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Wide field of view panoramic videos have recently become popular due to the availability of high resolution
displays. These panoramic videos are generated by stitching video frames captured from a panoramic video
acquisition system, typically comprising ofmultiple video cameras arranged on a static ormobile platform. Amo-
bile panoramic video acquisition system may suffer from global mechanical vibrations as well as independent
inter-camera vibrations resulting in a jittery panoramic video. While existing stabilization schemes generally
tackle single-camera vibrations, they do not account for these inter-camera vibrations. In this paper, we propose
a video stabilization technique for multi-camera panoramic videos under the consideration that independent jit-
ter may be exhibited by content of each camera. The proposed method comprises of three steps; the first step
removes the global jitter in the video by estimating collective motion and subsequently removing the high fre-
quency component from it. The second step removes the independent i.e. local jitter of each camera by estimating
motion of each camera content separately. Pixels that are located in the overlapping regions of panoramic video
are contributed by neighboring cameras, therefore, the estimated camera motion for these pixels is weighted
using the blend masks generated by the stitching process. The final step applies local geometric warping to the
stitched frames and removes any residual jitter induced due to parallax. Experimental results prove that
proposed scheme performs better than existing panoramic stabilization schemes.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Multimedia technology has seen a rapid evolution in recent years in
terms of both quality and quantity of the information delivered through
multimedia displays. Wide Field of View (FOV) panoramic images and
videos provide ultra-high definition content that when displayed on
large high definition displays, provide an immersive experience to the
viewers. Panoramic videos are generated either by using fish-eye lens
or by stitching together synchronized video frames coming frommulti-
ple cameras arranged on a rig [1,2]. The use of stitching-based panorama
generation and display systems once limited to geological surveys and
surveillance applications [3] has already been extended for entertain-
ment purposes [4–6]. With decreasing cost of commodity cameras,
this trend is expected to be more ubiquitous [7] in the entertainment
industry, closely followed by household consumer market in the future.
Thus, instead of static panorama acquisition systems [3] that arrange
closely coupled sensors in a dedicated closed unit [2], affordable
panoramic acquisition systems are emerging that employ commodity
cameras mounted on a platform. When set on a mobile platform, such
a panoramic video acquisition system may suffer from mechanical vi-
brations that are global to the camera rig or independent to a particular

constituent camera. The global vibrations appear as global jitter in the
panoramic video frames while the inter-camera vibrations result in jitter
in the spatial region of panoramic video contributed by the particular af-
fected cameras. This results in an unpleasant experience for viewers. This
is illustrated conceptually in Fig. 1 which shows a single frame of a pano-
ramic video (‘Man video’) that was formed by stitching frames acquired
using three cameras. Please refer to the accompanying video to watch
this panorama sequence. The tail of the arrows in Fig. 1 represents the lo-
cation of a few salient features tracked usingKanade–Lucas–Tomasi (KLT)
feature tracker [8,9]. The yellow, red and green vectors represent the di-
rection of motion of these features at a particular instance in time and
are color coded to signify the independent direction ofmotion for the con-
tents captured from camera 1, camera 2 and camera 3 respectively. Fig. 1
illustrates an example where camera 3 is experiencing a different vibra-
tion andhence itsmotion vectors (green) appear tohave adifferent direc-
tion as compared to camera 1 and camera 2. In the panoramic video (Man
video), this effect appears as jitter in the regionof panoramic video frames
that is contributed by camera 3. Since this jitter appears in a sub-section of
panoramic frame,we term it as sub-frame jitter. The ‘Manvideo’demon-
strates this effect for an actual setup and thus supports ourmotivation for
the requirement of a stabilizing scheme particularly aimed at panoramic
videos.

The problemof single camera video stabilization has been extensive-
ly researched and has reached a certain level of maturity [10–14].
However, for stabilization of panoramic videos captured from multi-
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camera platforms, little work has been reported. Furthermore, the
existing schemes for such systems [15,16] do not account for the
inter-camera vibrations experienced in mobile platforms. In this
paper, we treat stabilization of panoramic multi-camera videos as a
distinct problem from that of a single camera video. We achieve this
by classifying the effects of these vibrations as global, sub-frame and
local jitter, and by proposing a method to deal with each one of these
in a systematic fashion. In summary, global stabilization is achieved by
estimating 2D motion models using the tracked feature trajectories
over the complete panoramic frame. Sub-frame stabilization is achieved
by making use of the information available in the blend masks that are
generated by the stitching application [1]. Blendmasks are the intensity
weights that are used to blend together the images acquired from
multiple cameras to generate a seamless panorama. Finally, the local
stabilization tackles the residual jitter that might appear in parts of the
panoramic scene in the video due to differences in the scene depth. To
the best of our knowledge, this is the first scheme that acknowledges
that panoramic videos need to be stabilized temporally as a sequence
of stitched frames, as well as spatially to handle the sub-frame jitter.

This paper is organized as follows. In Section 2,we provide a brief ac-
count of predominant approaches for video stabilization. In Section 3,
we provide the necessary background for panoramic video stitching
process followed by a description of the proposed stabilization scheme.
In Section 4, we discuss the comparison of the results of the proposed
scheme with that of two recent stabilization schemes [14,15] for a
number of videos. Finally in Section 5, we present our conclusion.

2. Literature review

Single camera video stabilization problem has been thoroughly ad-
dressed in previous works over the last decade. Most video stabilization
methods comprise of three main steps: Estimating a 2D motion model
between subsequent video frames, computing a smooth motion
model that removes theunpleasant jitter andfinally applying stabilizing
geometric transforms to the video frames [11,12,14,17–29]. These
methods differ in their approach of 2D motion model estimation
which mostly relies on tracking the position of a certain number of
features among adjacent video frames or correlating similar regions in
subsequent video frames to estimate the motion vectors. Kanade–
Lucas–Tomasi tracker (KLT) is one such popularmethod for tracking sa-
lient features in a video sequence [8,9,30]. The information from the
tracking is then used to estimate a 2D motion model for the video.
Such 2D motion models depend on the behavior of majority content
in the scene and hence fail to accurately model scenes with large
moving objects or significant parallax. For most single camera videos,
this limitation does not pose a serious problem but for wide angle pan-
oramic videos, there are almost always significant variations in the
scene in terms of scene depth andmoving content. Another class of sta-
bilization algorithms are based on constructing a 3D [10] model of the
scene and camera motion using Structure-From-Motion (SFM) method
[31]. Such methods then perform video reconstruction on an estimated
low frequency 3D camera path. A relatively recently proposed subspace

video stabilization approach [13] tracks feature point trajectories and
restricts them to a low-dimensional subspace. Feature trajectories cor-
responding to moving objects are discarded and corresponding smooth
trajectories are computed for the remaining feature trajectories. Instead
of estimating global geometric transforms as in the previous schemes,
Liu et al. use content preservingwarping [32]. Both original and smooth
feature trajectories are used as handles in order to cater for the local na-
ture of parallax induced jitter. Liu et al. demonstrated greater robustness
than SFM-based schemes while handling parallaxmore effectively than
2D video stabilization.

Certain schemes for stabilization of multi-camera camera systems
have also been proposed. In [15] Haq et al. propose an efficient stabiliza-
tion system for panoramic video acquisition. It extracts the vibration pa-
rameters from the output of one of the cameras and extends it to the
output of other cameras based on the assumption that all the cameras
have the same optical center and the cameras are mutually static.
However, as evident from Fig. 1 this may not be true for a number of
cases. In [16] Kamali et al. discuss a scheme for stabilization of spherical
videos captured by the Ladybug omnidirectional image acquisition
system [2]. It makes use of SFM for modeling spherical scene content.
Parameters of camera motion model are then smoothed separately
and a new smooth camera path is computed. Stabilized frames are ren-
dered by using a technique similar to content preserving warps [32].
Thismethod however, treats each panoramic frame of the video as a sin-
gle video frame and assumes no individual motion exhibited by each
camera. For a large panoramic video acquisition platform (Fig. 2),
enforcing such a constraint may not be feasible. Nevertheless, for a
wide angle, high resolution panoramic video, computing a 3D model
shall involve complex modeling of multiple cameras for SFM and shall
be a difficult task to accomplish. To summarize, neither the single cam-
era stabilization schemes nor the ones that are aimed at panoramic
videos particularly account for the effects caused due to inter-camera
vibrations.

3. Proposed methodology

In this section we present a brief overview of panoramic video
generation followed by a detailed description of the proposed video sta-
bilization technique.

3.1. Panoramic video generation

A panoramic video acquisition system consists of a number of
cameras mounted on a platform in such a way that the collective view-
ing angle of the platform is larger than that of a single camera. These
cameras are placed and directed in such a way that the view of each
camera partially overlaps with the view of at least one other camera.
To minimize parallax, an attempt is made to align the optical centers
of the cameras either by placing them carefully in a circular array or
by using a conical reflectingmirror rig [6]. Furthermore, the overlapping
region may also be minimized to limit the visual effects of parallax to a

Fig. 1. Stitched frame froma three camera panoramic video. The base of the arrows corresponds to a fewsalient features in the scene. The yellow, red and green lines illustrate themotion of
the tracked features extracted from camera 1, camera 2 and camera 3 respectively at a particular time instance. The figure illustrates that content captured from different cameras may
exhibit different motion. This motion is because of the independent motion of each camera and not because of moving objects.
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