIC MOSAICS OF SLIT IMAGES WITH 

DEPTH 

1. Sampling and c o n s t r u c t i o n  

The panoramic mosaics of slit images with 
depth is sampled as Fig. 2 ( a )  shows. We use a 
single off-centered camera that rotates along a 
circle (cal led the sample circle) to sampling the 
scene, and the direction of camera is always 
along the normal direction of the circle. At each 
rotation angle, a slit image is captured. (An al- 
ternative solution is to capture a normal image, 
and pick out the middle column of the image. ) 
We call these captured slit images sampled slit 
image and a sampled slit image with its recov- 
ered united depth is called sampled slit image 
with depth. All sampled slit images are stitched 
together to construct a panoramic mosaics. 

The next problem is how to get the united 
depth of the sampled slit images. One solution is 
to sample two panoramic mosaics of slit images 
in two concentric circles with different radius, so 
that every slit image in one panoramic mosaic 
can find its analogical slit image in the other mo- 
saic. The depth of every slit image in the mosaic 
can then be recovered using the analogical slit 
image method introduced in Section 2 . 2 .  We 
have developed an algorithm that can automati- 
cally find the corresponding point between ana- 
logical slit images (Jiang et a l . ,  2000 ) .  The 
corresponding relations can also be interactively 
specified. The depth of pixels can be derived 
from Equation 2. Then a small depth value 
range, which can best approach the depth distri- 
bution of the slit image, is selected to be the 
united depth of the sampled slit imag e . If the 
scene geometry is simple, the depth can even be 
specified directly from a predefined map, Note 
that for a sampled slit image with depth, the 
united depth of a slit image is not assigned by a 
single value,  but by a small range. It should al- 
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so be noted that although the sampled slit images 
with depth are only one pixel wide,  they still 
have a small horizontal field of view ( F O V ) .  
These make those sampled slit images with depth 
look like some colored "fine pillars" with volume 
rather than some one-dimension lines, as shown 
in Fig. 2 ( b ) .  Sampled slit images with depth 
can be treat as a set of ideal slit images with 
depth with the same pixel values.  In the follow- 
ing, the term "slit image" is used to denote ideal 
( I - D )  slit images with depth for convenience. 

(a) (b) 

Fig. 2 The sampling of panoramic mosaics of slit images 
with depth 

(a) sampling method; (b) sampled slit image 

2. Rendering using single panoramic mosaic of  slit 
images with depth 

( 1 ) Mapping slit images ( Fig. 3)  

I (ld~) slit ~ ~ 

[ posihon [ ~ ~  x N ~  p, 

Fig .3 Mapping from slit images in the panoramic mo- 
saic to the virtual camera 

In a single panoramic mosaic of slit images 
with depth,  every ( ideal)  slit image is identified 
by polar coordinates, written as S( (p, p ) .  The 
origin point of the polar coordinates O is located 
at the center of sampling circle, where pis the " 
distance" from slit image to the origin point O, 
and is equal to the united depth value of slit im- 
age plus the radius R of sampling circle. 

Now if the virtual camera located at position 
( %,,  Pn ) ,  the relations between the virtual 

camera and the slit images are: 

I p~ dn pn 
s i n ( ~ +  0 )  - sin(~,,  - ~s)  - sinA (5 )  

t ~  + O + <Pn q~.~ + A rr 

Where 0 is the angle of view where the slit image 
S( ~s , Ps ) will appear in the novel view, dn is 

depth value of a slit image in the virtual camera,  
and A is the angle of incidence to the slit image. 
Using Equation 5, we can define a forward map- 
ping from slit images in the panoramic mosaic to 
the virtual camera, and construct the novel 
view. 
(2 )  Synthesizing images 

Normally, the novel view is not a panoramic 
one,  it is specified by a horizontal field of view 
(FOV)  co and the virtual camera direction 0n. 

That is, after the mapping, only slit images map 
to the region ~ - w/2  <~ 0 ~< ~ + oJ/2 is needed.  
The mapped slit images are then scaled up/down 
to simulate the looming parallax as introduced in 
Section 2 . 1 .  

Holes and overlaps are key problems with 
forward mapping. Hole here means on one angle 
of view 0 in the novel view, no slit image is 
mapped to. Overlap here means more than one 
slit image is mapped to one angle of view 0 in 
the novel view. To solve the overlap problem 
(note that dn in Equation 5 is depth value of a 

slit image in the virtual camera) we can pick the 
slit image with minimum dn for this angle of 

view. For the hole problem, we can use a meth- 
od similar to (Chen et a l . ,  1993) ,  fill the hole 
by interpolating nearby slit images. 

Holes are caused by insufficient sampling. 
The interpolation is just an inaccurate method. 
To solve this problem, we need more scene in- 
formation. 

Although there is no explicit limit to the mo- 
tion of the virtual camera in the 2-D plane,  a 
single panoramic mosaic of slit images can offer 
just a finite sample of scene.  The farther the vir- 
tual camera leaves the sampling circle center,  
the fewer are the slit images that can be used for 
the novel view. This will cause the degradation 
of image quality and potentially limit the motion 
range of the virtual camera. 
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3. Rendering using multiple panoramic mosaics of slit 
images with depth 

One advantage of panoramic mosaic of slit 
images with depth is it supports the joining up of 
multiple panoramic mosaics of slit images with 
depth (F ig .4 )  . Holes may be filled by new in- 
formation, slit images from different mosaics can 
prevent the degradation of image quality and ex- 
pand the potential motion range of the virtual 
camera. 

Fig. 4 Multiple panoramic mosaic of slit images with 
depth 

However, the forward mapping will consume 
more time as the number of slit images increase. 
This will slow down the rendering process. To 
solve this problem, we define a two-stage map- 
ping. First, in the pre-mapping stage, we do 
forward map of slit images to some points called 
reference points. Then in the image synthesizing 
stage, we use an inverse mapping to find the slit 
images needed for a novel view. 

1 
1 

1 

( 1 ) Pre-mapping 
As shown in F i g . 5 ( a ) ,  we first define some 

reference circles in the scene. The virtual cam- 
era motion will be limited to inside those circles. 
Some points along every circle are uniformly 
picked out to be the reference points. For clari- 
ty, only a few reference points are drawn in fig- 
ure 5 ( a ) ,  but in practice a large number of ref- 
erence points in each reference circle will be 
needed. At each reference point, all slit images 
that can be seen "outward" the circle (Figure 
5b) are recorded. The process can also be con- 
sidered as putting a virtual camera on the refer- 
ence point. The virtual camera direction is along 
the normal direction of the reference circle and 
horizontal FOV is re. Then find slit images for 
the novel scene are found just like in Section 2. 
Instead of generating a novel image, slit images 
and their distance ( i .  e. , d,, in Equation 5) are 

recorded. 
calculate the distance eun'ent dis from s 
image to r point; 
if current dis is less than the distance 
value in current IDX ( r  circle, r point, 
r angle) 

1 
record s image to IDX ( r  circle, r 
point, r angle) ,  update distance ; 
IDX ( r  circle, r point, r ang le ) ,  ( s  
image; current dis) ; 

~ depth 

~"~-, \--.."\\ \', "~i t / //.,..~ .f- 

. . . . . . . . . .  :::::-_" :~--::.':<2-~.",' '::~.~7:.~ ::::: . . . . . . . . . .  

(a) (b) (c) 

Fig. 5 A two-stage mapping process in multiple panoramic mosaic of slit images with depth 
(a) define reference circles and reference poinls; (b) slit images that can be seen outside 

the circle from a reference point; (c) at eash vicwpoint~ find the corresponding reference points 

For every reference point on each reference IDX (reference-circle,  reference-point, view- 

circle, every angle of view (note the angle of angle) 
view is also discrete) defines a data structure to t 
record the slit images: slit:image-ID; 
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distance ; 

The IDX structure is indexed by the three 
parameters reference-circle, reference-point, 
View-angle as described above. Its content is a 
global ID of a slit image and its distance to the 
reference point. Now if a slit image whose global 
ID is s - ID,  the angle of view relative to a refer- 
ence point r-point is v-angle,  and the distance 
form the slit image to the slit image is dis, 
record these as follows: 
IDX ( r-circle,  r-point, v-angle) : ( s-ID ; dis) 
r-circle is the reference circle to which r-point 
belongs to. The angle of view is defined as the 
angle between the normal direction of the refer- 
ence circle at the reference point and the line 
from the reference point to the slit image. The 
counter-clockwise direction is used as the posi- 
tive direction, so that a va l id ("outward")  angle 
of view should be between - 7r/2 and ~/2 .  Note 
that the IDX recorded slit image will appear at 
the given reference point, from the given viewing 
direction. 

If more than one slit image appears at the 
same view angle relative to a reference point, 
only the slit image with the minimum distance is 
recorded. 

An algorithm for this step is presented as fol- 
lows, using a C-like style : 
init all IDX, set distance to be maximum dis- 
tance value,  set slit-image-lD to be null; 
for every slit image s-image in scene 

for every reference point r-point in every ref- 
erence circle r-circle 

calculate the viewing angle v-angle from s- 
image to r-point ; 

if v - ang le~  ( - 7r/2, - 7r/2) 

(2 )  Images Synthesizing 
While the virtual camera moves, for every 

angle of view in the field of view, find the near- 
est reference point (F ig .  5c ) and calculate the 
angle between the view line and the normal di- 
rection of the reference cirele at that reference 
point. Now if the nearest reference point is n-r- 

point, belong to the reference circle n-r-circle 
the angle between the view line and the normal 
direction of the reference circle at that reference 
point (also called the angle of incidence for that 

reference point)is /-angle,  the slit image can be 
found from the IDX structure IDX( n-r-circle,  n- 
r-point,  / -angle) .  

Note the viewpoint, reference point and the 
slit image here are in one line. The distance be- 
tween the current virtual camera and the slit im- 
age is equal to the distance from virtual camera 
to the reference point plus the distance field of 
the [DX(n-r -c i rc te ,  n-r-point,  i -angle) .  

The novel view is synthesized using almost 
the same method as that in Section (2 )  Slit im- 
ages found are scaled up/down according to the 
distance. Because the use of IDX simplified the 
mapping of slit images, the rendering speed can 
be in real time. 

IMPLEMENTATION 

1.  Sampl ing  

The sampling method is shown in Fig. 2 
( a ) .  The sampling circle radius will affect the 
number of slit images that can be sampled. As 
shown in figure 6,  if the maximum number of slit 
images that can be sampled in a circle is N ,  
there will be the following relation: 

tg( r r /N)  ~ 2 t g ( a / 2 ) ( z -  R ) / z  (6 )  

Where R is the sampling circle radius, z is the 
distance between the scene object and sampling 
circle center,  and a is the horizontal field of 
view of a slit image. If the number of slit images 
in a sampling circle is more than N ,  the scene 
view of neighboring slit images will overlap and 
no new information can be used.  

Scene object 

. . . . . . . . . . . .  - i  . _ Z  . . . . . . . . . . . . . . .  

Center of 

circle 0 

Fig. 6 The maximum number of  slit images that can be 
sampled in a circle 
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A bigger radius of sampling circle can gather 
more information in the horizontal direction-but 
as shown in Section 2 .2 ,  less information in the 
vertical direction will be gathered. While sam- 
pling, this trade off should be considered. 

The depth can be deduced from correspond- 
ing points between analogical slit images or im- 
ported from a predefined scene map. If the latter 
is used, depths must be calculated using plane 
geometry. 

2. Preprocessing 

The preprocessing stage is used when using 
multiple panoramic mosaics for rendering. The 
process should : 

(1 )  Identify every sampled slit image with 
depth by a global ID composed of the sampling 
circle ID and the camera azimuth when the slit 
image is captured. 

(2)  Position all slit images captured at dif- 
ferent sampling circles to one united coordinate. 

(3)  Specify the reference circle and generate 
the reference point. 

(4) Using algorithm described in Section 3. 
3 .1 ,  generate the IDX structures. 

Note that while generating IDX structure, 
some IDX may find no slit image mapped to this 
reference at this angle of view(i, e. , after exe- 
cuting the algorithm in Section ( 1 ) ,  the resuh- 
ing Slit-image-ID field in an IDX is still null) ,  
as the "hole" described in Section ( 2 ) .  If this 

occurs, the IDX will he tagged as "hole".  

3. Interactive Rendering 

For a single panoramic mosaic, a forward 
mapping process is executed in the interactive 
rendering stage. Because the number of slit im- 
ages is small, the fot~card mapping process given 
below will not take much time. 

(1) Decide slit images in the novel view us- 
ing forward mapping. Calculate the slit images' 
depth value (distance) relative to the virtual 
camera. Compare the depth value to solve the 
overlap problem. Tag holes. 

(2)  Scale slit images up/down according the 
depth value to simulate the looming parallax. 
Copy then} to the novel image. 

(3)  Fill holes by inte~polating the nearby slit 
images. 

For multiple panoramic mosaics, only the 
first step is different. That is: 

(1 )  For every angle of view of the novel 
view, find the nearest reference point and calcu- 
late the angle of incidence. Find con'esponding 
IDX. From the IDX retrieve the slit image ID. 
Calculate the depth for eveJ T slit image will be 
used. 

(2) Scale slit images up/down according the 
depth value to simulate the loonfing parallax. 
Copy them to the novel image. 

(3)  Fill holes by inteq3olating the nearby slit 
images. 

(a) 

(b) 

,: =lit, !d ,~!~ : = ,, 

i~::~L ~!i~!~ ' 'iil~ 

Fig. 7 Two panoramic mosaics of slit images with depth, the strip bdow indicates the depth, darker is farfher 
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An example of panoramic mosaics of slit im- 
ages with depth is shown in Fig. 7.  It was cap- 
tured from a hall .  The novel view alone with vir- 
tual camera move is shown in Fig. 8. We gener- 

ate the novel views using the algorithm described 
above, Fig. 7 shows the panoramic mosaics of 
slit images with depth. 

~ .. ~:~,3:: .... 

(a) 

Fig .  8 

i;ii~!i~ii!iiiilil 

(b) 

Novel  v i ew  f r o m  the p a n o r a m i c  mosa ic s  of  sl it  images  w i t h  depth  
(a) moving forward and backward; (h) moving left and tight 

CONCLUSIONS 

In this paper, we present a new image based 
rendering technology called panoramic mosaics of 
slit images with depth. Compared with panora- 
n n ,  this method can support the movement of 
the virtual camera. Multiple panoramic mosaics 
of slit images with depth can be joined up to pro- 
vide a wider range of virtual camera movement. 
The panoramic mosaics of slit images with depth 
are also easy to capture, and the data size is as 
sm~ll as panorama. 

~y assuming most pixels in slit images have 
small depth variance, we use a united depth for 
the slit images. This assumption can not be used 
in some complex scenes. This method is most 
suitable for large scenes. 
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