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Abstract

This paper presents a new approach for generation of
super-resolution stereoscopic and multi-view video from
monocular video. Such multi-view video is used for instance
with multi-user 3D displays or auto-stereoscopic displays
with head-tracking to create a depth impression of the ob-
served scenery. Our approach is an extension of the real-
istic stereo view synthesis (RSVS) approach which is based
on structure from motion techniques and image-based ren-
dering to generate the desired stereoscopic views for each
point in time. The extension relies on an additional super-
resolution mode which utilizes a number of frames of the
original video sequence to generate a virtual stereo frame
with higher resolution. The algorithm is tested on sev-
eral TV broadcast videos, as well as on sequences captured
with a single handheld camera and sequences from the well
known BBC documentation ”Planet Earth”. Finally, some
simulation results will show that RSVS is quite suitable for
super-resolution 2D-3D conversion.

1. Introduction

Extending visual communication to the third dimension
by providing the user with a realistic depth perception of
the observed scenery instead of flat 2D images has been
investigated over decades. 3DTV is in the focus of many
researchers worldwide. Recent progress in related research
areas may enable various 3D applications and systems in
the near future [18]. Especially the innovations regarding
the 3D display technology are tremendous. 3D displays are
entering professional and consumer markets. However, the
film industry still adheres to traditional capture techniques
with a single camera, i.e. the conversion of existing 2D
content into super-resolution 3D is highly interesting for in-
stance for content owners. Movies may be reissued in 3D

Figure 1. Example of an auto-stereoscopic
display

in the future (see Figure 1), e.g. the Star Wars episodes are
currently being converted entirely into 3D with immense
manual workload.

Many fundamental algorithms have been developed to
extract the 3D information from monocular video sequences
during the last years [2, 3, 7–9, 13, 16, 17, 19, 21]. Some of
them are dealing with the reconstruction of complete 3D
models from the captured scenery [7, 9, 16, 19]. Others
just intend to render stereoscopic views either by estimat-
ing planar transformations [17] or via dense depth maps for
each frame of the sequence using depth-image-based ren-
dering (DIBR) [2,3,8,13,21]. Available structure from mo-
tion (SfM) techniques from the first category estimate the
camera parameters and sparse 3D structure quite well, but
they fail to provide dense and accurate 3D modeling as it
is necessary to render high quality stereoscopic views for
consumer markets. On the other hand, dense depth estima-
tion as necessary for DIBR is still an error prone task and



computationally very expensive to get time consistent depth
maps for each frame of the sequence.

In this paper, we present a new approach for automatical
generation of super-resolution stereo and multi-view video
from monocular video based on RSVS [10]. It combines
both the powerful algorithms of SfM [7] and image-based
rendering (IBR) [11] without relying on dense depth esti-
mation.

Most available 3D display systems need 2 views corre-
sponding to the human eye distance to create a depth per-
ception, which is also known as stereo video. However,
more advanced systems use multiple views (e.g. 8 views
that display the same scene from different viewpoints). The
presented algorithm is capable to generate stereo video in
its basic mode, but it is also capable to generate multi-view
video. We will show that the approach is quite suitable for
converting existing 2D video material into multi-view with
higher resolution. To our knowledge it is the first time that
an approach for generation of super-resolution multi-view
video from monocular video is reported.

First, sparse 3D structure and camera parameters are es-
timated with SfM for the monocular video sequence (grey
cameras in Figure 2). Then, for each original camera po-
sition (blue in Figure 2) a corresponding multi-view set is
generated (red in Figure 2). This is done by estimating pla-
nar transformations (homographies) to temporal neighbor-
ing views of the original camera path. Surrounding origi-
nal views are utilized to generate the multiple virtual views
with IBR. Hence, the computational expensive calculation
of dense depth maps is avoided. Moreover, the occlusion
problem is almost nonexistent. Whereas DIBR techniques
always have to inter- or extrapolate disclosed parts of the
images when shifting pixels according to their depth val-
ues, our approach utilizes the information from close views
of the original camera path, i.e. occluded regions become
visible within the sequence.

In the extended mode, the so called super-resolution
mode, the temporal neighboring views are utilized for re-
constructing a virtual stereo frame with the desired resolu-
tion. That means, each pixel in the super-resolution stereo
frame should be located as close to the pixel raster in one
of the neighboring views as possible for pixel warping, i.e.
the effect of low pass filtering caused by bilinear warping
is reduced. Another benefit of this approach is, as will be
shown in Section 4, that motion blur and coding artifacts
can be reduced.

The organization of this paper is as follows: The next
section describes the theoretical background of the RSVS
approach. The super-resolution stereo- and multi-view syn-
thesis is detailed in Section 3. In Section 4 simulation re-
sults are presented. The limitations of our approach are
stated in Section 5. Finally, in Section 6, the paper con-
cludes with a summary and a discussion.

Figure 2. Multi-view synthesis using SfM and
IBR; gray: original camera path, red: virtual
stereo cameras, blue: original camera of a
multi-view camera setup

2. Background

2.1. Camera calibration and sparse 3D
structure estimation using structure
from motion

The general intention of SfM is the estimation of the ex-
ternal and internal camera parameters and the structure of a
3D scene relative to a reference coordinate system. SfM re-
quires a relative movement between a static 3-D scene and
the camera.

An initial step in the reconstruction process is to find
relations between the views in the video sequence. This
geometric relationship, also known as epipolar geometry,
can be estimated with a sufficient number of feature corre-
spondences between the views [15]. Once the images are
related, the camera projection matrices can be calculated
using singular value decomposition [5]. If feature corre-
spondences between the views and projection matrices are
known, sparse 3D scene structure can be estimated with tri-
angulation [4], i.e. for a limited number of points the 3D
coordinates are available as illustrated in Figure 2. For a
final refinement of the estimated parameters, bundle adjust-
ment is often used [20].

Since the performance of the reconstruction is heav-
ily dependent on the initial structure computation, Imre et
al. [6] introduced a prioritized sequential 3D reconstruction
approach for a fast and reliable structure and motion com-
putation.



If the internal calibration parameters are unknown,
which is in general the case for movies and videos captured
with a handheld camera, a self-calibration procedure has to
be carried out. This can either be done via constraints on
the essential matrices as introduced in [12], or by using a
stratified approach from projective to metric reconstruction
as described in [15] and [5].

2.2. Stereo-/multi-view synthesis using IBR

Once 3D structure and camera path are determined, mul-
tiple virtual cameras can be defined for each frame of the
original video sequence as depicted in Figure 2. A blue
camera corresponds to an original image of a video se-
quence and the red cameras represent the multiple virtual
stereoscopic partners. With the principles of IBR [11] pixel
values from temporal neighboring views (grey cameras in
Figure 2) can be projected to their corresponding positions
in the virtual views. Thus, each of the virtual images is just
a rendered version of original images. IBR requires estab-
lishment of homographies H between original and virtual
views and is done as follows (see Figure 3).

The external parameters of the virtual cameras are de-
fined by the desired multi-view setup. In case of a parallel
setup, the rotation matrices of all multiple virtual views are
identical to the rotation matrix of the corresponding original
view, which is estimated by SfM as described before. The
internal parameters are set to be identical as well. Just the
translation vector of each virtual view differs with respect to
the world coordinate system and the virtual camera distance
(see section 2.3 for details on calculation of translation).

Then, the 3D points M obtained by SfM can be projected
into each virtual view as depicted in Figure 2 resulting in
image coordinates mmulti:

mmulti = Pmulti M , (1)

with Pmulti = KR
[
I | C̃multi

]
. K is the internal cali-

bration matrix, R is the rotation matrix which is identical
with the rotation matrix of the corresponding original stereo
view in a parallel camera setup, I is a 3x3 identity matrix
and C̃multi is the position of the camera center in inhomo-
geneous coordinates (see section 2.3). Corresponding 2D
points of original images mi and virtual images mmulti are
approximately related through the homography H between
both views, if the distance (baseline) between the virtual
camera and the original camera is small:

mi = Hi mmulti . (2)

H is a 3x3 matrix and therefore it contains 9 entries, but
is defined only up to scale. Correspondences are available
from the estimated sparse 3D structure, meaning that for a
number of 3D points M the corresponding image positions

Figure 3. Stereo view synthesis using IBR

mi and mmulti are known, the first directly from SfM and
the second by calculation via eq. 1. Thus H can be esti-
mated from eq. 2 with a minimum number of four point
correspondences. In Hartley and Zisserman [5] many ro-
bust and non-linear alternatives with more than four point
correspondences are introduced. Once the homography be-
tween a virtual view to be generated and the closest original
view (see section 2.3) of the video sequence is estimated, all
pixel values of the original image can be projected to their
corresponding locations in the virtual image using eq. 2.
Since these positions do not exactly correspond with the
pixel raster, bilinear interpolation is performed on the pixel
values.

In general, the closest original view does not cover the
whole scene that should be visible with the virtual stereo
camera as depicted in Figure 4b). This is particularly the
case when the orientation of both cameras differs signifi-
cantly. To fill the missing parts of the virtual stereo image,
additional surrounding views (e.g. frame i+1 in Figure 3)
have to be taken into account (see Figure 4c) and 4d)).

2.3. Determine positions of the virtual
views

The virtual parallel camera setup requires definition of
the horizontal distance between the views, the so-called



Figure 4. Padding of pixels with additional frames: a) original left view of the sequence ”Dome”, b)
virtual right view, only rendered with the closest view of the camera path, c) virtual right view using
30 and d) 62 frames of the original sequence.

Figure 5. Multi-view synthesis of the ”Statue” sequence. Middle: original view, left: virtual left views
(tx = -64, -128, -192, and -256 mm), right: virtual right views (tx = 64, 128, 192, and 256 mm)

screen parallax values. Since the estimated camera path
and 3D structure are only defined up to scale, it is not clear
at this stage if the camera is close to a small 3D model or far
away from a huge 3D scenery. The average human eye dis-
tance is known with approximately 64 mm, and the virtual
views shall have the same distance from each other. There-
fore the process requires some initial user interaction. The
first frame of the sequence can be used to define the distance
ts between the camera and the dominant scene in meters.
Without loss of generality, the world coordinate system is
located in the centroid of the sparse 3D point cloud. Thus,
the absolute position of all cameras regarding the world co-
ordinate system can be determined with

Cm
i = ts

Ci

‖C1‖
, (3)

where ‖C1‖ is the vector norm of the first camera. The
position of each corresponding virtual stereo camera is

Cm
i,multi = Cm

i + R−1
i · [±tx 0 0]T , (4)

and the camera projection matrix

Pm
i,multi = KR

[
I | C̃m

i,multi

]
. (5)

tx is the average human eye distance of 64 mm when syn-
thesizing just one stereoscopic view. In the multi-view cam-
era setup, tx is a multiple of 64 mm depending on the num-
ber of desired virtual views (e.g. see Figure 5 for the case
of 8 virtual views).With tx fixed, the screen parallax can be
changed indirectly by setting ts, i.e. decreasing ts increases
the screen parallax.

Once, the positions of the virtual cameras are defined,
the closest original views need to be determined to em-
ploy IBR. Therefore, the Euclidean distances between each
virtual camera and all original cameras are calculated and
sorted in ascending order.

Figure 5 shows 8 virtual views of the handheld sequence
”Statue” generated with the proposed solution and its corre-
sponding original view in the middle.



3. Super-resolution stereo-/multi-view synthe-
sis

The previous section described the fundamental RSVS
approach to convert a monocular video sequence into a
stereo- or multi-view sequence for auto-stereoscopic dis-
plays or multi-user 3D displays. Figure 4 demonstrates that
in general more than one view is needed to set up a virtual
stereo frame. Thus, the additional views can be used to in-
crease the resolution of the stereo frame as well. Spatial im-
age super-resolution is a very intensively studied topic be-
cause it improves the inherent resolution limitation of cap-
tured low resolution images (LR images) [1, 14]. The main
objective is to construct one ore more high resolution (HR)
images by processing several LR images, captured by dif-
ferent cameras or in our case at different points in time. This
can be achieved by estimating the inverse of the observation
model which relates LR images to HR images [14].

3.1. Bilinear warping

Depending on the desired resolution, a virtual super-
resolution stereo frame for each original frame has to be
set up. Without loss of generality we increase the resolution
of the original video sequence with factor 1.5, i.e. an input
video in PAL format (720x576 pixel) results in a 1080x864
pixel stereo output video.

For each pixel in a stereo frame we determine the posi-
tion in surrounding views as described in section 2.2. The
pixel which lies closest to the pixel raster has the best prop-
erties for bilinear warping, since the low pass characteris-
tics, which is always present during bilinear warping, can
be reduced. In Figure 6 an example of this process is given.
Let’s say frame i is the closest original view to the virtual
stereo view, the calculated pixel position is quite far from
the quantized pixel raster, i.e. bilinear interpolation would
increase the low pass effect. In frame i+1 the pixel lies al-
most directly on the pixel raster. Hence, the pixel value is
quite more suitable for warping because of low pass effect
reduction.

3.2. Smoothness constraint for pixel warp-
ing

The previous subsection indicated that the pixel closest
to the pixel raster in one of the surrounding views is most
suitable for pixel warping. This is not always true if the
pixel belongs to a view far from the virtual stereo view,
because the planar transformation errors increase with the
baseline length between the views. To avoid this, we con-
sider a smoothness constraint for pixel warping.

First, we calculate the pixel values in all desired views
(e.g. 8 closest views) with bilinear interpolation. Then we

Figure 6. Super-resolution stereo-/multi-view
synthesis

determine the median of this pixel values with

Imed(x, y) = median
∀i

Ii(x, y), (6)

where I is the color value of the pixel in each frame i. Pixel
values with an absolute deviation from the median higher
than a predefined theshold are removed and not considered
in further processing steps. Finally, for the remaining pix-
els, we take the one which lies closest to the pixel raster for
bilinear warping.

4. Simulation Results

In subsection 4.1 we present some results of our RSVS
approach tested on five TV broadcast videos, as well as
on five sequences captured with a single handheld camera.
Then, in subsection 4.2, we show some results of stereo
images converted from the well known BBC documenta-
tion ”Planet Earth” and, finally, the super-resolution mode
is tested on two sequences captured with a handheld camera
(subsection 4.3). A parallel camera setup was used for all
sequences to generate the desired stereo- and multi-views.
The simulation results show the remarkable performance of
the conversion process.

4.1. Stereo-/multi-view synthesis using
standard RSVS

In Figure 4, the stereo view synthesis for an original left
view of the ”Dome”-sequence generated with 62 frames of
the original sequence is already presented. Figure 5 shows 8
virtual views of the handheld sequence ”Statue” generated



with the proposed solution and its corresponding original
view in the middle.

Table 1. Distance settings and average num-
ber of used frames for rendering a stereo
frame

Sequence Resolution in ts in avg. # of
pixel meters views

TV broadcast
Pyramid 720 x 405 8 2.13

Vase 720 x 405 5 1.69
Cliff 720 x 576 10 3.04
Wall 720 x 576 10 10.50

Canyon 720 x 576 10 14.38

handheld
Medusa 448 x 358 3 14.04
Dome 720 x 576 8 61.24
Facade 720 x 576 6 37.11
Statue 720 x 576 8 53.70
Church 576 x 720 6 8.14

In Table 1, the distance settings and the average number
of used frames to render each stereo view of a sequence
is presented for all test data sets. Due to a linear cam-
era movement with almost no camera rotations, the aver-
age number of frames needed to render the stereo views is
quite low for the TV broadcast sequences ”Pyramid” and
”Vase”, i.e. 2.13 and 1.69, respectively. For the handheld
sequences ”Medusa”, ”Dome”, Statue” and ”Facade”, this
number is relative high because of unsteady camera move-
ment and camera rotations.

4.2. Stereo view synthesis of the BBC doc-
umentation ”Planet Earth”

Figures 7 and 8 show some results for sequences from
the BBC documentation ”Planet Earth” converted with
RSVS. In Figure 7 a red-cyan stereo image pair from the
series ”Ice Worlds” is presented. Figure 8 gives an example
stereo image pair from the series ”Jungles”, respectively.

4.3. Stereo view synthesis using super-
resolution RSVS

Two example figures show the performance of the super-
resolution mode of our approach. In Figure 9, an up-
sampled virtual stereo frame using Lanczos-filtering and a
super-resolution virtual stereo frame (each of size 1080x864

a) Series ”Ice Worlds” [Source: BBC documentation
”Planet Earth”]

b) Series ”Jungles” [Source: BBC documentation ”Planet
Earth”]

Figure 7. Red/cyan anaglyph stereo-image
pairs.

pixels) of the ”Dome”-sequence (original frame size see Ta-
ble 1) are presented. Four close-ups should stress the differ-
ences between both frames. Figure 9c shows some typical
artifacts when dealing with interlaced PAL video and up-
sampling: Sawtooth pattern can be noticed along edges re-
sulting from de-interlacing. Additionally, aliasing artifacts
become more visible in the up-sampled frame, which can be
seen on the top of the right arc in Figure 9c and more clearly
in Figure 9e. In the super-resolution case, these artifacts are
strongly reduced.

In Figure 10, just a super-resolution frame of the
”Statue”-sequence (original frame size see Table 1) is pre-
sented with the same settings. The reduction of the previous
mentioned artifacts is also visible in the super-resolution
frame. Furthermore, it can be seen that super-resolution
has two more advantages than just up-sampling the vir-
tual stereo frame: Ghosting effects resulting from the com-
pression and motion blur caused by very unsteady cam-
era movements are strongly reduced in the super-resolution
case as well (see close-ups in Figure 10).



Figure 8. Super-resolution stereo view synthesis of the ”Dome”-sequence. a) virtual stereo view
up-sampled and b) super-resolution stereo view. c), e), g), i) close-up of the up-sampled and d), f),
h), j) close-up of the super-resolution frame.

Figure 9. Super-resolution stereo view syn-
thesis of the ”Statue”-sequence. a) super-
resolution stereo view. b), d), f) close-up of
the up-sampled and c), e), g) close-up of the
super-resolution stereo frame.

5. Limitations

Nevertheless, this approach has some limitations. The
most important one is that the scene has to be static, i.e.
moving objects within the scene would disturb the depth
perception. Furthermore, there are restrictions on camera

movement. If the camera moves only in a forward- or
backward direction, this approach for virtual view synthe-
sis fails. The case of a camera movement in up- and down
direction can be handled by transposing the frames by 90
degrees. A final limitation is that a larger screen parallax
increases the divergence between the camera path and the
position of the virtual views as depicted in Figure 2 on the
bottom left. Hence, a planar transformation might not be
valid any longer. To overcome this problem, a reduction of
the stereo effect in such parts of the sequence should be car-
ried out, i.e. the baseline between stereoscopic views must
be decreased smoothly.

6. Summary and conclusions

This paper presented a new approach for generation of
super-resolution stereo and multi-view video from monoc-
ular video, i.e. we extended our previous work on RSVS
with a super-resolution mode. To our knowledge it was
the first time that generation of super-resolution multi-view
video from monocular video was addressed. Thus, the al-
gorithm is suitable for offline content creation for conven-
tional and advanced 3D display systems with minimum user
assistance.

The main advantage of this approach over available
DIBR algorithms is that planar transformations are utilized
to generate the virtual views from original views, i.e. a
computational expensive and error prone dense depth esti-
mation is not needed. Furthermore, the occlusion problem,



which is always present in dense depth estimation, does al-
most not exist. Another advantage is that photo realism is
achieved without additional operations, since the photomet-
ric properties of a scene are determined entirely by the orig-
inal frames of the reference sequence. Particularly, super-
resolution photo realism with DIBR is not achievable.

The RSVS algorithm was tested first on five TV broad-
cast sequences and five sequences captured with a single
handheld camera. Then, we demonstrated the performance
of RSVS on several sequences of the BBC documentation
”Planet Earth”. Finally, super-resolution RSVS was carried
out on two of the test-sequences (”Dome” and ”Statue”)
with a remarkable performance. Here, de-interlacing-,
aliasing-, ghosting- and blurring artifacts were reduced sig-
nificantly.

Despite the restrictions mentioned in the previous sec-
tion, the presented algorithm is highly attractive as a tool
for user-assisted 2D-3D conversion and 3D production sys-
tems. High quality conversion and production is still done
using semi-automatic software systems. Here, the presented
algorithm may help reducing the manual workload.

Future works will focus on subjective quality tests to
compare the results with DIBR and with stereoscopic se-
quences captured with a stereo camera rig.
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