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Abstract

This paper presents a novel technique to fill in missing
background and moving foreground of a video captured by
a static or moving camera. Different from previous efforts
which are typically based on processing in the 3D data vol-
ume, we slice the volume along the motion manifold of the
moving object, and therefore reduce the search space from
3D to 2D, while still preserve the spatial and temporal co-
herence. In addition to the computational efficiency, based
on geometric video analysis, the proposed approach is also
able to handle real videos under perspective distortion, as
well as common camera motions, such as panning, tilting,
and zooming. The experimental results demonstrate that
our algorithm performs comparably to 3D search based
methods, and however extends the current state-of-the-art
repairing techniques to videos with projective effects, as
well as illumination changes.

1 Introduction

The problem of video completion is critical to many ap-
plications, such as video repairing, movie postproduction
and video editing. The goal is to reconstruct the missing
pixels in the holes created by damage to the video or re-
moval of selected objects. The key issues in video com-
pletion are to keep the spatial-temporal coherence, and the
faithful inference of pixels.

Many techniques have been proposed on the video com-
pletion problem. Bertalmo ez. al. [1] proposed a frame-
by-frame PDEs based approach, which extended image in-
painting techniques to video sequences. Wexler et. al. [12]
have proposed a space-time volume based method, in which
they treated video completion as a global optimization prob-
lem, and enforced global spatio-temporal coherence by a
well-defined objective function. An extension of this work
was proposed in et. al. [6], in which tracking and fragment
merging are used to reduce search space and enhance com-
pletion results. Patwardhan et. al. [9] extended the image

inpainting techniques in [3] to video inpainting by copy-
ing the spatial patch in known area to holes in the back-
ground/foreground frame by frame. Jia et. al. [5] have pro-
posed an approach to repair videos with periodically mov-
ing object under static/moving camera. A motion layers
approach, which is working on moving rigid objects, has
also been reported by Zhang et. al. [14]. Another interest-
ing work on video stabilization and video completion using
motion inpainting was presented in [8].

In this paper, we propose a novel approach to reconstruct
missing static background and moving foreground pixels in
video sequences, where the camera can be either stationary
or moving. We slice the space-time volume of a video along
the motion manifolds of objects. Then the missing pixels
are recovered on the slices such that the spatial and temporal
coherence are maintained. The repaired slices are finally
combined to construct the repaired video.

The main contributions of this paper are: (1) Different
from previous frame-by-frame [1, 5, 14] and 3D-volume
based [12] methods, our method is based on the motion
manifold of the video volume, which offers a good repre-
sentation of temporal coherence information and periodic
characteristics of motion, thus providing a novel way to
solve the temporal coherence problem and to give a faithful
prediction of motion. Compared with the 3D-volume based
approaches, our approach has 2D search space, while pre-
serving spatial and temporal coherence of the video. (2) Our
approach is able to handle more general video sequences
with high resolution, such as non-rigid motion of objects
under perspective distortion, nontrivial camera motion, and
variable global illumination.

The rest of this paper is organized as follows. The details
of our approach are described in Section 2. Experimental
results are presented in Section 3, followed by summary and
conclusion in Section 4.

2 Video completion Using Motion Manifold

Spatial and temporal coherence are critical in video com-
pletion problem. If we treat a video sequence as a space-
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(a) Original volume (c) Warped volume

(a) Original manifold (d) Warped manifold

Figure 1. Volume warping under moving cam-
era. After warping, the backgrounds in all
frames are aligned to the temporal axis.

time 3D volume, the goal of keeping temporal coherence
becomes equivalent to preserving the smoothness of space-
time motion trajectories of pixels. In [12] a volume based
approach is proposed to achieve this goal. However, the
search in large space-time space is extremely computational
expensive. Here we propose to construct manifolds (Figure
1 (c)) of the space-time volume, named as motion mani-
folds, on which the entire trajectory of a pixel is projected to
a 2D curve, thus reducing the search space from 3D to 2D.
By enforcing spatial and temporal coherence constraints in
the propagation, we can restore a visually realistic video se-
quence with no or acceptable visual artifacts. The procedure
of our method is described in the following.

2.1 Volume warping

This step is required only for moving camera. We only
consider a subclass of camera motion, when the camera
center is fixed (e.g., purely rotating, and zooming camera).
These special camera motions are particularly of interest
due to their ubiquity in video shots of various sources such
as movie and television industry. As is well-known un-
der PTZ camera motion the correspondences between two
video frames are defined by a homography that can be read-
ily computed by a set of correspondences. Given the ho-
mography H; from frame f; to the first frame fj,, we warp
each frame to fy and generate a warped spatial-temporal
volume V', which is equivalent to the case of static camera(
See Fig. 1). A multi-layer scheme proposed in [5] can also
be adapted here to get better correspondence.

2.2 Separate foreground and background

We use a coarse-to-fine technique to segment the fore-
ground from the background. First, a coarse boundary of

(a) Original volume

(a) Original volume

Figure 2. Rectification of foreground volume
based on the detected vanishing point.

the foreground in the first frame is offered by user, and then
tracked by the Mean-Shift tracker [2]. Here the boundary
need not to be very accurate but should cover all foreground
pixels. After removing the foreground and possibly also
some background pixels, we use the technique described in
Section 2.4 to repair the background. For each pixel (z,y)
in the field of view, we use an adaptive multi-modal back-
ground subtraction method [10] to model the pixel color as
a mixture of Gaussians and detect the foreground objects.

2.3 Repairing moving foreground

Extracting motion manifolds for object is difficult for ar-
bitrary motions. Here we concentrate on the two common
motions in reality, pure translation of rigid objects and peri-
odic motion of rigid and non-rigid objects.

In this stage, the damaged moving foreground is repaired
by a two-phase motion volume repairing scheme:

(1) Foreground volume rectification. The goal of this
phase is to normalize the foreground volume such that the
global trajectory of motion is parallel to the X-T plane. This
is required when the trajectory is not parallel to X dimen-
sion, or when the scaling of the object also changes during
the motion. We use an example in which a person is walk-
ing from far to near (see Fig. 2 (a)). In the mosaic gener-
ated from the segmented foreground, we pick up the loca-
tions {po, p1,. . ., pn} of the same point P on the object in
frames {¢t,t + T, -- ,t + n - T}, where T is the period of
the motion cycle and at time ¢ the two legs of the person are
folded together. Here we pick up two sets of such points Sy
: Sy = {p/'}7 on the head and Sp: Sp = {p/}7 on feet,
such that the lines connected by plf and pf, i=0,...,n,
are vertical to the ground plane in the world (see Fig. 2 (a)
and (b)). To detect Sir and S, we adapt the Eigen analysis
scheme described in [7]. Sy and Sg are then used to com-
pute the vanishing points along walking and vertical direc-
tions. Given these vanishing points, we can rectify the mo-
saic by applying affine and metric rectification [4] in order.
The resulted transformation matrix Hec¢ is then applied to
each frame to get a rectified volume. After the rectification,
the X-T slices in the rectified volume is equivalent to the
motion manifold of the original video.
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(a) Damaged foreground. (b) Repaired foreground
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(d) Repaired background
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(c) Damaged background.

Figure 3. Temporal texture propagation.

(2) Motion pattern propagation. We extend the struc-
ture propagation method [11] to the motion manifold by
defining a new energy function for minimization, which en-
forces spatial-temporal coherence in the propagation.

Obtaining propagation paths. The curves parallel to
the trajectory of global motion of the object are used as
propagation path. On the motion manifold (X-T slice), the
trajectory is obtained automatically by applying curve fit-
ting to all foreground points. The red curves in Fig. 3 (a)
and (c) are propagation paths.

Texture propagation as global optimization. Given
the propagation path L, we first generate a set of M an-
chor points {p;}}, along L in the unknown region, and
then sample a set of patches P = {P (i)}, along L in the
known region such that the distance from the centroid of
these patches to L is less than 5 pixels. Similar to structure
propagationin [11], the temporal texture propagation is re-
garded as an optimal graph labelling problem, and dynamic
programming technique is used to solve the optimization
problem. For a labelling Y = {y;},, i.e., copying P(y;)
to p;, the energy function is defined as a spatial-temporal
coherence error function E(Y') :

M M
E(Y)=)" El(yi>yj)"’Z(O"ET(P(yi))+ES(P(yi)))

ij=1
(D
where y;,y; € P, ais a constant and

Ei(yi,y;) = SSD(Overlap(P(y:), P(y;))), ()

Ep(P(y:)) = SSD(Overlap(P(y:),Q)), 3

The temporal coherence error E(y;,y;) contributed by
overlapping patches P(y;) and P(y;) is defined as the nor-
malized SSD between overlapped regions of P(y;) and
P(y;). The temporal coherence error Er(P(y;)) intro-
duced by P(y;) is defined as the normalized SSD between
overlapped regions of P(y;) and the known area Q.

The spatial characteristics of pixels p = (z,y,t) can
be represented by (%, %—1;) and (%ig , %%’), where P is

a spatial-temporal patch. Therefore the spatial coherence

error Es(P(y;)) caused by labelling y; is defined as:

Es(P(y:)) = By - SSD(25ws) 28 i)

2 - SSD(PHL, g

o2 . 2/,
+03s - SSD(d 61;6(22;1)7 3 gz(zyz))

+0s - SSD(Zp, TE), )
where (3; _ 4 are constants and P’(y; ) is obtained by copying
P(y;) to the anchor point p(y;).

The video completion is strongly guided by propagation
paths, and the search space here is limited to a narrow area
on the 2-D slice along L, therefore is greatly reduced com-
pared with 3-D search space in [12].

After the holes in the rectified volume are filled-in, we
need to post-warp it back to the original volume, which is
an inverse process of the rectification.

2.4 Repairing background

The static background is a simplified case of moving ob-
ject, in which the whole background is treated as a single
object with no motion. Therefore, the same technique ap-
plied on foreground can also be used in static background,
though the volume rectification is not required and the prop-
agation paths are straight lines along temporal dimension(
See Fig. 3 (¢) and (d)).For severely damaged videos, some
unfilled holes may exist in the same location of all frames
after the previous processing. In this case, image inpainting
technique in [3] is used to fill holes in the first frame and
then the filled-in pixels are copied to all other frames.

The advantage of our background repairing method is:
when the global illumination is changing periodically or the
background has minor periodic motion, the layered mosaic
based method [5] and motion layer based method [14] may
fail, since they are unable to restore these changes of pixels
by a copy-and-paste manner from one frame to all others.
Our approach works very well in these cases since we also
propagate the patterns of background changes to the un-
known area. Fig. 4 shows an example of periodically chang-
ing illumination. The lighting condition inside the door is
changing periodically, and the walking person is removed.

3 Results

The supplemental videos we submitted show the results
of video completion in three cases. Fig. 5 shows the result
on Walking-Across sequence, where the camera is panning
and we want to remove the person closer to the camera. The
video volume is warped first such that the motion of back-
ground is parallel to temporal dimension. Then the dam-
aged video is separated into foreground and background
volumes, which are then repaired individually and finally
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Figure 4. Repairing non-static background.
First row: frames from input video, in which
lighting condition is changing. Second row:
result of removing walking person.

Figure 5. Video completion under camera
motion. First row: frames from original video.
Second row: repaired video with the closer
person removed.

combined together. In the second column of Fig. 5, the per-
son to repair is totally occluded, but well recovered in our
result. Fig. 6 shows the result on Perspective-Distortion se-
quence, in which the occluded person is walking from far to
near, which causes perspective distortion. The foreground
volume is first extracted and then rectified. We then repair
the holes in the rectified foreground volume and then warp
it back, and finally combine it with the repaired background
volume. Fig. 4 shows the result of Changing-Illumination
sequence. The person walking through the door is removed,
and the occluded ceiling, which is under changing global
illumination caused by the fan, is repaired. These results
show that our method works very well in the case of moving
camera, projective effect and changing global illumination.

4 Summary and conclusion

In this paper, we propose a novel method for complet-
ing damaged videos. Our method works well for station-
ary and P-T-Z camera. Spatial and temporal coherence, as
well as periodic motion patterns, are well maintained in the
completed video. Our method can repair video with projec-
tive distortion of moving foreground, non-static background
with period change of global illumination. In the future, we
plan to extend our approach to some more general camera
and foreground motion.
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Figure 6. Video completion with perspective

distortion.

First row: frames from original

video. Second row: repaired video with the
closer person removed.
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