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Multicamera Joint Video Synopsis
Jianqing Zhu, Shengcai Liao, Senior Member, IEEE, and Stan Z. Li, Fellow, IEEE

Abstract— Due to an increasing demand for video surveillance,
there is an explosive growth of surveillance videos, which causes a
big challenge in video storage, browsing, and retrieval. The video
synopsis technique is thus developed to extract and rearrange
the moving objects so as to handle the massive video brows-
ing challenge. However, the traditional video synopsis (TVS)
method only considers the processing videos captured by a
single camera, ignoring object interactions in multicamera videos.
To address this issue, we propose a novel multicamera joint video
synopsis (JVS) algorithm for multicamera surveillance videos.
First, a key time stamp (KTS) selection method is designed to
find an object’s appearing, merging, splitting, and disappearing
moments in the frame sequence, called tube, of that object.
Second, tubes are rearranged by minimizing a global energy
function that involves the overall camera views. Compared with
the energy function used in TVS, the proposed global energy
function considers the chronological orders of tubes not only in
the same camera view but also among different camera views.
Moreover, the chronological disorder cost term is formulated
based on the KTS labels, and improved by considering the visual
similarity between two tubes. Finally, the multicamera synopsis
videos are separately generated by stitching together the globally
rearranged tubes and background images of the same camera
view. Extensive experiments show that the proposed JVS method
is better than the traditional single-camera video synopsis method
in preserving the chronological orders of moving objects among
multicamera synopsis videos.

Index Terms— Camera network, joint video synopsis (JVS),
video surveillance.

I. INTRODUCTION

NOWADAYS, a large amount of surveillance cameras have
been installed around the world. The surveillance videos

captured by these cameras contain a lot of redundant infor-
mation, which incurs formidable challenges to video storage,
browsing, and retrieval. In order to solve these challenges,
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several methods, such as the video fast forward [1],
video skimming [2], video abstraction [3], video mon-
tage [4], video summarization [5]–[7], video synopsis [8]–[11],
and video condensation [12] methods, have been proposed.

Among the aforementioned solutions, the video summariza-
tion and video synopsis methods are the most popular ones to
produce a short video representation. Note that, their ideas
are quite different. The video summarization method selects
several key frames to construct the short video representation.
These key frames can be selected according to some impor-
tant criteria, but generally this selection mechanism cannot
include all moving objects. In contrast, the video synopsis
method first separates the input video into moving objects
and background images. The moving objects are rearranged
in temporal domain, so that the moving objects that appear
sequentially in the input video can appear simultaneously
in the short video representation. After that, the rearranged
objects and background images are stitched together to form
a synopsis video. Compared with the video summarization
method, the video synopsis method is able to combine the
moving objects in different periods to further condense the
input video; therefore, it is able to achieve a high condensation
ratio defined as the ratio between the frame number of the
original video and the frame number of the shortened video.

Most of the traditional video synopsis (TVS) approaches
concentrate on processing videos captured by a single camera.
However, the view scope of one camera is limited. In practice,
people usually combine several surveillance cameras as a cam-
era network to monitor a wider area. However, checking the
overall activity of a moving object across the areas monitored
by several cameras is very tough.

A straightforward solution is to use the TVS method [8]
to deal with input videos captured under different camera
views independently, and then examine the synopsis videos
one by one. In practice, even a synopsis video with a short
duration contains many objects. In this situation, users usually
encounter a predicament that they cannot remember whether
a target has been seen in those synopsis videos that have
been checked. Thus, the users naturally want to browse some
synopsis videos at the same time. However, the synopsis
videos produced by TVS methods may be very confusing
when they are browsed simultaneously. This is because the
multicamera videos are processed one by one, which does
not consider the chronological orders of tubes extracted from
different camera views. Fig. 1 shows a simple diagram to
illustrate a chronological disorder situation. In this paper,
a novel multicamera joint video synopsis (JVS) algorithm
is proposed to produce the synopsis videos for a camera
network. The proposed method mainly consists of three stages
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Fig. 1. (a) Person crosses the camera network and its chronological order
is cam1→cam2→cam3. (b) Three input videos are browsed simultaneously.
(c) Three synopsis videos are browsed simultaneously; however, the person
is first seen in cam2, which violates the original order.

Fig. 2. Multicamera joint video synopsis framework.

and its framework is shown in Fig. 2. In the first stage,
the tubes and background images are independently extracted
from videos captured under different camera views. A key
time stamp (KTS) selection method is further designed to find
every object’s appearing, merging, splitting, and disappearing
moments in a tube, where KTSs are important for holding the
chronological orders among tubes. In the second stage, tubes
are jointly rearranged by minimizing a global energy function
that involves the overall camera views. In the third stage, the
rearranged tubes and background images of each camera view
are stitched to generate the corresponding synopsis video.

The main contributions of this paper are summarized as
follows. A novel global energy function is proposed for the
joint tube rearrangement by considering the chronological
orders of tubes not only in the same camera view, but also
among different camera views. Moreover, a KTS selection
method is designed to find important moments in a tube, such
as objects’ appearing, merging, splitting, and disappearing
moments. Based on the KTS, the chronological disorder cost
term is designed and incorporated into the energy function.

The rest of this paper is organized as follows. Section II
outlines some related works. Section III introduces the details
of a multicamera JVS algorithm. Section IV presents the
experimental results. Section V concludes this paper.

II. RELATED WORK

There are several methods using an entire frame as a
processing unit, such as the fast forwarding [1], video skim-
ming [2], and video abstraction [3], [5] methods. The fast

forwarding [1] and video skimming [2] methods are the
simplest methods for fast video browsing. In those methods,
a video is fast browsed by skipping several frames between
selected frames. However, skipping frames may lose not only
the dynamic effect of original videos but also video contents.
For that, adaptive skipping methods [13], [14] are proposed,
which skip frames only in lower activity periods, while
keeping frames in higher activity periods. A survey of fast
video browsing is presented in [15]. Alternatively, the video
abstraction [3], [5] method uses key frames as a representation
of the original video. However, this key frame-based method
does not reserve all motion information. Because the key
frames are selected arbitrarily or according to some criteria,
the representation video may not keep all slices of an object’s
trajectory. A survey of video abstraction is given in [16].
Overall, the processing unit in these methods is an entire
frame, which means that they only condense original videos in
the temporal domain, but neglect redundancies in the spatial
domain. Therefore, they cannot achieve a high condensation
ratio.

By taking the visually informative space-time portion as
the processing unit, the space-time video montage [4] method
analyzes both the spatial and temporal information distribution
of an original video. It packs all these portions together
to maximize the visual information of a condensed video.
However, there are obvious seams in a condensed video, which
deteriorate its visual effect. A ribbon carving-based video
condensation is proposed in [17]. In [17], the processing unit
is a ribbon, which can be regarded as a flexible frame without
activity. This method removes the ribbons until there is no
ribbon in an original video. However, it may fail when adjacent
moving objects having different speeds and directions.

As a tube-based approach, the video synopsis [8]–[10]
method is able to condense an original video in both temporal
and spatial domains. In the video synopsis method, tube is
a frame sequence of a moving object. The advantages of
video synopsis are: 1) keeping a high condensation ratio and
2) keeping the dynamic effect of the original video. The
video synopsis procedure mainly includes an online phase
and a response phase. The online phase is first performed to
record background images and extract tubes from an original
video using foreground segmentation and tracking algorithms.
In the response phase, an energy function is minimized to
determine the display time of moving objects (tube rearrange-
ment) in a synopsis video and a time-lapse background video
is constructed, and then the objects are stitched into the
selected background images to generate a synopsis video.
Following this video synopsis framework, several improved
methods [11], [18], [19] have been proposed. These methods
achieved some improvements with respect to speed or the
tube rearrangement effect. Feng et al. [12] proposed an online
content-aware video condensation method that can process
input videos and condensed videos simultaneously. Moreover,
it is able to condense video with less memory and higher speed
than the original video synopsis method.

In addition to the aforementioned methods that are for
single input video, there are also several methods proposed
for multiple input videos. Given a main video and multiple
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supplementary videos, the VideoM [20] method automatically
constructs a synthesized multivideo synopsis by integrating
the supplementary videos into the most suitable space-time
portions within the main video. This requires that the res-
olution of supplementary videos is much smaller than the
main video and the durations of supplementary videos are
much shorter than that of the main video. However, these
requirements may not be entirely satisfied in videos captured
by a camera network. Moreover, the VideoM method does not
consider the chronological orders of the supplementary videos,
thus it may cause the chronological disorders of moving
objects among different supplementary videos. The multiview
video summarization [21] algorithm constructs a representative
spatial-temporal shot graph to summarize multiview videos.
In the spatial-temporal shot graph, each node represents a shot
and its value is the shot importance. Each edge connects a
pair of nodes with their correlation, which is evaluated by
shots’ similarity. However, similar to the key frame-based
methods [3], [5], the process unit of this method is also an
entire frame, which cannot keep all motion information and
has lower condensation ratio than the tube-based methods.

Zhu et al. [22] proposed a multivideo synopsis method
for partially overlapping camera networks. In this method,
the extracted multicamera tubes are concatenated, and the
extracted multicamera background frames are also concate-
nated, so as to stitch into a whole multicamera synopsis
video. This kind of concatenation has two drawbacks. First,
it requires partially overlapping views for continuous tube
extraction. Second, it is not flexible to support the users to
browse different combinations of multicamera videos.

To solve these problems, a novel multicamera JVS frame-
work is proposed in this paper. As shown in Fig. 2, our
method jointly rearranges the multicamera tubes, but stitch
synopsis videos for each view independently. After the jointly
video synopsis procedure, users can browse the multicamera
synopsis videos simultaneously. Compared with the method
in [22], our method has less computational complexity since
it does not need a complex tracking algorithm to concatenate
tubes. Moreover, our method is suitable for both partially
overlapping and nonoverlapping camera networks.

III. MULTICAMERA JOINT VIDEO SYNOPSIS

A. Tube Extraction

Since a tube is a frame sequence of the same moving
object, its extraction includes two tasks: 1) moving object
segmentation and 2) object tracking. To segment moving
objects, the scale invariant local ternary pattern (SILTP) [23]
feature-based background subtraction is applied. This method
can achieve good subtraction effects in complex scenes. Its
processing speed is comparable with the mixture of Gaussian
approach [24], which is a real-time background modeling
algorithm. The details of the SILTP method are given in [23].

Once the moving objects have been segmented, the sticky
tracking algorithm [12] is applied to connect the same object
appearing in different frames. The sticky tracking algorithm is
able to reduce the blinking effect [12] in a synopsis video,
thus producing a better visual effect. It is based on the

Fig. 3. Diagram of the sticky tracking algorithm. In this case, both
objects 1 and 2 at frame t − 1 are close to blob 1 at frame t , so that they are
merged into one object list. Then, blob 1 at frame t is the nearest blob to the
merged object list 1, thus it is added to the tail of the merged object list.

following idea: if occlusions happen to two or more objects,
they will be merged into one tube. As shown in Fig. 3, the
sticky tracking algorithm includes two operations.

1) To merge multiple tracking object lists into one object
list once those objects are close to the same blob in the
current frame.

2) To assign new blobs of the current frame to the tracked
objects.

Specifically, the distances between one coming blob and all
tracked objects are calculated; if the nearest distance is less
than θ , then assign the blob to the nearest tracked object.
It can be found that the second operation is similar to tradi-
tional association-based multiobject tracking methods, while
the first operation is particularly designed for the sticky
tracking strategy.

B. Background Generation

We use a straightforward background generation method
to produce the background images. In our method, each
background image is produced by averaging frames in a fixed
time interval. To exclude foreground pixels, the input frames
are first subtracted by foreground regions detected through
the SILTP method. Then, the subtracted frames are averaged
to produce a background image. Given a reasonable interval
(3000 frames in our experiments, which corresponds to 100 s
for 30-frames/s videos), it is able to produce a background
video with a natural visual effect.

C. Key Time Stamp Selection

Fig. 4 shows a typical tracking result by the sticky tracking
algorithm. The woman appears at frame #0 and the man
appears at frame #97. After then, the woman and the man
are gradually close to each other. Since the distance between
them is not smaller than the threshold θ until frame #178,
they are tracked as two objects during this period (surrounded
with bounding boxes of different colors). At frame #178, the
women and the man are segmented as one object, therefore,
they are merged in one tube by the merging operation shown
in Fig. 3. Afterward, the woman and the man are tracked as
one tube (surrounded with bounding boxes of the same color).
In summary, from Fig. 4, we can find that one tube generated
by the sticky tracking algorithm may include multiple mov-
ing objects, of which the chronological orders are naturally
preserved within the tube.

Although the sticky tracking method is able to keep several
objects’ chronological orders within one tube, the start time
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Fig. 4. Tube generated by the sticky tracking algorithm is divided into several tracklets.

and end time of each object are not specified. For example, the
woman and the man in Fig. 4 are extracted in the same tube
by the sticky tracking method and the time interval of this tube
is [#0, #362]; however, the actual time intervals of the woman
and the man are [#0, #308] and [#97, #362], respectively.
In order to compare the chronological orders of two tubes
more precisely, we should find more specific time stamps in
a tube produced by the sticky tracking method. Therefore, we
propose a KTS selection method to find KTSs in a tube.

Here, four types of KTSs, start, merging, splitting, and
end, are defined. A start time stamp is the moment of an
object appearing. A merging time stamp is the moment when
multiple objects get close to each other for the first time.
A splitting time stamp is the moment of multiple objects just
being separated. An end time stamp is the moment of an
object disappearing. In summary, the four KTSs are identified
as follows.

1) Start Time Stamp: The first frame of an object being seen
is set as the star t time stamp that is recorded before the
merging operation in the sticky tracking method.

2) Merging Time Stamp: If a coming blob is matched with
two or more tracked objects, the frame number of the
blob is judged as a merging time stamp.

3) Splitting Time Stamp: If the last frame of a tracked object
is matched with two or more blobs, the current frame is
marked by a spli tting time stamp.

4) End Time Stamp: If a tracked object is not matched for
five frames, then its tracking is terminated, and the end
time stamp is set at the last frame of the tracked object.

The simplest way of finding KTSs is to scan a tube
according to the chronological order and pickup KTSs directly.
However, the merging situation caused by undersegmentation
and the splitting situation caused by oversegmentation happen
occasionally. Experimental results have shown that the dura-
tions of undersegmentation and oversegmentation are usually
quite short. Based on this characteristic, we first separate a tube
into several tracklets according to KTSs, as shown in Fig. 4.
The head of a tracklet is a start time stamp, or a merging time
stamp, or a splitting time stamp, while the tail of a tracklet
is an end time stamp, or a time stamp just before a merging
time stamp or a splitting time stamp. Then, if the duration of
a tracklet is longer than 15 frames, its head and tail will be
used as KTSs, otherwise, the head and tail will be ignored.

D. Joint Tube Rearrangement

The tube rearrangement process is critical for video
synopsis to obtain a high condensation ratio. It resets tubes’
start-time labels by minimizing an energy function,

Fig. 5. (a) Traditional tube rearrangement. (b) Joint tube rearrangement.
E represents the energy between each tube pairs.

making tubes originally appearing in different periods
capable of displaying simultaneously. In [8], the energy
function is formulated as

E(L) =
∑

i∈Q

[Ea(i) + λEb(i)]

+
∑

i, j∈Q

[αEo(i, j) + β Ec(i, j)] (1)

where Q denotes the whole tube set extracted from an input
video; L denotes the start-time label set of Q; Ea , Eb, Ec,
and Eo represent the activity loss cost, background inconsis-
tency cost, chronological disorder cost, and occlusion cost,
respectively; and λ, α, and β are the predetermined weights
used to control the contribution of the corresponding term.
Ea penalizes the situation that some moving objects are not
stitched into the synopsis video. Eb penalizes the inconsistency
between tubes and background images. Eo is used to penalize
the occlusions among tubes. Ec adds a bias toward preserving
the chronological orders of tubes.

According to (1), a tube is rearranged by considering the
interaction between tubes from the same camera view, while
the contributions of tubes from different camera views are not
considered, as shown in Fig. 5(a). Obviously, such a rearrange-
ment method is unsuitable for generating synopsis videos for a
camera network. As shown in Fig. 1(a), a person first appears
in the area monitored by camera 1, then appears in the area
monitored by camera 2. If each camera view is processed
independently, the chronological order of this person in each
camera may not be remained, which will make checking the
overall activity of this person in the camera network difficult.
Therefore, in the multicamera video synopsis tasks, we need
a global energy function for the tube rearrangement, which
considers not only the interaction between tubes from the
same camera view, but also the interaction between tubes from
different camera views.

1) Global Energy Function Construction: We forcibly stitch
all tubes into synopsis videos, therefore, we set Ea ≡ 0.
Furthermore, we only consider the occlusion cost Eo and the
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chronological disorder cost Ec, because the tube occlusion
may lead to the loss of important contents and the tube chrono-
logical disorder may cause misunderstanding. The proposed
joint tube rearrangement is shown in Fig. 5(b), from which
one can observe that our method takes care not only the
interaction between tubes from the same camera view, but also
the interaction between tubes from different camera views.
Specifically, our global energy function is defined as

E(L) =
N∑

n=1

[W (Ln) + B(Ln)] (2)

where N represents the number of camera views;
L = {L1, L2, . . . , L N } denotes the whole start-time label set
of the whole tube set Q = {Q1, Q2, . . . , QN }; Ln denotes
the start-time label set of the tube set Qn extracted from
nth camera view; and W (Ln) and B(Ln) denote the energy
function calculated in the nth camera view and the energy
function calculated among the nth camera view and other
camera views, respectively. W (Ln) and B(Ln) are defined as

W (Ln) =
∑

i, j∈Qn

[
Eo(i, j) + αEwithin

c (i, j)
]

(3)

B(Ln) =
∑

i∈Qn , j∈{Qn+1,Qn+2,...,Q N }
β Ebetween

c (i, j) (4)

where α and β are the user preset weights used to control
the contribution of the corresponding terms; Qn represents the
tube set extracted from the nth camera view; Ewithin

c represents
the chronological disorder cost between two tubes extracted
from the same camera view; and Ebetween

c is the chronological
disorder cost between two tubes extracted from different
camera views. Note that B(·) only includes the chronological
disorder cost Ebetween

c without the occlusion cost, because
tubes extracted from different camera views are stitched into
different synopsis videos. From (3) and (4), we can find that
if β = 0, the joint tube rearrangement will deteriorate to the
traditional tube arrangement.

2) Occlusion Cost Function: The occlusion cost
function Eo is defined as

Eo(i, j) =
∑

t∈[t i
s , t i

e]∩[t j
s , t j

e ]
o(i, j, t) (5)

where [t i
s , t i

e] and [t j
s , t j

e ] represent the durations of tubes i
and j in a synopsis video; [t i

s , t i
e] ∩ [t j

s , t j
e ] is the temporal

intersection of tubes i and j ; and o(i, j, t) is the occlusion
cost between tubes i and j at frame t of the synopsis video
and it is defined as

o(i, j, t) = d(i, j, t) ·
{

1, d(i, j, t) < γ
κ, otherwise

(6)

d(i, j, t) = p(i, j, t)

ξ(i, j, t) · a( j, t) + (1 − ξ(i, j, t)) · a(i, t)
(7)

where a(i, t) and a( j, t) denote the areas of tubes i and j
at frame t , respectively; p(i, j, t) ∈ [0, min(a(i, t), a( j, t))]
denotes the area intersection between tubes i and j at frame t ;
γ ∈ [0, 1] is the maximal tolerable occlusion ratio; κ > 1
is a parameter used to control the penalty strength, if the

OR is higher than γ , which indicates a serious occlusion
happen to tubes i and j at t th frame, then it should be heavily
penalized; and ξ(i, j, t) is an indicator used to designate the
depth ordering of tubes i and j at frame t : if tube i is closer
to the camera than tube j , which means tube i occludes
tube j , then ξ(i, j, t) = 1; otherwise, ξ(i, j, t) = 0. Such
depth ordering of tubes can be obtained by a simple ground
plane heuristic [9] (see [25] for more details about the depth
ordering).

3) Chronological Disorder Cost Function: The chronolog-
ical disorder cost function Ec in [8] is defined as

Ec(i, j) =
{

0, t i
s − t j

s = τ i
s − τ

j
s

η · D(i, j), otherwise
(8)

D(i, j) =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

exp

(
−mint∈l(i, j) (i, j, t)

σspace

)
, l(i, j) �= ∅

exp

(
−max

(
t i
s − t j

e , t j
s − t i

e

)

σtime

)
, otherwise

(9)

l(i, j) = [
t i
s , t i

e

] ∩ [
t j
s , t j

e
]

(10)

where D(i, j) ⊆ (0, 1] denotes the interaction degree between
tubes i and j and the stronger interaction is, the larger it
will be; [t i

s , t i
e] and [t j

s , t j
e ] represent the durations of tubes i

and j in a synopsis video and the corresponding durations in
the input video are [τ i

s , τ i
e ] and [τ j

s , τ
j

e ], respectively; and
l(i, j) is the duration intersection between tube i and j in
the synopsis video. η is a constant used to control penalty
strength.

The condition of |τ i
s − τ

j
s | 	 |t i

s − t j
s | usually holds in

video synopsis applications, because the duration of an input
video is much longer than the duration of the corresponding
synopsis video. As a result, (8) seems too strict in the tube
chronological disorder penalization. In order to compensate
the weakness of (8), we relax (8) to keep the chronological
orders of several KTSs in a tube, which forms a new definition
of Ec based on KTSs as

Ec(i, j) =
|T i |∑

m=1

|T j |∑

n=1

f
(
T i

m , T j
n
)

(11)

where T i and T j represent the two tracklet sets (see Fig. 4)
included in tubes i and j , respectively; T i

m and T j
n are the mth

and nth elements in T i and T j , respectively. Let f (T i
m, T j

n ) be
the chronological disorder cost between tracklet T i

m and T j
n ,

which is formulated as

f
(
T i

m , T j
n
) = 1

4

[∣∣g
(
t i,m
s , t i,m

e , t j,n
s

) − g
(
τ i,m

s , τ i,m
e , τ

j,n
s

)∣∣

+ ∣∣g
(
t i,m
s , t i,m

e , t j,n
e

) − g
(
τ i,m

s , τ i,m
e , τ

j,n
e

)∣∣

+ ∣∣g
(
t j,n
s , t j,n

e , t i,m
s

) − g
(
τ

j,n
s , τ

j,n
e , τ i,m

s

)∣∣

+ ∣∣g
(
t j,n
s , t j,n

e , t i,m
e

) − g
(
τ

j,n
s , τ

j,n
e , τ i,m

e

)∣∣]

(12)

where [τ i,m
s , τ i,m

e ] and [τ j,n
s , τ

j,n
e ] represent the durations

of T i
m and T j

n in an input video and the corresponding
durations in the synopsis video are [t i,m

s , t i,m
e ]
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Fig. 6. (a) Relative positions of the KTSs do not change. (b) Both the
relative position of the blue tube’s tail between the red tube and the relative
position of the red tube’s head between the blue tube are changed after the
rearrangement. (c) Relative positions of the red tube’s head and tail between
the blue tube do not change after the rearrangement, but the relative positions
of the blue tube’s head and tail between the red tube are changed.

and [t j,n
s , t j,n

e ] and g(a, b, c) denotes the relative position of
the KTS c between [a, b], which is defined as

g(a, b, c) =

⎧
⎪⎨

⎪⎩

0, if c ≤ a
1, if c ≥ b
c − a

b − a
, otherwise.

(13)

From (11)–(13), we can find that (11) only penalizes the
chronological disorders among KTSs. As shown in Fig. 6(a),
all relative positions of the KTSs do not change according
to (13), thus this situation will not be punished by (12).
Therefore, (12) is laxer than (8), which helps condensing
videos. Moreover, as shown in Fig. 6(b), the time intersection
between the red and blue tubes has been increased after the
rearrangement, this situation is naturally punished by (12),
because the relative position of the blue tube’s tail between the
red tube is changed after the rearrangement and the relative
position of the red tube’s head between the blue tube is also
changed after the rearrangement. Finally, we can find that (12)
has four terms to make the punishment function complete.
In Fig. 6(c), the blue tube is rearranged from the tail to the
head of the red tube, which should be punished. However, the
relative positions of the red tube’s head and tail between
the blue one calculated by (13) have not been changed after
the rearrangement, thus only considering the relative positions
of the red tube’s KTSs between the blue one is incom-
plete. Therefore, we design (12) to be symmetric between
tubes i and j , so that in any way the case of Fig. 6(c) will
be penalized considering that the relative positions of the blue
tube’s head and tail between the red tube have been changed
after the rearrangement.

Note that, the occlusion cost o ∈ [0, κ] in (6) and the
chronological disorder cost g ∈ [0, 1] are not related to
objects’ area. This characteristic is useful in practice, because
users can set weighting parameters [α in (3) and β in (4)] in the
same range for processing videos with different resolutions.

4) Similarity Improved Chronological Disorder Cost
Function: There are two motivations to introduce a similarity
measure in the chronological disorder cost function. First,
the chronological orders of similar objects in the same
camera view should be weaken, because strictly keeping the
chronological orders of objects with similar color appearing
in the same period is prone to make users confused to find
a specific object (Fig. 7). Second, the chronological orders
of the same object in different camera views should be
enhanced to emphasize the transition of one object across

Fig. 7. Rearranged similar cars appear in the same period.

Fig. 8. Car crosses two monitored areas. Cars surrounded by rectangles with
the same color represents they are the same target.

camera views. For example, Fig. 8 shows one car crossing
two scenes, where the chronological order of this case should
receive more attention. The joint rearrangement for this car
should make the car in two scenes appear in the same period
of the synopsis videos so that users can watch the car’s
scene switch. Therefore, we further divide the chronological
disorder cost into two types: 1) the chronological cost
function used in the same camera view Ewithin

c and 2) the
chronological cost function used in different camera views
Ebetween

c , which considers these two tendencies, respectively.
Ewithin

c and Ebetween
c are defined as

Ewithin
c (i, j) =

|T i |∑

m=1

|T j |∑

n=1

[
1 − s

(
T i

m, T j
n
)] · f

(
T i

m, T j
n
)

(14)

Ebetween
c (i, j) =

|T i |∑

m=1

|T j |∑

n=1

s
(
T i

m, T j
n
) · f

(
T i

m, T j
n
)

(15)

where s(T i
m, T j

n ) denotes the similarity between T i
m and T j

n .
The similarity between two tracklets can be seen as a weight-
ing factor, which makes (14) and (15) give smaller and larger
weights to the two tracklets with higher similarity, respectively.
s(T i

m, T j
n ) is defined as

s
(
T i

m, T j
n
) = wa · ha

(
T i

m, T j
n
) + ws · hs

(
T i

m, T j
n
)

(16)

where ha and hs are the appearance similarity and size
consistency between T i

m and T j
m and they meet wa + ws = 1,

wa ≥ 0, and ws ≥ 0. In this paper, we set wa = 0.8.
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Algorithm 1 Energy Function Minimization
Input: a tube set Q includes tubes from all camera views
Output: the rearranged start-time label set L
1: Initialize state L with zero, k = 0, Emin = Inf
2: while k < maxi ter do
3: Find all neighbor states of L and save them in N
4: while N �= ∅ do
5: Get a neighbor state S from N
6: Calculate the energy cost E(S) by Eq. (2)
7: if E(S) < Emin then
8: Lbest = S
9: Emin = E(S)

10: end if
11: N = N − S
12: end while
13: Calculate the energy cost E(L) by Eq. (2)
14: if Emin < E(L) then
15: L = Lbest

16: else
17: Break
18: end if
19: k = k + 1
20: Emin = Inf
21: end while

The appearance similarity ha(T i
m, T j

n ) is measured by the
histogram intersection, which is defined as follows:

ha
(
T i

m , T j
n
) =

K∑

k=1

min
(

histT i
m (k), histT j

n (k)
)

(17)

where histT i
m and histT j

n denote the color histograms
of T i

m and T j
n , respectively, and K is the number of the

histogram bin. In our experiments, we extract a joint histogram
with 8 × 4 × 4 bins in the Hue, Saturation, Value color space
for each tracklet and the color histogram is normalized to be
an unit length under the �1 norm.

The size consistency hs(T i
m, T j

n ) is defined as

hs
(
T i

m , T j
n
) = 2

√
a
(
T i

m

)
a
(
T j

n
)

a
(
T i

m

) + a
(
T j

n
) (18)

where a(·) is the mean area of blobs included in a tracklet.
5) Energy Function Minimization: The global energy

function in (2) is formulated as a sum of energy terms
defined on pairs of tubes, which can be minimized by various
Markov random field-based algorithms such as the belief
propagation [26] and graph cuts [27] algorithms. However,
we directly use a simple greedy optimization for reducing the
computational cost. Each state describes the start-time label
of a tube set, and neighboring states are defined as states
in which only one active tube changes its start-time label.
In order to improve the convergence of greedy search, we
restrict the temporal shifts of tubes to be 10 frames. The initial
state is set as zero. The minimization process is summarized in
Algorithm 1. From Fig. 9, we can find that the energy function

Fig. 9. Convergence process of Algorithm 1 on the three databases.

is converged after 75 iterations on the three databases in our
experiments.

E. Object Stitching

The rearranged tubes are stitched into background images
by the Poisson image editing [28] according to the start-time
labels. This image editing problem can be modeled as

Ax = b (19)

where A is a standard 2-D discrete Laplacian matrix with
p× p elements and p denotes the processing pixel number; the
column vector x denotes p unknown but desired pixel values;
and the right-hand b is a column vector with p known values.
The main idea of the Poisson image editing is allowing for
tweaking a source image’s color information, while preserving
its gradient information as much as possible after it is pasted
to the destination image. In practice, this idea is formulated by
making the gradient field of a stitched region the same with the
gradient field of the source region. Therefore, in (19), A can
be seen as a gradient operator acting on the desired pixels x,
while b as the gradients of a source region. In fact, A is a
sparse matrix, therefore, (19) can be efficiently solved using
the successive over-relaxation [29] method.

IV. EXPERIMENTS

To validate the superiority of the proposed JVS algorithm,
we evaluate the performance of the JVS algorithm on the pub-
lic databases captured by partially overlapping and nonover-
lapping camera networks. In each camera network, videos
are captured simultaneously. The layouts of the three camera
networks are shown in Fig. 10 and the video information is
listed in Table I. Our experiments include three parts: 1) com-
paring the occlusion ratios (O Rs) and chronological disorder
ratios (CDRs) of the TVS [8] and JVS algorithms; 2) com-
paring the visual effects of the TVS and JVS methods;
and 3) a user study evaluating the superiority of the
JVS method.

In practice, users usually set the number of frames in a
synopsis video based on their experience. Therefore, we pre-
determine the number of frames in the synopsis video for each
database. Since the proposed energy function is independent of
video resolutions, we are able select α [in (3)] and β [in (4)] in
the same range for the three databases, regardless of different
resolutions. In order to reduce the effort of parameter setting,
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Fig. 10. Layouts of the three multicamera networks. (a) D1. (b) D2. (c) D3.

TABLE I

VIDEO INFORMATION OF EACH DATABASE. FOR D2 AND D3, WE ONLY

CLIP A SEQUENCE FROM THE ORIGINAL DATABASE IN [30]

TABLE II

PARAMETER SETUP

we further set β = ρ ·α. Because we are more interested in the
chronological orders of objects from different camera views
than occlusions, we make ρ ≥ 1 in the following experiments.
The details of the parameter setup are shown in Table II. The
results and condensed videos are reported on a project website:
http://www.cbsr.ia.ac.cn/users/jqzhu/jvs.htm.

A. OR and CDR Comparison

For a synopsis video, we define the OR to measure the
occlusion degree as

O R = total area occupied by objects in the synopsis video

total area of objects extracted from an input video
(20)

the higher OR is, the more serious occlusion will present in
the corresponding synopsis video. Furthermore, we record the
CDR to measure the chronological disorder degree, which is

Fig. 11. Comparison of OR between the TVS and JVS methods.

Fig. 12. Comparison of CDR between the TVS and JVS methods.

TABLE III

TVS AND JVS PARAMETERS USED ON THE THREE DATABASES

TABLE IV

CDKTSPs OF THE TVS AND JVS METHODS ON THE D1 DATABASE

defined as

C DR = the number of chronological disordered KTS pairs

the toal number of KTS pairs
.

(21)

Let u and v be the two KTSs and their frame numbers in an
original video are τ u, τ v and in the corresponding synopsis
video are tu and tv . If (τ u − τ v)× (tu − tv ) < 0, u and v will
be judged as a chronological disordered KTS pair (CDKTSP).
Given the same synopsis length, we want OR and CDR to be
as small as possible.

From Fig. 11, we can find that on the D1–D3 databases, the
OR of the JVS method is slightly higher than the OR of the
TVS method, but all of them are lower than 2%. Moreover,
from Fig. 12, we can easily find that the CDR of the
JVS method is much lower than that of the TVS method.
With Figs. 11 and 12, we set reasonable parameters for the
TVS and JVS methods on the three databases, as shown
in Table III. We further show the number of CDKTSPs in
the same and different camera views in Tables IV–VI.

For the D1 database, from Table IV, we can find that the
TVS algorithm has less CDKTSPs than the JVS algorithm
in the same camera view, while the JVS method has much
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TABLE V

CDKTSPs OF THE TVS AND JVS METHODS ON THE D2 DATABASE

less CDKTSPs between different camera views. This result
indicates that the JVS method pays more attention to keeping
the chronological orders of moving objects from different
camera views, which helps users watching objects’ scene
switches more clearly.

For the D2 database, as shown in Table V, the JVS method
has less CDKTSPs both within a camera view and between
camera views. Meanwhile, we can find that there are more
CDKTSPs between cameras 1 and 3 than other cases. This
is because cam1 and cam2 are installed outdoor and cam3
is installed indoor, which are with different illumination con-
ditions. This problem may be solved by introducing a better
similarity measure.

For the D3 database, from Table VI, we can find that,
compared with the TVS method, the JVS method largely
reduces CDKTSPs, which is especially obvious in four most
serious chronological disorder cases (cam1, 2, cam1, 3,
cam2, 3, and cam2, 5). Overall, from the above results, the
JVS method is shown to be superior to the TVS method
on preserving chronological orders of moving objects among
multicamera synopsis videos.

B. Multicamera Synopsis Browsing and Comparison

A convenient way for multicamera video browsing is to
arrange the synopsis videos in a multigrid board and browse
them together. This kind of flexible browsing helps users
to better understand the overall activities of moving objects
across the areas monitored by a camera network. Some exam-
ple frames of the synopsis videos produced by the TVS and
JVS methods are shown in Figs. 13–16, where the same row
represents the simultaneous multicamera video browsing at a
particular time, and we extend the frames of different times
row by row for analysis. Note that, the number near each
object denotes the frame number when the object first appears
in the input video.

For the case of D1, comparing Fig. 13(b) with Fig. 13(a),
we can find that the synopsis video produced by the
JVS method is able to make users watch the white car crossing
two monitored areas, while the TVS method cannot. For the
case of D2, as shown in Fig. 14(a), the chronological orders of
the man surrounded with red rectangles and the man with blue
rectangles have been violated in the synopsis videos produced
by the TVS method. In contrast, these chronological orders
have been correctly preserved in the synopsis videos produced
by the JVS method, as shown in Fig. 14(b).

For the case of D3, Fig. 15(a) shows a man cross-
ing the camera network and the chronological order
is cam5→cam4→cam3→cam2→cam1. This chronological
order can be correctly preserved in the synopsis videos using
both the TVS and JVS methods, as shown in Fig. 15(b) and (c).

Fig. 13. (a) and (b) Some shoots from the synopsis videos of the
D1 database using the TVS and JVS methods, respectively. Objects
surrounded with rectangles of the same color means the same target crossing
the camera network.

However, Fig. 16(a) and (c) shows the examples where the
chronological orders of different objects monitored by dif-
ferent cameras are violated using the TVS method, while
from Fig. 16(b) and (d), we can find these chronological
orders are correctly preserved using the JVS method. There-
fore, the special consideration of preserving the chronological
orders of moving objects among different cameras makes the
JVS method more attractive than the TVS method in helping
users understand multicamera synopsis videos.

C. User Study

We further carried out a user study to evaluate the superi-
ority of our JVS method. We invited 15 participants to join in
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TABLE VI

CDKTSPs OF THE TVS AND JVS METHODS ON THE D3 DATABASE

Fig. 14. (a) and (b) Some shoots from the synopsis videos of the
D2 database using the TVS and JVS methods, respectively. Objects sur-
rounded with rectangles of the same color means the same target crossing
the camera network; and the dashed and solid arrows means the chronolog-
ical order of the corresponding object is violated and correctly preserved,
respectively.

the study. Seven of them are students from the Nursing College
of Fujian Medical University, China, while the rest are under-
graduate students from the College of Information Science
and Engineering of Huaqiao University, China. All participants

Fig. 15. (a) Some shoots from the input videos of the D3 database.
(b) and (c) Shoots from the synopsis videos of the D3 database using the
TVS and JVS methods, respectively.

are remained unknown about our project. The ages of the
participants range from 21 to 26. Each participant was shown
the original videos of the three databases, together with their
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Fig. 16. (a) and (b) Some shoots from the synopsis videos of
cameras 1 and 2 of the D3 database using the TVS and JVS methods,
respectively. (c) and (d) Some shoots from the synopsis videos of
cameras 2 and 3 of the D3 database using the TVS and JVS methods,
respectively. Different objects under different cameras are surrounded with
different color rectangles, while different line styles means the chronological
orders of the objects are violated.

TABLE VII

STATISTICAL DATA OF USER STUDY

TABLE VIII

QUALITATIVE COMPARISON BETWEEN THE TVS AND JVS METHODS

synopsis videos produced by the TVS and JVS methods.
As shown in Table VII, most participants can see more cases
of moving objects crossing different scenes from synopsis
videos produced by the JVS method, which illustrates our
JVS method is helpful for users to check an object’s overall
activity in a camera network. Moreover, most participants
think the JVS method has a better visual effect than the
TVS method. We further ask two questions, as shown
in Table VIII. We can find that most participants agree that
the JVS method is more intact to retain the original video
information and prefer the JVS method.

V. CONCLUSION

In this paper, a novel multicamera JVS algorithm is
proposed, which is able to jointly produce multiple synopsis

videos in considering keeping objects’ chronological orders
among camera views. The goal of such a JVS framework
is mainly achieved by optimizing a chronological disorder
cost function based on KTSs of objects’ appearing, merging,
splitting, and disappearing moments. We further introduce the
visual similarity between object tubes into the chronological
disorder cost function to enhance the chronological consis-
tency of the same object crossing different camera views.
Compared with TVS, the proposed JVS method not only
considers the interaction between tubes from the same camera
view, but also takes into account the interaction between
tubes from different camera views. In this way, multicamera
synopsis videos produced by the proposed JVS method are
more easy to understand than those produced by the tradi-
tional single-camera video synopsis method. Extensive exper-
iments with various scenarios have shown that the proposed
JVS method is better than the traditional single-camera video
synopsis method in preserving chronological orders of moving
objects among multicamera synopsis videos.
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