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Abstract The appearance of wireless multimedia sensor networks (WMSNs) re-
quires a new generation transmission paradigm towards intelligent and ubiquitous
communication. Video sensors are used in WMSNs to enhance the capability for
event description. Multiple routing paths are often used for transmitting video
streams. However, not every path found by multi-path routing algorithm is suitable
for transmitting video, because a long routing path with a long end-to-end transmis-
sion delay may not satisfy the time constraint of the video. Furthermore, each video
stream includes two kinds of information: image and audio streams. In different ap-
plications, image and audio streams play different roles, and the importance levels
are different. Higher priority should be given to the more important stream (either the
image stream or the audio stream) to guarantee the using of limited bandwidth and
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energy in WMSNGs. In this paper, we propose a context-aware cross-layer optimized
Multi-Path Multi-Priority (MPMP) transmission scheme, in which a Two-Phase ge-
ographic Greedy Forwarding (TPGF) multi-path routing protocol is used in network
layer to explore the maximum number of node-disjoint routing paths, and a Context-
Aware Multi-path Selection algorithm (CAMS) is used in transport layer to choose
the maximum number of paths from all found node-disjoint routing paths for maxi-
mizing the gathering of the most valuable information to the base station. Simulation
results show that the MPMP scheme can effectively maximize the gathering of the
most valuable information and guarantee the end-to-end transmission delay.

Keywords Context-aware - Cross-layer - Optimization - Data gathering - Video
streaming - Wireless multimedia sensor networks

1 Introduction

Using video sensor nodes in wireless multimedia sensor networks (WMSNs) [1-5]
can drastically enhance the capability for event description. Thus, efficiently trans-
mitting and gathering video streams in WMSNSs is essentially necessary when the
underlying infrastructure, e.g., 3G cellular networks or WLANS, does not exist. Gen-
erally, real time video streaming in WMSNSs [6] poses the following three basic re-
quirements: (1) Guarantee end-to-end transmission delay: Real time video streaming
applications generally have a soft deadline which requires that the video streaming in
WMSNs should always use the shortest routing path with the minimum end-to-end
transmission delay; (2) Bypass static or/and dynamic holes: Static holes can easily
exist in WMSNS, e.g., a water pool. Dynamic holes may also occur if several sen-
sor nodes in a small area overload due to the multimedia transmission, e.g., Fig. 1.
Efficiently bypassing these holes is necessary for transmission in WMSNSs; (3) Use
multiple routing paths for transmission: Packets of video streams generally are large
in size and the transmission requirements can be several times higher than the max-
imum transmission capacity (bandwidth) of sensor nodes. This requires that multi-
path transmission should be used to increase transmission performance in WMSNS.
Many multi-path routing protocols have been studied in the field of WSNs [7].
However, most of the multi-path routing protocols focus on energy efficiency, load
balance, and fault tolerance, and are the extended versions of DSR [8] and AODV [9].
These multi-path routing protocols do not provide a powerful searching mechanism to
find the multiple optimized routing paths in terms of minimizing the path length and
the end-to-end transmission delay as well as bypassing holes. TPGF [10-12] is the
one of the earliest researches on multi-path routing in the field of WMSNS. It focuses
on exploring the maximum number of optimal node-disjoint routing paths in network
layer in terms of minimizing the path length and the end-to-end transmission delay.
The TPGF routing algorithm includes two phases. Phase 1 is responsible for explor-
ing the possible routing path. Phase 2 is responsible for optimizing the found routing
path with the least number of hops. The TPGF routing algorithm finds one path per
execution and can be executed repeatedly to find more node-disjoint routing paths.
It successfully addressed four important issues: (1) Hole-bypassing; (2) Guarantee
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Fig. 1 An example of TPGF
multi-path routing: Eight paths
are found for transmission.

A dynamic hole can be formed
by a group of sensor nodes in
the eight existing routing paths
because these nodes are
overloaded and cannot be used
for forming other routing paths

path exploration result; (3) Routing path optimization; (4) Node-disjoint multi-path
transmission. Figure 1 shows an example of TPGF multi-path routing in a geographic
wireless multimedia sensor network with two water pools. These found routing paths
have different numbers of hops. However, not every path found by TPGF can be
used for transmitting video, because a long routing path with a long end-to-end trans-
mission delay may not satisfy the time constraint of the video streaming data. This
point motivates the research work presented in this paper, since a smart path selec-
tion method is essentially needed for choosing the appropriated paths to maximize
the gathering of the most valuable information to the base station.

Furthermore, a video stream includes two kinds of information: image and audio
streams. In different applications, image and audio streams play different roles, and
the importance levels may be different. For example, in the applications of fire mon-
itoring, image stream is more important than audio stream because it can directly
reflect the fire event. But in the applications of Deep Ocean monitoring, the audio
stream is more important than image stream, since the visibility in Deep Ocean is
very low and the environment is extremely quiet. Even in the same application, e.g.,
desert monitoring, the image stream is more important than audio stream in day time,
but the audio stream is more important than image stream in night time. Therefore,
instead of transmitting a video stream back to the base station by using fewer routing
paths with a stricter real time constraint, it is better to split the video stream into im-
age and audio streams and give higher priority to the more important stream (either
the image stream or the audio stream) to guarantee the using of the suitable paths,
as shown in Fig. 2. The less important stream can be transmitted with a relatively
looser real time constraint. Consequently, the routing paths with the longer end-to-
end transmission delay can be used, which can increase the total received data in the
base station, where the received data can be joined again or processed separately.
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Fig. 2 The general model for context-aware multi-priority multi-path transmission: the context-aware
module makes the decision for the importance levels of the audio and image streams

However, to automatically adjust the importance level of the image and audio
streams requires that video source nodes must be context-aware [13]. In other words,
the video source nodes must be able to utilize the sensor data gathered by attached
light and sound sensors. When the light intensity is higher than a certain value and
the sound intensity is lower than a certain value, then the higher priority is assigned to
the image stream. Likewise, when the light intensity is lower than a certain value and
the sound intensity is higher than a certain value, then the lower priority is assigned
to the image stream.

How to split a video stream into an image stream and an audio stream has been
widely solved by many programs [14], which is not the focus of this paper. In this pa-
per, we propose a new context-aware cross-layer optimized Multi-Path Multi-Priority
transmission (MPMP) scheme, in which a TPGF multi-path routing algorithm is used
in network layer to explore the maximum number of node-disjoint routing paths, and
a context-aware multi-path selection algorithm (CAMS) is used in transport layer to
choose the maximum number of paths from all found node-disjoint routing paths for
maximizing the information value [15] of video stream gathering. Here, the infor-
mation value is defined as the product of the multiplication between the volume of
gathered stream data and its importance rate.

This research work makes the following three major scientific contributions: (1) To
the best of our knowledge, this research work is the first one that combines the con-
cept of context-awareness and cross-layer optimization to facilitate the video stream-
ing in WMSNSs, which clearly positioned the novelty in the research community of
wireless sensor networks; (2) The proposed MPMP scheme supports two types of
priorities: a. End-to-end transmission delay based priority and b. Context-aware mul-
timedia content-based priority, which also stands a breakthrough, comparing with
traditional approach [16] that only the end-to-end transmission delay based priority
is considered; (3) The proposed MPMP scheme tries to maximize the gathering of
the most valuable information towards the information value instead of maximizing
the throughput of the streaming data transmission, which further advanced than our
previous research work [17].

The rest of this paper is organized as follows. Section 2 discusses the related work.
We present the network model in Sect. 3 and formulate the research problem in
Sect. 4. In Sect. 5, we present the cross-layer optimized Multi-Priority Multi-Path
(MPMP) scheme, including the TPGF routing algorithm in network layer and the
CAMS algorithm in transport layer. We present the simulation results and compari-
son work in Sect. 6 and conclude this paper in Sect. 7.
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2 Related works
2.1 Related work on context-aware multimedia streaming in WSNs

In [18-20], three surveys on multimedia communication in WSNs have been well
conducted. The authors analyzed and discussed the existing research works from
both mobile multimedia and WSNs fields. These surveys showed that current ex-
isting protocols from the mobile multimedia and WSNs fields did not consider the
characteristics of multimedia streaming data and natural constrains of WSNs at the
same time. These papers also concluded that there exists a clear need for a great deal
of research effort to focus on developing new efficient communication protocols and
algorithms. In [21], the authors also conducted a study on several typical transport
protocols in the WSNs field. The performance evaluation results clearly show that
the existing transport protocols far from satisfy the requirements of multimedia com-
munication in WSNs. Hence, there is a need for new effective multimedia delivery
protocols for WSNs.

Furthermore, adopting context-awareness to facilitate video streaming in WSNSs is
still a very new research direction. To the best of our knowledge, only two recent re-
lated publications are found. In [22], the authors developed a camera sensor network
for situation awareness. In this network, normal sensor nodes are used as the control
network and camera nodes are used as the data network; the camera nodes start to
work only when other normal sensor nodes detect the changing of their surrounding
environment. In [23], the authors propose a scheme to support video transmission in
ubiquitous computing environment, in which five different packet sizes are employed
for the video and only one is selected according to the SNR value and the data on
the packet delay and loss. However, both researches in [22, 23] did not consider the
video streaming inside WSNs.

2.2 Related work on geographic on-demand disjoint multi-path routing in WSNs

Only a few research works adopt the geographic information to facilitate the on-
demand disjoint multi-path routing in ad hoc networks and WSNs, e.g., [24-26].
In [24], the authors proposed a Geography-based Ad hoc On-demand Disjoint Multi-
path (GAODM) routing protocol in ad hoc networks. This GAODM uses the push-
relabel algorithm [27] to convert the ad hoc network to a flow network. The focus of
this research work is how to use the push-relabel algorithm to find multiple node/edge
disjoint paths based on the flow assignment. The routing algorithm is similar to the
first phase of TPGF, which actually can bypass holes. But, the authors did not mention
this point in the whole paper. Furthermore, the routing paths found by GAODM are
far from the optimal paths in terms of the end-to-end transmission delay. In [25], the
authors proposed a directional geographic node-disjoint multi-path routing scheme
DGR, which focuses on exploring maximum number of routing paths towards avoid-
ing or reducing the interference among found routing paths. However, the routing
paths found in this approach are likely to have very long end-to-end transmission de-
lays, which are not suitable for real time video streaming with a transmission dead-
line. In [26], the authors proposed a node-Disjoint Parallel Multi-path Routing algo-
rithm (DPMR). This DPMR actually uses the algorithm proposed in [29] to identify
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the hole boundary first, then divides the identified hole into two regions (clockwise
region and unclockwise region). When the Local Minimum Problem [28] is met, the
node always chooses a next hop only from either clockwise region or unclockwise
region. Although this research work breakes through the use of facing routing and
planarization algorithms in geographic routing, it still has a key problem: it relies
on the algorithm proposed in [29], and the restriction of using only either clockwise
region or unclockwise region actually limits the usable sensor nodes, consequently,
limits the number of routing paths. The found routing paths in [26] are also far from
the optimal paths in terms of the end-to-end transmission delay. Thus, the approaches
in [24-26] are not suitable, since finding multiple routing paths with the shortest
length and satisfying the end-to-end transmission delay are extremely important for
multimedia streaming in WMSNSs.

2.3 Related work on multi-path selection

To the best of our knowledge, no research has been done for multi-path selection in
WMSNSs. Although multi-path selection algorithms have not been studied in WMSNs
yet, there still are some research works that have been done for multi-path selection
in other networks. In [30], the authors proposed an energy-aware source routing al-
gorithm to choose the multiple routing paths in wireless ad hoc networks; the goal
of this research work is to maximize the network lifetime by minimizing the over-
hearing ratio. In [31], the authors considered the concurrent packet drop probability
of multi-path in wireless ad hoc network, and proposed a path selection algorithm to
minimize the concurrent packet drop probability. In [31], the authors investigated the
problem of selecting multiple routing paths to provide better reliability in multi-radio,
multi-channel wireless mesh networks with stationary nodes. In [32], a multi-path se-
lection algorithm is proposed in an overlay network which focuses on minimizing the
correlation of multiple paths. None of the above-mentioned multi-path selection al-
gorithms has a research goal similar to ours, which is to choose the maximum number
of paths from found node-disjoint routing paths for maximizing the gathering of the
most valuable information and guaranteeing the end-to-end transmission delay.

3 Network model

The considered WSN can be represented as a graph G(V, E), where V = {vy, ..., v,}
is a finite set of sensor nodes (vertexes) and E = {eq, ..., e,} is a finite set of links
(edges). One node is video source node. The base station can be randomly deployed
in the WSN. The locations of sensor nodes and the base station are fixed and can
be obtained by using GPS. Each sensor node has the knowledge of its own geo-
graphic location and the locations of its 1-hop neighbor nodes. All sensor nodes
have the same maximum transmission capacity (bandwidth) TC. Each sensor node
can have three different states: (1) active and available, (2) active but unavailable,
and (3) dead. Each link can have two different states: (1) available and (2) unavail-
able. A subset Vswic Hote = {UsHI, ..., Usun} of V is in the state dead. The nth
routing path P, from the source node to the base station can be represented by a
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subset of V as P, = {vpy1, ..., Upun}, Which results in that a subset Vpynamic_Hote =
{vpHI, ..., VpHR} = P14+ -+ P, of V isin the state active but unavailable and a sub-
set Exole = {€H1, - . . , eHy} of E is in the state unavailable. The available sensor nodes

and available links can be represented as Vayailable = V — Vpynamic_Hole — Vstatic_Hole
and Eqyailable = £ — EHole-

The video source node continuously produces sensed video stream Sy with a data
generation rate Ry kbps. The source node can dynamically adjust (increase or de-
crease) its data generation rate by changing the sampling frequency. The video stream
from the source node is sent to the base station for further processing. We assume that
only the source node knows the location of the base station and other sensor nodes
can only know the location of the base station by receiving the packet from the source
node. Video stream can be split into image stream S; with data generation rate Ry kbps
and audio stream Sa with data generation rate Ra kbps (R; + Ra = Rv). The soft
real time deadline of the image stream is 71 and the soft real time deadline of the
audio stream is Ta.

Because in different applications, the importance levels of image and audio
streams are different, each type of stream is associated with an importance rate to
reflect its importance level in the specific application. The importance rate for au-
dio stream is denoted as Ia, and the importance rate for image stream is denoted
as I1. Both I and I are considered as constant values during a short streaming data
gathering time, and they are decided by the source node itself according to its local
circumstances. The values of /5 and It can be either 1 or 0.5 during the gathering
time, respectively, which means that /o and /1 cannot have the same value at the
same time.

After source node repeatedly executing the TPGF routing algorithm, N number
of node-disjoint routing paths P = {py, ..., p,} are found. Each routing path p; has
its own end-to-end transmission delay d; based on the routing hops in the path. Only
M number of routing paths Psaisfy_mage = {Psi1, - - - » Psimi} With transmission delay
Dsaiisfy_image = {dsi1, - . ., dsimi} can satisfy the soft real time deadline 77, and only
M 4 number of routing paths Psuisfy_Audio = {PSAI, - - -, PSAma} With transmission de-
lay Dsasisfy_Audio = {dsai, . .., dsama} can satisfy the soft real time deadline T4. Here,
we assume that a source node tries to use an additional path only when all its currently
using transmission paths meet the maximum transmission capacity, and a routing path
cannot be used for transmitting two different multimedia streams at the same time.
Thus, the total number of chosen paths is M(M = M1+ Myp).

4 Problem formulation

The research problem in this work is to optimize the gathering of the most important
streaming data to best reflect the event in WSN. In other words, the goal of this
research is to maximize the information value in the base station as Vipso =T * T C %
(My * I1 + Ma = Ip). Here, T is the time duration for the streaming data gathering,
which is considered as a constant value. It is obvious that maximizing Viyf, means
maximizing (M It + Ma * Ia), since TC is also a constant value in the WSN. Thus,
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Table 1 A list of terms used in problem statement

Term Definition

M The total number of chosen paths

My The number of routing paths that can be used for image stream transmission

Ma The number of routing paths that can be used for audio stream transmission

Iy The importance rate of image stream

Iz The importance rate of audio stream

N The total number of routing paths found by using TPGF multi-path routing algorithm
R; The data generation rate of image stream

RA The data generation rate of audio stream

IC The maximum transmission capacity of sensor node (bandwidth)

the above optimization problem can be converted to a simple linear optimization
problem as:

Maximize: My Iy + Mp * I, (1)
Subject to: M = M1+ Mjy, 2)
M<N, 3)
M <"Ri/TC'+"R4/TC™ 4)

We can further analyze the listed equations in the problem. A list of terms used in
the problem statement is given in Table 1. Equation (1) actually indicates that the val-
ues of importance rate I and I show the direction for increasing either M1 or M4,
which means the stream with the larger importance rate should have the higher prior-
ity to use more routing paths. Equations (2) and (3) show that the maximum number
of paths M is bounded by the found node-disjoint routing paths N, and (4) shows
that a routing path cannot be used for transmitting two different multimedia streams
at the same time. Moreover, based on (3) and (4), we can have the following theorem.

Theorem 1 For the given source node Ssource Node, the maximum number of fi-
nal chosen paths M has the upper bound Min(N,"R;/TC"+"Ra/TC™), where
Min(paral, para2) is the function which returns the smaller value.

Proof When the end-to-end transmission delays of all node-disjoint routing paths sat-
isfy the real time constraints of image and audio streams, all these node-disjoint rout-
ing paths can be chosen for transmitting data. However, the actually required number
of routing paths is decided by the "R;/TC '+ "Rs/TC". When N >"R;/TC"+
"R4/TC", the final number of chosen paths is "R;/TC"+ "Ra/TC". When
N <"Ry/TC"'4+"Rs/TC", although more routing paths are required for transmit-
ting data, but only N number of routing paths can be used. Thus, the upper bound on
the maximum number of final chosen paths M is Min(N,"R;/TC '+"R,/TC™). U

By having the above analysis, it is obvious that two important factors should be
clear before solving the formulated linear optimization problem: (1) the found node-
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disjoint routing paths N, and (2) the values of importance rate 14 and I;. Thus,
we can further break down this optimization problem into the following two sub-
problems:

(1) Creating a new routing algorithm to find the maximum number of node-disjoint
routing paths for the source node in network layer. This algorithm can help to
enlarge the upper bound of M, which is essentially important for this linear op-
timization problem. However, the exploring of the maximum number of node-
disjoint routing paths in a WSN is a NP-hard problem [12], which actually dras-
tically increases the difficulty for solving the formulated optimization problem in
this paper.

(2) Creating a new context-aware algorithm in transport layer to select the right num-
ber of routing paths for each stream to maximize the information value. This
sub-problem is relatively easier to solve than the first sub-problem, and it also
represents the additional contribution of our research work with respect to the
TPGF routing algorithm.

5 Cross-layer design and MPMP scheme

To solve the identified research problem, we design a context-aware cross-layer opti-
mized Multi-Path Multi-Priority transmission (MPMP) scheme as shown in Fig. 3.
In physical layer, the context information can be gathered from the video source
node itself directly or from other neighbors, e.g., a neighbor node with light sensor. In
network layer, the TPGF multi-path routing protocol is used to explore the maximum
number of routing paths that can connect the source node to the sink node. After using

Fig. 3 The cross-layer
framework of MPMP scheme =
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TPGEF, the total number of available routing paths and each routing path’s end-to-end
transmission delay can be easily gathered. In transport layer, a context-aware multi-
path selection algorithm (CAMS) is used to choose the maximum number of paths
from all found node-disjoint routing paths for maximizing the information value of
video stream transmission and guaranteeing the end-to-end transmission delay.

5.1 TPGF routing algorithm

Definition 1 Node-disjoint routing path A node-disjoint routing path is defined as a
routing path which consists of a set of sensor nodes, and excluding the source node
and the base station none of these sensor nodes can be reused for building another
routing path.

The Two-Phase geographic Greedy Forwarding (TPGF) routing algorithm for WM-
SNs has been presented in [10-12] and its effectiveness has been proved by using
simulation and theoretical analysis. In this paper, we only briefly introduce the TPGF
routing algorithm.

The flowchart of TPGF routing algorithm is shown in Fig. 4. The inputs of TPGF
are: (1) location of the current forwarding node; (2) location of the base station; (3) lo-
cations of 1-hop neighbor nodes. The outputs of TPGF are: (1) location of the next-
hop node; or (2) successful acknowledgement; or (3) unsuccessful acknowledgement.
The description of TPGF routing algorithm is as follows:

Phase 1 Phase 2

-------- -

Deploy
Sensor Network

GetBase
Station Location

and Mark Itself
as A Block Node

1
1
1
1
1
1
1
1
1
1
i 1
i P
i L |
i '
! 1
i Ye
' N Get 1-hop . 2::: g’t:f:::r ! % Base Station Return
; b "Neighbor Locatio ) i 1 \ Acknowledgement
! in1-hop H
)
H 1
: Get Current !
i Node Location :
i
i ! |optimize Routing Path
H 1!
i Choose The Next-hop ; :
P Node Which is The Closest Has Available H :
' One to The Base Station Neighbor Node i
i i i Release Explored
; Among All 1-hop Nodes ; : But Unused Nodes
i
i o
H H
! '
i P
1 L}
] i
' an step Back to Its™j 1
! Yes Previous-hop Node ™
i 1
] ]
1

Fig. 4 The flowchart of TPGF routing algorithm
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Phase 1: Geographic forwarding

Step 1: The source node checks whether it has usable one-hop neighbor node. If no,
the source node produces an unsuccessful acknowledgement and stops transmitting.
If yes, then the source node checks whether the base station is in its one-hop neighbor
nodes. If yes, then it builds up a routing path. If no, then the source node tries to find
the next-hop node that is the closest one to the base station among all its neighbor
nodes that have not been labeled (occupied). A digressive number-based label is given
to the chosen sensor node along with a path number.

Step 2: The chosen sensor node checks whether the base station is in its one-hop
nodes. If yes, then it builds up a routing path. If no, then the chosen sensor node
always tries to find the next-hop node that is the closest one to the base station among
its all neighbor nodes that have not been labeled (occupied). A digressive number-
based label is given to the found next-hop node along with a path number. When this
sensor node finds that it has no neighbor node which is available for the next-hop
transmission, which means the block situation is met, it will step back to its previous-
hop node and mark itself as a block node. The previous-hop node will attempt to find
another available neighbor node as the next-hop node. The step back & mark will be
repeatedly executed until a sensor node successfully finds a next-hop node which has
a routing path to the base station.

Phase 2: Path optimization

Step 3: Once the routing path is built up, a successful acknowledgement is sent back
from the base station to the source node. Any sensor node that belongs to this path
only relays packets to its one-hop neighbor node which is labeled in Step 2 with
the same path number and the largest node number. A release command is sent to
all other one-hop neighbor nodes which are labeled in Step 2 but are not used for
transmission. After receiving the successful acknowledgement, the source node then
starts to send out multimedia streaming data to the successful path with the pre-
assigned path number.

The time complexity of TPGF is O(n), where n is the number of nodes in the
WMSN. The number of found node-disjoint routing paths N is restricted by three
factors as the following:

(1) For any given source node S with M number of 1-hop neighbor nodes, it can
have maximum M number of node-disjoint routing paths.

(2) The maximum number of node-disjoint routing paths is restricted by the 1-hop
neighbor nodes of the base station.

(3) For any given source node, the maximum number of possible node-disjoint rout-
ing paths is affected by the routing algorithms. For example, in Fig. 5, if TPGF is
used, the number of routing paths can be only one (dashed path) with a short end-
to-end transmission delay. However, if the label-based multi-path routing (LMR)
[33] is used, the number of routing paths can be two (dotted path) with a relative
longer end-to-end transmission delay.
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Fig. 5 Using the TPGF, the , I SO @
found number of routing paths LMR
can be only 1. But, using the
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TPGF and LMR actually demonstrate a confliction between two different design
principles: (1) always explore the shortest routing path in each round; (2) explore
more redundant routing paths with longer end-to-end transmission delays. TPGF uses
“always explore the shortest routing path in each round” as the criteria and then ex-
plores the possible number of multiple paths. The primary motivation is that the short-
est transmission path generally has the shortest end-to-end transmission delay, which
may satisfy the delay constraint of multimedia streaming data. If the data cannot be
transmitted to the base station within the delay constraint, it is useless.

In short, repeatedly using TPGF can explore more routing paths than that of
repeatedly using the protocols in [34-36], e.g., GPSR, GOAFR, GOAFR+, and
GPVER [12]. The number of routing paths found by using the TPGF is not larger
than that of some other non-geographical routing algorithms, e.g., LMR. But, TPGF
is more suitable for transmitting multimedia data in WMSNSs, because it always tries
to satisfy the delay constraint of multimedia streaming data.

Practically, TPGF gives the following three major contributions: (1) Supporting
multi-path transmission: TPGF can find one routing path per execution and can be
executed repeatedly to find more on-demand node-disjoint routing paths; (2) Sup-
porting hole-bypassing: TPGF provides a better solution for hole-bypassing in both
2D and 3D sensor networks than any other related research work; (3) Supporting
shortest path transmission: TPGF can find the shortest routing path (or near-shortest
routing path when holes exist) for minimizing the end-to-end transmission delay.

5.2 Context-aware multi-path selection (CAMS) algorithm

Definition 2 Context The context information in this paper is defined as (1) the
brightness level and noise level of the surrounding environment where a video source
node is deployed, (2) the number of node-disjoint routing paths and the end-to-end
delay of each routing path that can be gathered after running TPGF in network layer.

Incorporating context information to facilitate the video transmission in WMSNSs is
one of the most important features of MPMP scheme. The essential motivation for
using context in Context-Aware Multi-path Selection (CAMS) algorithm is: sending
the right multimedia stream at the right time through the right transmission path based
on the information of surrounding environment to maximize the gathering of the
most appropriated multimedia data that can precisely reflect the event in WMSNSs.
Based on the gathered context information, two types of priorities can be supported in
CAMS algorithm: (1) End-to-end transmission delay based priority and (2) Context-
aware multimedia content-based priority, as defined in Definitions 3 and 4.
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Definition 3 End-to-end transmission delay based priority For any two paths p; and
pj within the N number of node-disjoint routing paths P = {p1, ..., p,} that are
found by repeatedly executing the TPGF routing algorithm, if their end-to-end trans-
mission delays meet d; < d;, we assign the higher priority to path p;.

Definition 4 Context-aware multimedia content-based priority In any situation
where a video sensor node is deployed for gathering information, for both image
and audio streams, if the image stream is more important for reflecting the event,
we assign higher priority to the image stream. Likewise, if the audio stream is more
important for reflecting the event, we assign higher priority to the audio stream.

Thus, it is clear that in CAMS algorithm the routing path with the higher priority
should always be chosen first to reduce the end-to-end transmission delay, and the
stream with the higher priority should always be sent first to reflect the events. The
higher priority stream is assigned to the importance rate 1, and the lower priority
stream is assigned to the importance rate 0.5.

Because the goal of CAMS algorithm is to optimize the information value by
selecting the right number of routing paths for each stream, we have a further analysis
on the following three situations:

Case 1: When the end-to-end transmission delay of each found routing path does
not satisfy the requirement for transmitting video stream before its deadline, it is
meaningless to send any type of stream back to the base station.

Case 2: When the end-to-end transmission delay of each found routing path satis-
fies the requirement for transmitting video stream before its deadline, the routing path
allocation method follows the simple Best-Effort principle. In other words, the more
important stream has the higher priority to be transmitted first, and after finishing the
transmission of the more important stream, if there are still remaining routing paths,
then the less important stream will be transmitted. If there is overwhelming trans-
mission requirement for the higher priority stream, the lower priority stream will be
discarded.

Case 3: When the end-to-end transmission delays of only a part of the found rout-
ing paths satisfy the requirement for transmitting video stream before its deadline, the
satisfied routing paths will be selected to transmit the more important stream, and an
acceptable released transmission deadline will be given to the less important stream
to allow it to use the further satisfied routing paths.

After having all this analysis, we present the Context-Aware Multi-path Selection
(CAMYS) algorithm. The workflow of CAMS is shown in Fig. 6. In CAMS, the more
important multimedia stream always chooses the routing path with the higher prior-
ity to transmit. CAMS algorithm also has two phases: (1) searching the maximum
number of paths for the stream with the higher priority; (2) searching the maximum
number of paths for the stream with the lower priority. For the situations when both
the light intensity and the sound intensity are higher (or lower) than the certain values,
the CAMS algorithm chooses not to change the stream priorities but impliedly inherit
the already assigned priorities. The reason for adopting this processing is that CAMS
algorithm will try to keep the video streaming in WMSNSs be as stable as possible,
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Fig. 6 The flowchart of the CAMS algorithm

since most of the time the video streaming in WMSNs will continue for a relatively
long duration.

The CAMS algorithm should be executed after TPGF explored all node-disjoint
routing paths. The time complexity of CAMS algorithm is O (n%) where n is the num-
ber of possible routing paths that can be found by repeatedly executing TPGF. The
most remarkable feature of CAMS algorithm is the supporting for Case 3: because
the releasing on the deadline to a tolerable/acceptable constraint of the less impor-
tant stream allows the using of more routing paths and sending more data, this can
essentially enlarge the information value. Furthermore, Case 3 is the most general
situation in the WSN, when using TPGF algorithm to explore the maximum number
of node-disjoint routing paths.
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6 Simulation and evaluation

To demonstrate and evaluate the MPMP scheme, we use a new open source WSNs
simulator called NetTopo [37], in which the TPGF is implemented, as shown in Fig. 7.
Furthermore, NetTopo is implemented to allow the using of real sensor network test-
beds, in which the real context information can be gathered, e.g., as shown in Fig. 8,
Crossbow sensor nodes can provide the intensity of light. Readers are welcome to
download NetTopo from [38] to see its full functionalities.

In this simulation, we consider a WMSN for a fire monitoring application in a
forest in which the image stream is more urgent and important than the audio stream
in terms of reflecting the fire event. Thus, the importance rate of image stream is 1
and the importance rate of audio stream is 0.5. The end-to-end transmission delay
in WSNss is actually determined by the number of hops [39]. Thus, to find out the
path with the shortest transmission delay Deye is to find out the path with the smallest
number of hops: Dese = H * Dnop, where H is the number of hops and Dyp is the
average delay of each hop.

The parameters used in our simulation are shown in Table 2. The time constraint of
video stream is 280 ms. After splitting into image stream and audio stream, because
the image stream actually plays the key role in the simulation for reflecting the fire
event, it should inherit the time constraint of video stream which is also 280 ms. The
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Fig. 7 NetTopo main GUI (the TPGF multi-path routing algorithm is executed in the WSN)
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Fig. 8 NetTopo main GUI (Crossbow sensor network is visualized in NetTopo)
Table 2 Simulation parameters
Parameter Value
Network size 500 m * 500 m
Number of base station 1
Number of sensor node 399
Number of source node 1
Video sensor generation rate R 72 kbps
Sensor node maximum 7C 12 kbps
Sensor node transmission radius 48 m
Delay of each hop Dpop 20 ms
Video stream time constraint 280 ms
Split image stream time constraint 280 ms (Inherit from video)
Split audio stream time constraint 280 ms (Inherit from video)
Split audio stream time tolerable constraint 320 ms (Released constraint)

original time constraint of audio stream should also be 280 ms, but according to the
supporting in CAMS algorithm for Case 3, the time constraint of audio stream can be
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further extended to a tolerable constraint of 320 ms, which allows it to use the routing
path with relative longer transmission delay.

To prove the effectiveness of MPMP scheme, we compare MPMP with two differ-
ent schemes, which are the varied versions of MPMP scheme:

(1) TPGF-based Multi-path Video Streaming, named as MVS scheme, which does
not split the video stream (72 kbps) into image stream (48 kbps) and audio
stream (24 kbps). In MVS scheme, only the end-to-end transmission delays of
all node-disjoint routing paths are used as the parameters for choosing the qual-
ified routing paths. This MVS scheme is very similar to the approach that was
proposed in [16]. The only difference is that [16] used DGR multi-path routing
algorithm [25] in network layer, which explores maximum number of routing
paths towards avoiding or reducing the interference among found routing paths,
and the routing paths found by DGR are likely to have very long end-to-end
transmission delays, which are not suitable for real time video streaming with
a transmission deadline. Thus, we use TPGF as the routing algorithm in net-
work layer for comparison, instead of the DGR, to highlight the contributions of
CAMS algorithm.

(2) TPGF-based Multi-path Multi-stream Streaming, named as MMS scheme, which
splits the video stream (72 kbps) into image stream (48 kbps) and audio stream
(24 kbps). In MMS scheme, the time constraint of the less important stream is
not released to the tolerable time constraint. Bringing the MMS scheme to the
simulation on fire event monitoring, in this case, the deadline of audio stream is
not released.

6.1 Comparison results

The simulated sensor network is shown in Fig. 9. When a fire event is detected, after
repeatedly executing the TPGF routing algorithm, six node-disjoint routing paths are
found in total from the video source node (red color node) to the base station (green
color node). The end-to-end transmission delays of these six routing paths are shown
in Table 3.

Within these six node-disjoint routing paths, if the MVS scheme is used, only 4
paths (paths Nos. 1, 2, 4 and 5) are qualified for transmitting video stream since the
deadline of video stream is 280 ms. Thus, for every one second, the received data by
the base station can be 48 kb (image stream 32 kb, audio stream 16 kb) as shown
in Table 4, and the information value for every one second is 8 x 4 x 1 +4 x 4 x
0.5 =40.

For the same six node-disjoint routing paths, if the MMS scheme is used, still only
4 paths (paths Nos. 1, 2, 4 and 5) are qualified for transmitting image stream since the
deadline of image stream is also 280 ms. Although the video stream is split into image
stream (48 kbps) and audio stream (24 kbps), the time constraint of audio stream is
not released in MMS scheme. Thus, the audio stream will not be transmitted, because
the end-to-end transmission delays of the remaining two paths do not satisfy the time
constraint of the audio stream. Finally, for every one second, the received data by the
base station can be 48 kb (image stream) as shown in Table 5, and the information
value for every one second is 12 x 4 x 1 =48.
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Fig. 9 Six available routing
paths are found by using the
TPGF routing algorithm. The
picture is produced by using
NetTopo simulator, and the
trees, fire, and fire engine are

added additionally to this picture

Table 3 The end-to-end
transmission delay

Table 4 Data received by the
base station for every one
second when using MVS
scheme

Routing path End-to-end transmission delay
Path No. 1 240 ms

Path No. 2 260 ms

Path No. 3 320 ms

Path No. 4 260 ms

Path No. 5 240 ms

Path No. 6 300 ms

Path E2E delay Used Image stream Audio stream
No. 1 240 ms Yes 8 kb 4 kb

No. 2 260 ms Yes 8 kb 4kb

No. 3 320 ms No 0kb 0 kb

No. 4 260 ms Yes 8 kb 4 kb

No. 5 240 ms Yes 8 kb 4 kb

No. 6 300 ms No 0kb 0kb

When using the MPMP scheme, the video stream (72 kbps) is split into image
stream (48 kbps) and audio stream (24 kbps), and the time constraint of audio stream
is released to the tolerable/acceptable constraint. Among these six found routing
paths, four of them are chosen (in pink color) for image stream transmission and
the remaining two paths are used for audio stream transmission, as shown in Fig. 10.
For every one second, the received data by the base station can be increased from
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Table 5 Data received by the
base station for every one
second when using MMS
scheme

Fig. 10 Video streaming with
MPMPS, four paths (P1, P2, P4
and P5) are chosen for image
stream, and two paths (P3 and
P6) are used for audio stream

Table 6 Data received by the
base station for every one
second when using MPMP
scheme

L. Shu et al.
Path E2E delay Used Image stream Audio stream
No. 1 240 ms Yes 12 kb 0 kb
No. 2 260 ms Yes 12 kb 0 kb
No. 3 320 ms Yes 0 kb 0 kb
No. 4 260 ms Yes 12 kb 0 kb
No. 5 240 ms Yes 12 kb 0 kb
No. 6 300 ms Yes 0 kb 0 kb
- - - & e 0w

Path E2E delay Used Image stream Audio stream
No. 1 240 ms Yes 12 kb 0 kb
No. 2 260 ms Yes 12 kb 0 kb
No. 3 320 ms Yes 0 kb 12 kb
No. 4 260 ms Yes 12 kb 0kb
No. 5 240 ms Yes 12 kb 0 kb
No. 6 300 ms Yes 0 kb 12 kb

48 kb to 72 kb (image stream 48 kb, audio stream 24 kb) as shown in Table 6, and
the information value for every one secondis 12 x 4 x 1 4+ 12 x 2 x 0.5 = 60.

The simulation results in Figs. 11 and 12 show the results on received stream-
ing data and information values in the base station: (1) Using MVS scheme and
MMS scheme can receive the same amount of streaming data, but their information
values are different; (2) Comparing with both MVS and MMS schemes, using MPMP
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Fig. 11 Data received by the
base station (kb) for every one
second
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Fig. 12 Information value
received by the base station (kb)
for every one second
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scheme can greatly increase both the total received multimedia streaming data and the
information value in the base station, which essentially proves the effectiveness of the
proposed MPMP scheme.

6.2 Demonstration of CAMS algorithm execution

The execution of CAMS algorithm is demonstrated in Figs. 13—16. Four routing paths
are chosen for image stream transmission. In Fig. 13, path No. 1 is chosen for image
stream transmission first, since it has the shortest end-to-end transmission delay. In
Fig. 14, path No. 5 is chosen after the path No. 1 because it has the second shortest
end-to-end transmission delay. In Figs. 15 and 16, paths No. 2 and No. 4 are chosen
respectively for image stream transmission.
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Fig. 13 Choose the path No. 1

Fig. 14 Choose the path No. 5

7 Conclusions and future work

In this paper, we presented a context-aware cross-layer optimized Multi-Path Multi-
Priority transmission (MPMP) scheme to facilitate the information gathering in WM-
SNs, in which a video sensor node is used to capture more comprehensive informa-
tion than scalar sensor readings. The formulated simple linear optimization problem
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Fig. 15 Choose the path No. 2
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Fig. 16 Choose the path No. 4

is further broken into two sub-optimization problems, which motivated the creating
of the TPGF multi-path routing algorithm in network layer and the CAMS path se-
lection algorithm in transport layer, respectively. Context information of the video
sensor node, e.g., brightness level and noise level, is used to decide the importance
rates for image and audio streams to reflect their importance level in the specific ap-
plication. The more important stream is given to the higher priority to choose the
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found node-disjoint routing paths, first to guarantee the using of limited bandwidth
and energy in WMSNSs. The time constraint of the less important stream is released to
a tolerable/acceptable time constraint to allow the using of more routing paths. Simu-
lation results show that using MPMP scheme can effectively maximize the gathering
of the most valuable information and guarantee the end-to-end transmission delay.

Research work in wireless multimedia sensor networks still have a lot of challeng-
ing issues, and we are very interested in the following four research issues as our
future work:

(1) Congestion control problem: when multiple multimedia source nodes are de-
ployed in WMSNS, and they try to send out the streaming data to a single base
station at the same time, a well-designed congestion control scheme is essentially
necessary [40].

(2) Mobility support problem: when both multimedia source nodes and sink node
can be mobile, authors can see an opportunity to apply the game theory to further
solve some of the more complicated optimization problems [41].

(3) Duty-cycle support problem: when sensor nodes in the WMSNSs are random duty-
cycled based, the network topology and connectivity of WMSNSs can change from
time to time. It is important to further investigate a cross-layer optimized sen-
sor node sleeping scheduling scheme to guarantee the network connectivity for
packet delivery [42].

(4) Target tracking problem: when multiple video sensor nodes are deployed to track-
ing a certain target in the WMSNs, it is important to further explore the collab-
oration between multiple video sensor nodes for facilitating the target tracking
task [43].
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