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a b s t r a c t
Wireless multimedia sensor network (WMSN) applications require strong multimedia
communication competence. Therefore, in WMSN applications, it is necessary to use speciﬁc mechanisms in order to handle multimedia communication challenges and address
desired energy efﬁciency and reliability goals. Nevertheless, the existing communication
protocols are not suitable for the communication challenges and the desired goals. In this
respect, speciﬁc mechanisms for prioritization, link-quality estimation and multi-path
selection can be employed by quality of service (QoS)-aware routing protocols to meet
the reliability and delay requirements of WMSN applications.
In this study a novel approach is proposed to set different reliability values for image
packets for image transmission in WMSNs. Using this prioritization, important parts of
an image are assigned high priority and take priority during data transmission. In order
to evaluate the proposed approach, the performance of single-path and multi-path
QoS-aware routing protocols has been investigated for WMSN-based image transmission
applications. Speciﬁcally, comparative performance analysis of single-path routing and
multi-path routing in image transmission have been conducted in terms of peak
signal-to-noise ratio (PSNR), average delay, reachability, and control overhead. As proven
by the results of the performance evaluations in this study, multi-path routing is better
than single-path routing in terms of reliability. On the other hand, at high trafﬁc loads,
multi-path routing may perform worse in terms of delay due to its associated overhead.
Ó 2014 Elsevier B.V. All rights reserved.

1. Introduction
Wireless multimedia sensor networks (WMSNs) is a
new major research topic in academia as a result of the
expectations of multimedia data producing wireless sensor
nodes such as higher bandwidth demands, higher energy
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usage, and strict quality of service (QoS) requirements.
The applications of WMSNs are used in many different
areas, including surveillance and target tracking, advanced
healthcare systems, industrial process control systems and
intelligent trafﬁc control [1].
In order to meet the QoS requirements of multimedia
trafﬁc, many WMSN applications need custom wireless
sensor network (WSN) solutions. Most of the research efforts in WSNs have been motivated by the need for reducing energy consumption. However, both reliability and
communication delay requirements of WMSNs have not
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been the main concern of WSNs. Therefore, QoS-aware
routing solutions are needed to meet application-speciﬁc
requirements of WMSNs. The analysis and design of a solution for image transmission in WMSNs are the main issues
addressed in this paper. The major communication challenges for realization of QoS-aware routing in WMSNs
can be outlined as follows:
 Energy consumption: Since multimedia applications
may produce high volumes of data, energy consumption
is more critical compared to traditional WSNs.
 Application-speciﬁc QoS requirements: Multimedia
applications may have different requirements with
respect to delay, reliability, and energy efﬁciency, which
necessitate efﬁcient routing solutions addressing
diverse QoS requirements.
 Resource constraints: WMSNs are restricted by energy
usage, memory and processing power because of their
typical characteristics. Generally, limited node
resources result in decreased QoS-awareness in WSNs
and cause challenging problems [2,3]. Thus, routing
solutions for WMSNs need to satisfy applicationspeciﬁc QoS requirements using these limited resources
[4].
 Variable link capacity and packet errors: Characteristics of wireless link quality changes over time and
space, hence high bit error rates are observed in communication. Therefore, capacity and delay vary frequently and this makes QoS a challenging task [4].
 Dynamic network connectivity and topologies: In
WMSNs, distribution of sensor in the network and their
connectivity may change over time due to link failures
and sensor failures. Hence, to balance the trade-offs
among available energy resources, reliability and
latency requirements, adaptive communication protocols are required [4].
To address the abovementioned challenges, a novel approach is proposed for image transmission over WMSNs.
By assigning different priority values to different parts of
an image, high priority and accordingly high reliability
are provided to high-priority data trafﬁc. To realize this,
data packets of an image ﬁle is divided into two classes
and in this way different reliability values are set for each
class. Different from the well-known routing protocol
MMSPEED [5] which uses multiple speed layers to satisfy
deadline requirements, the proposed approach uses a single speed layer to perform differentiation totally in reliability domain. By reducing total quality of an image without
losing its important parts, energy consumption, resulting
from redundant paths, is reduced.
To prove the efﬁciency of the proposed approach, the
performances of QoS-aware single-path routing and multi-path routing protocols have been investigated for image
transmission in WMSNs. The evaluated routing protocols
offer three main functionalities, i.e. link-quality estimation,
multi-path selection and prioritization, to meet reliability
and delay requirements of image transmission applications, Comparative performance evaluations in terms of
PSNR, average delay, reachability, and data and control
packet overhead have been carried out in order to prove
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the efﬁciency of the evaluated routing protocols for image
transmission. Although the results of the performance
evaluations prove that multi-path routing is more reliable
than single-path routing, multi-path routing performs
worse than single-path routing in terms of average delay
when network trafﬁc load is high due to its associated
overhead. Two main contributions of this study can be
summarized as follows.
 Comparative performance evaluations of single-path
and multi-path routing approaches for image transmission have been conducted in order to compare important QoS metrics, such as PSNR, average delay,
reachability, and data and control packet overhead.
 The use of image prioritization for WMSN-based image
transmission applications is proposed both to address
energy efﬁciency requirement and to provide high reliability. In this regard, WMSN-based image transmission
has been argued along with image prioritization from
the point of reliability and communication delay.
The remainder of this paper is organized as follows. Section 2 presents a detailed review of single-path and multipath routing protocols that can be used for WMSN-based
image transmission. Section 3 explains performance metrics used in this study and presents simulation results. Section 4 highlights open research issues. Finally, the paper is
concluded in Section 5.

2. Related work
In multi-hop networks, paths between source nodes
and the sink can be determined by using hop count, a typical metric. However, in multi-hop wireless sensor networks, radio interference, antenna shape and orientation,
distance and environmental factors may vary during the
lifetime of a wireless sensor network and all of them affect
link quality between pairs of sensor nodes. Although the
locations of nodes in the network are ﬁxed and every node
is conﬁgured with the same transmit power, environmental variations result in asymmetric links between nodes
and connectivity between nodes change [6]. In WSNs, single-path routing protocols try to estimate link quality and
these protocols use link quality to ﬁnd the best optimum
path. Generally, this way is one of the most promising approaches to provide reliability in single-path routing. On
the other hand, recent studies show that multi-path routing is better than single-path routing in terms of reliability.
In other words, multi-path routing gives more probability
to achieve packet reachability with the use of redundant
paths to the destination.
Although multi-path routing offers advantages like reliability, its energy efﬁciency is questionable. Recent studies
on WSN routing algorithms generally focused on energy
efﬁciency to increase the lifetime of the network. On the
other hand, there are many applications including mission-critical ones which do not only need energy efﬁciency
they also need reliable and delay-sensitive routing [7]. In
this section, single-path and multi-path routing protocols
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are organized in different subsections, and their features
and distinct advantages and disadvantages are presented.
2.1. Single-path routing protocols
In this subsection, single-path routing approaches are
reviewed based on their distinct features.
2.1.1. Reactive vs. proactive routing protocols
Single-path routing protocols can be divided into two
main categories: reactive routing protocols and proactive
routing protocols. SPEED [8] is one of the best examples
of reactive routing protocols. SPEED is designed to support
real time communication by minimizing end-to-end delay.
Instead of using routing tables, each node makes localized
routing decision by means of geographic location information about its neighbors. Packet progress speed is evaluated by each node using distance and delay and the
packet is forwarded to node whose speed is higher than
the pre-deﬁned speed. Relay ratio is used for checking
whether a packet is to be dropped or relayed when desired
speed requirement is not satisﬁed. If generated number is
higher than relay ratio then the packet is dropped. If congestion occurs or desired next hop node is not found, a
message is sent back to the source nodes in order to start
new routing. SPEED does not provide any guarantee
regarding packet reliability [8].
Different from SPEED, its successor, energy efﬁcient
SPEED can be classiﬁed as a proactive routing protocol. It
takes residual energy of nodes into account in routing
and tries to ﬁnd energy-efﬁcient paths during real time
communication. Routing is based on three metrics; delay,
energy and speed. This protocol considers energy as a
QoS metric but reliable communication is not the objective
of this protocol [9].
Another proactive single-path routing protocol for real
time data trafﬁc, an energy-aware routing which takes
both energy and delay into account to ﬁnd an optimal path
is proposed in [10]. This protocol selects the best path
according to path cost calculated by a cost function. Endto-end delay and energy consumption are used to calculate
the cost function. Transmission delay and queuing delay
are used to calculate the end-to-end delay. This protocol
tries to minimize transmission delay by using neighbor
discovery algorithm.
2.1.2. QoS-aware single-path routing protocols
Energy and QoS-aware routing protocol proposed by
Akkaya and Younis takes multiple network routes by using
distance between nodes, remainder energy levels of nodes
and error rates into account [11]. It uses a class-based
queuing system to provide best-effort and real-time trafﬁc
at the same time. Service sharing for real-time and nonreal time is supported by this class-based queuing. For
both trafﬁc types, required share of bandwidth is provided
by Weighted Fair Queuing (WFQ) at every node. Limited
scalability is a disadvantage of the protocol due to the calculation of multiple routes, although it provides guarantee
for maximization of real time throughput within best effort
transmission [11].

EARQ [12] is energy-aware routing protocol that offers
real time and reliable communication for industrial WSNs.
Energy cost, delay and reliability of a path are estimated by
relying on information received from neighbors. Estimated
values are used for probability calculation and a path is selected randomly according to the calculated probability.
Therefore, sometimes optimal paths are not selected due
to this strategy. On the other hand, random selection provides distribution of energy consuming. Real time delivery
is accomplished by selecting some paths according to the
packet delivery time of path before deadline. Also, redundant packets can be sent from an alternate path to provide
reliability [12].
2.2. Multi-path routing protocols
MMSPEED, a multi-path and multi-speed routing protocol, takes reliability and timeliness into account and provides end-to-end QoS with localized decision at each
intermediate node without end-to-end path recovery and
repair [13]. Multiple speed layers are used to classify packets relying on their required delays. Intermediate nodes
can change their speed by selecting different speed layer
if possible to meet their deadline requirement. For reliability, each node sends received packets to subset of neighbors to satisfy required reliability value of packets.
Nevertheless, MMSPEED fails to consider energy issues
due to packet route determination and redundant paths
[5].
EAMMSPEED uses an energy-aware packet delivery
mechanism to provide QoS guarantee in WSNs [14]. It
checks energy level of the next node while choosing the
forwarding path. This is achieved by using beacon messages that give the information about the position, remaining energy level of the node. As a result, EAMMSPEED
protocol makes a combination of QoS guarantees of
MMSPEED with energy information of sensor nodes [14].
ReInForM [15] was designed to solve end-to-end reliability problems. Multiple copies of the packet are sent
along to multiple paths from source to destination to make
possible data delivery with the desired reliability. Number
of paths required to satisfy reliability is controlled by dynamic packet state which relies on local knowledge of
channel error rate and topology. ReInForM does not consider energy [15].
MPDT distributes workload equally among nodes in order to extend lifetime of WMSNs [16]. It operates in two
phases: route set up phase and data transmission phase.
Route set up phase discovers the multi-path route and data
transmission phase selects the data to transmit in multiple
paths. The nodes are selected by controlling the remaining
energy in the nodes [16].
Reliable, Real-time Routing protocol (3R) takes both
multi-path and time-constrained routing into account
[17]. 3R claims that transmission delays can be reduced
in WSNs by supporting paralleled transmission. This protocol uses Packet Reception Rate (PRR) estimations to calculate the necessary number of forwarding paths in order to
ensure a certain reaching probability. Simulation results
show that the 3R can decrease delays and increase
reliability within high energy consumption.
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REAR is an energy-efﬁcient routing protocol which
takes energy levels of sensor nodes into consideration before making a decision for routing paths. It uses a mechanism based on a messaging technique which is called as
multi-path route request message (MREQ) to decide the
routing path. MREQ message is broadcasted from source
node to the other nodes in the network and the nodes forward MREQ message to the next nodes by checking their
remaining energy levels. The nodes sending the MREQ
message quicker are the ones that have higher energy
levels and this criterion will make them selected for the
routing path from source node the destination node [18].
EQSR [3] is an energy-efﬁcient and QoS-aware routing
protocol that takes into consideration of the energy level
of sensor nodes, available buffer size and signal to noise ratio (SNR) in order to decide the best next hop. Its goal is to
minimize energy consumption to increase network lifetime, keep the end-to-end delays of high important trafﬁc
packets acceptable value to achieve service differentiation
in timeliness domain and increase packet reachability by
using redundant data. Also, Forward Error Correction
(FEC) technique is used by the protocol to recover node
failures without ﬂooding [3].
2.2.1. Why multi-path routing protocols?
In single-path routing, protocol is designed to discover
and use single-path between a source and a sink. However,
multi-path routing provides multiple paths between the
source and the sink. In the following, the advantages and
disadvantages of multi-path routing are brieﬂy discussed.
The advantages of multi-path routing can be listed as
follows:
 Load balancing: Balancing network trafﬁc load can be
possible by splitting the trafﬁc across multiple paths.
 Reliability and Fault tolerance: Reliability can be
deﬁned as the probability that packets arrive from the
source to the destination successfully. Multi-path routing can be used to improve reliability by sending multiple copies of data with different paths [19]. The receiver
node will get the packet, if one of the replicated packets
is received successfully.
 Highly aggregated bandwidth: Single-path routing may
fail in proving required bandwidth. But, multi-path
routing can provide the required bandwidth by employing multiple paths for transmission.
The disadvantages of multi-path routing can be listed as
follows:
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if the routes are node-disjoint paths. Route coupling
shows that node-disjoint routes are not enough to
improve performance [21].
 Increasing end-to-end delay and network load: In
multi-path routing network, trafﬁc is loaded abnormally because of redundant data packet and their control packets or simultaneously sending packets and
their control packets. This high loaded trafﬁc increases
end-to-end delay of transmitted packets.
2.2.2. Constructing several paths based on routing metrics
Multi-path routing protocols reviewed in the previous
subsection can be divided into two categories. Protocols in
the ﬁrst category transmit different packets to the destination though different paths. On the other hand, protocols
in the second category transmit multiple copies of the same
packet to the destination though multiple paths to improve
network reliability. Although this approach improves network reliability and supports packet prioritization, it may
lead to contention and congestion in the network.
Multi-path routing protocols can use several parameters, such as residual energy levels, end-to-end delay, link
reliability, wireless channel error rate, network topology
and available bandwidth, as routing metrics (see Table 1).
Although all the studies reviewed in this section provide valuable insights and foundations about WMSNs, they
mainly aim to achieve energy efﬁciency or reliability objectives and do not study image transmission challenges in
WSNs. In this paper, the performance of QoS-aware single-path routing and multi-path routing protocols has been
investigated for image transmission in WMSNs.
3. Performance metrics and results
This section mainly focuses on performance evaluations
of single-path and multi-path routing protocols. For the
performance evaluations, MMSPEED has been preferred
due to its ability to use many ﬂows for differentiation on
reliability and timeliness domain. Different from
MMSPEED, the proposed approach uses only one ﬂow
and tries to differentiate one ﬂow in reliability domain,
i.e., instead of sending many images with different reliabilities, an image is divided into two different packet classes
and sent in one ﬂow. By means of image packet prioritization provided by the proposed approach, an image ﬁle is
divided into different parts and high-priority parts take
superiority in the network trafﬁc.
3.1. Simulation speciﬁcation

 Route coupling: WSN uses shared wireless channel to
communicate. Therefore, if transmitting node keeps
shared wireless channel busy, neighboring nodes are
blocked from receiving data. While interference may
cause degradation of quality of neighboring transmission, several metrics to estimate self-interference
between different paths have already been proposed
[20]. Route coupling can be explained as, in multi-path
routing, transmission may interfere because of some
nodes may be in the transmission range of others, even

In this study, we have used J-SIM network simulator
[22] to perform simulations. J-SIM is a Java-based opensource object-oriented library for discrete time process
oriented simulations and dual language simulation environment written in Java. J-SIM supports script interfaces
which can be TCL, Python and Perl for simulation scenarios.
Our simulation scenarios are prepared via TCL scripts.
In this study, we have used two different routing
protocols in our experiments; reliable multi-path routing
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Table 1
Comparison of some of QoS-aware routing protocols.

QoSMetric
Energy-aware
Location-aware
Scalability
Service differentiation

SPEED [8]

Energy and QoS-aware
routing protocol [11]

MMSPEED [5]

Energy-aware
MMSPEED [14]

Multimedia-aware
MMSPEED [13]

End-to-end delay
No
Yes
No
No

End-to-end delay
Limited
No
Limited
No

Delay and reliability
No
Yes
Yes
Yes

Delay and reliability
Yes
Yes
Yes
Yes

Delay and reliability
No
Yes
Yes
Yes

protocol and reliable single-path routing protocol. We have
also chosen one of two classes for each packet; low priority
class and high priority class. We have used ‘‘Lena’’ test image and assigned high priority classes for its important part
as shown in Fig. 1 in which the posture of the picture is
captured with lines.
Simulations have been performed in three different
scenarios;
 In the ﬁrst scenario, all packets are assigned to high priority class.
 In the second scenario, the packets which represent
important part of an image are assigned to high priority
class. However, other packets are assigned to low priority class.
 In the third scenario, all packets are assigned to low priority class.
In all the scenarios, high priority value is set to 0.7, low
priority value is set to 0.2, and deadline is set to 2.0. All the
scenarios are repeated multiple times for different number
of sources: 2, 4, 8, 12, and 16. Simulation parameters are
listed in Table 2.
3.2. Performance metrics
In this study, we have evaluated average delay, reachability, PSNR and delay-bounded PSNR as performance metrics of all the scenarios for each protocol. Also, total numbers
of data and control packets are calculated. Detailed explanation of the performance metrics are given below.
 PSNR: PSNR value presents ratio of maximum possible
signal power to the corrupting noise power that affects
the representation of an image. Reasonable PSNR value

of an image should be 20 dB at least. We have calculated two different PSNR values for each case. First PSNR
value is calculated for the whole image. The other PSNR
value is calculated for only important part of the image.

MSE ¼

m1X
n1
1 X
2
½Iði; jÞ  Kði; jÞ
mn i¼0 j¼0

ð1Þ

PSNR is calculated by using MSE (Mean Squared Error) value of the two m  n images.
!

PSNR ¼ 10:log 10

MAX 2I
MSE

ð2Þ

MAXI is the maximum possible pixel value of the image.
When the pixels of the image are represented using 1 bit,
this value is 1 but if they are represented with 8 bit, then
this value equals to the 255. Hence, general formula of
the maximum possible pixel value is 2b  1.
 Delay-Bounded PSNR: Delay-bounded PSNR can be
used to observe the effect of real-time delay bounds
on reliable communication [19].
 Average Delay: Average delay is average transportation
time of all transmitted data.
 Packet Reception Rate: Packet reception rate is the
ratio of number of successfully transmitted packets to
total number of transmitted packets.
 On-time Reachability: On-time reachability is packet
reception rate of some packets which are successfully
transmitted to the destination before the deadline.
 Control Packets: Control packets consist of MAC layer
control packets, location update packets and backpressure packets. MAC layer control packets are ACK,
RTS, CTS and retransmission RTS packets.
3.3. Performance results
PSNR values have been calculated for both the whole
image and the important part of the transmitted image.
They are named as Total PSNR and Partial PSNR, respectively. Fig. 2a shows total PSNR values and Fig. 2b shows
partial PSNR for all routing protocols. As it can be seen in
Table 2
Simulation environment settings.

Fig. 1. (a) Lena test image, (b) the important part of Lena test image.

Node number
Terrain
Radio range
Packet size
Trafﬁc
Mac protocol
Channel model

100
200 m  200 m
40 m
256 Bytes
CBR
CSMA
Two-ray ground
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Fig. 2a, there are two cases that produce acceptable total
PSNR values. These cases are multi-path routing and
single-path routing with the ﬁrst scenario explained above.
Here it is important to note that total PSNR calculation is
made by using the whole image and the ﬁrst scenario assigns high priority to all image packets. Although multipath routing keeps its trend, single-path routing does not
keep its trend and it becomes worse with the increase of
number of source ﬂows.
On the other hand, Fig. 2b shows partial PSNR values. As
it can be seen in Fig. 2b, partial PSNR values are acceptable
for four cases. These cases are multi-path and single-path
routing with the ﬁrst and second scenarios. Note that partial PSNR calculates packets of the important part of the
transmitted image and we assign these packets as high priority for the ﬁrst and the second scenarios. Furthermore,
for partial PSNR and total PSNR, multi-path routing keeps
its good trend (between 20 dB and 25 dB), while singlepath routing becomes worse with the increase of number

of source ﬂows. Finally, reliability of multi-path routing
is higher than reliability of single-path routing for highly
loaded network trafﬁc. It shows that increasing the number of paths also increases the probability of reachability.
Fig. 3a and b show that the prioritization of image packets makes similar effect on both delay-bounded total PSNR
values and partial PSNR values. However, delay-bounded
PSNR values of single-path routing are higher than multipath routing. This difference can be explained as packet
transmission time of multi-path routing is longer than single-path routing due to high trafﬁc load. Hence, multi-path
routing provides acceptable PSNR values until 8 sources.
Furthermore, delay bounded partial PSNR values of the
ﬁrst and the second scenarios are similar to each other.
This can be explained by the probabilistic chance of high
priority packets in mixed network. If only important packets are assigned as high priority like the second scenario,
then they have more probabilistic chance to reach destination compared to low priority packets. This challenging

Fig. 2. (a) The average PSNR values of the whole image, (b) the average
PSNR values of the partial image for four different ﬂow numbers.

Fig. 3. (a) The delay bounded average PSNR values of the whole image,
(b) the delay bounded average PSNR values of the partial image for four
different ﬂow numbers. Deadline is set to 2.0.
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situation between the different priority packets makes
high priority ones one step ahead. On the other hand, if
all packets in the network are assigned as high priority, then
there is no clear differentiation between packets of image parts.
The evaluations of total number of control and data
packets show a clear differentiation for multi-path routing
case and no differentiation for single-path routing case.
This is because multi-path routing is keen to use redundant paths to achieve required probability values for packet transmission. Therefore, multi-path routing provides
clear differentiation for the number of control packets
and data packets. Hence packets, which are assigned high
priority class tag, use more redundant paths than low priority packets in multi-path routing. This causes more control packet and data packet usage in the ﬁrst scenario and
average usage in the second scenario as shown in Fig. 4.
Analysis of control and data packets shows us that image
prioritization reduces number of control and data packets
in multi-path routing. Also, we observe that image prioritization provides more ﬂexibility and energy saving without
loss of important image packets by means of using less
redundant paths. On the other hand, there is no clear differentiation for single-path as shown in Fig. 4.
In Fig. 5, we observe that high trafﬁc load causes increase in communication delay. Also, communication delays of multi-path routing are higher than delays of
single-path routing. Because multi-path routing uses
redundant paths instead of single-path and this multiple
path usage causes more network load and increases network congestion and delay. This behavior of multi-path
routing can also be observed in Fig. 4a and b.
Reliability provides clear differentiation for reachability
for each protocol as shown in Fig. 6. The results are the
same as expected results; the ﬁrst scenarios have high
reachability, the second scenarios have acceptable high
reachability and the third scenarios have fair reachability.
On the other hand, multi-path routing provides more reliability when trafﬁc load is high. In detail, reliability of the
second scenarios seems worse than the ﬁrst scenarios. In
addition, the second scenario gives enough PSNR value (between 20 dB and 25 dB, as shown in Fig. 2b) for the important part of the image.
As shown in Fig. 7, with 95% conﬁdence intervals, the
network cannot handle low deadline when network load
increases, which call for adaptive congestion control mechanisms. However, delay distributions in Fig. 7 show that
deadline 2.0 is enough for almost 16 sources network.
Overall, we observe that in addition to QoS-aware routing
algorithms, image packet prioritization can also be utilized
in WMSNs in order to achieve moderate reliability, less energy consumption and higher Partial PSNR. The main results of performance evaluations can be summarized as
follows:
 Overhead of control packets and data packets are
reduced by prioritization of image packets for multipath routing. PSNR value of important part of image
preserved, although PSNR value of the whole image is
decreased dramatically. We also observe that there is
non-linear inverse ratio between the density of network
trafﬁc and communication delay.

 Reliability is conserved for both single-path routing and
multi-path routing when network trafﬁc is low. Reliability is differentiated for single-path routing and
multi-path routing in a high loaded network and
multi-path routing can achieve more reliable packet
transmission in high loaded network scenarios.
When network trafﬁc is highly loaded, single-path routing performs better than multi-path routing in terms of
average delay due to high trafﬁc load and associated overhead of multi-path routing. But, delay-bounded PSNR results are lower than delay-unbounded PSNR results,
therefore this differentiation should be considered while
comparing single-path and multi-path routing protocols
in terms of average delay. Therefore, if QoS-aware routing
protocols are used, delay-bounded PSNR values of high priority part of image might be preserved until network
capacity is reached. On the other hand, multi-path routing
is more consistent and keeps its trend according to the delay-unbounded partial PSNR results and this result shows

Fig. 4. (a) Number of control packets, (b) number of data packets for 5
different ﬂow numbers.
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Fig. 5. Average delays of single-path and multi-path routing.

Fig. 6. Reachability (packet reception rate) values of three different
scenarios within 2 protocols.

that there is no clear differentiation on reliability of important part of images, but there is clear differentiation for
control and data packet overhead. Hence scenario 2 (high
priority is assigned to only important parts of an image
ﬁle) is more desirable than scenario 1 (all packets have
high priority).
4. Open research issues
Although, the existing single-path routing and multipath routing approaches evaluated in this study can be employed in WMSN applications, a number of key issues still
need to be explored. They are brieﬂy summarized as
follows.
 Use of Efﬁcient Image Formats for WMSNs: Existing
lossy and lossless image formats were designed for
conventional PC-based applications. Considering possible packet errors and variable capacity of WMSN
links, novel prioritization-based image formats with

Fig. 7. Communication delay histograms with different number of
sources, (a) multi-path routing with 2 sources, (b) multi-path routing
with 8 sources, (c) multi-path routing with 16 sources.

high-compression rates need to be developed. In
addition, quality of experience (QoE)-based metrics for
image formats can be initiated for this goal.

140

M. Macit et al. / Ad Hoc Networks 19 (2014) 132–141

 Data Compression: It is well-known that wireless links
exhibit varying characteristics especially in industrial
zones. This cannot be completely eliminated. However,
end-to-end data compression provided by node microcontrollers or speciﬁc hardware-based components
can be effectively used to alleviate the drawbacks
caused by the wireless links.
 Energy-Efﬁcient Design and Energy-Efﬁcient Protocols:
Taking the resource constraints of sensor nodes into
account, energy-efﬁcient hardware and software solutions, such as adaptive transmission power control and
dynamic duty cycles [23], and energy-efﬁcient protocols
must be key factors in emerging WMSN solutions.
 Mobility: Most existing solutions for WMSNs have
either ignored mobility or assumed low mobility.
Therefore, solutions for mobile WSNs need to be investigated. For this goal, internal low-cost GPS modules
and/or novel location estimation algorithms can be
utilized.
 Novel Routing Approaches: While the existing multipath routing approaches can handle WMSN trafﬁc,
real-time video trafﬁc requires speciﬁc geographical
routing approaches such as the one proposed by Chen
et al. [24].
 Commercial Availability: Although wireless sensor networks are well-established with a large number of commercial products, WMSNs still lack commercial off-the
shelf solutions.
 Emerging Distributed Solutions for Efﬁcient Image
Transmission: Compared to WSN nodes, WMSN nodes
have enhanced inherent capabilities which can efﬁciently be incorporated into WMSN-based image transmission applications [25].
5. Conclusions
Though WMSNs are attracting signiﬁcant attention and
their applications are increasing, speciﬁc techniques must
be employed to meet associated QoS requirements of multimedia trafﬁc and handle limited resources of WMSN
nodes properly. In this study, a novel approach is proposed
for image transmission in WMSNs. Using a set of different
reliability values for image packets, a prioritization is realized and important parts of an image are assigned high priority. In this way, the important parts take priority during
transmission. In order to evaluate the proposed approach, a
set of comparative evaluations in terms of PSNR, average
delay, reachability, and data and control packet overhead
has been conducted to investigate the performance of
QoS-aware single-path and multi-path routing protocols
for WMSN-based image transmission applications.
In the performance evaluations, prioritization, linkquality estimation, and multi-path selection mechanisms
were employed to address the requirements of WMSNbased image transmission applications. The results of the
performance evaluations show that multi-path routing is
more reliable than single-path routing and can be
preferred to single-path routing. On the other hand, at
the high load trafﬁc, single-path routing performs better
than multi-path routing in terms of average delay due to
associated overhead of multi-path routing.

References
[1] I.F. Akyildiz, T. Melodia, K.R. Chowdury, Wireless multimedia sensor
networks: a survey, IEEE Wirel. Commun. 14 (6) (2007) 32–39.
[2] F. Stann, J. Heidemann, RMST: reliable data transport in sensor
networks, in: Proc. of IEEE Sensor Network Protocols and
Applications (SNPA), Anchorage, Alaska, USA, April 2003, pp. 102–
112.
[3] B. Yahya, J. Ben-Othman, Energy efﬁcient and QoS based routing
protocol for wireless sensor networks, J. Parall. Distrib. Comput. 70
(8) (2010) 849–857.
[4] V.C. Gungor, G.P. Hancke, Industrial wireless sensor networks:
challenges, design principles, and technical approaches, IEEE Trans.
Industr. Electron. 56 (10) (2009) 4258–4265.
[5] E. Felemban, C. Lee, E. Ekici, MMSPEED: multi-path multi-SPEED
protocol for QoS guarantee of reliability and timeliness in wireless
sensor networks, IEEE Trans. Mobile Commun. 5 (2006) 738–754.
[6] M.D. Yarvis, W.S. Conner, L. Krishnamurthy, J. Chhabra, B. Elliott, A.
Mainwaring, Real-world experiences with an interactive ad hoc
sensor network, in: Proc. of International Conference on Parallel
Processing Workshops, 2002, pp. 143–151.
[7] J. Chen, R. Lin, Y. Li, Y. Sun, LQER: a link quality estimation based
routing for wireless sensor networks, Sensors 8 (2) (2008) 1025–
1038.
[8] T. He, J. Stankovic, C. Lu, T. Abdelzaher, SPEED: a stateless protocol
for real-time communication in sensor networks, in: Proc. IEEE
International Conf. Distributed Computing Systems, 2003, pp. 46–55.
[9] M.S. Kordafshari, A. Pourkabirian, K. Faez, A.M. Rahimabadi, Energyefﬁcient SPEED routing protocol for wireless sensor networks, in:
Proc of the Fifth Advanced International Conference on
Telecommunications, 2009, pp. 267–271.
[10] A. Mohajerzadeh, M. Yaghmaee, An energy aware routing protocol
for real time trafﬁc in wireless sensor networks, in: Proc. of
International Conference on Ultra Modem Telecommunications
and Workshops, October 2009, pp. 1–9.
[11] K. Akkaya, M. Younis, Energy and QoS aware routing in wireless
sensor networks, Cluster Comput. 8 (2–3) (2005) 179–188.
[12] J. Heo, J. Hong, Y. Cho, EARQ: energy aware routing for real-time and
reliable communication in wireless industrial sensor networks, IEEE
Trans. Industr. Inf. 5 (1) (2009) 3–11.
[13] S. Darabi, N. Yazdani, O. Fatemi, Multimedia-aware MMSPEED: a
routing solution for video transmission in WMSN, in: Proc. of 2nd
International
Symposium
on
Advanced
Networks
and
Telecommunication Systems, Mumbai, India, December 2008, pp.
1–3.
[14] S. Sanati, M.H. Yaghmaee, A. Beheshti, Energy aware multi-path and
multi-speed routing protocol in wireless sensor networks, in: Proc.
of 14th International CSI, CSICC 2009, Tahran, December 2009, pp.
640–645.
[15] B. Deb, S. Bhatnagar, B. Nath, ReInForm: reliable information
forwarding using multiple paths in sensor networks, in: Proc. IEEE
Int’l Conf. Local Computer Networks, 2003, pp. 406–415.
[16] S. Poojary, M.M.M. Pai, Multi-path data transfer in multimedia
wireless sensor networks, in: Proceedings of the Fifth International
Conference on Broadband and Wireless Computing, Communication
and Applications, Fukuoka, Japan, November 2010, pp. 379–383.
[17] M. Krogmann, M. Heidrich, D. Bichler, D. Barisic, G. Stromberg,
Reliable, real-time routing in wireless sensor and actuator networks,
ISRN Commun. Netw. (2011) 8. http://dx.doi.org/10.5402/2011/
943504 (Article ID 943504).
[18] K.-Y. Shin, J. Song, J. Kim, M. Yu, P.S. Mah, REAR: reliable energy
aware routing protocol for wireless sensor networks, in: Proc. of the
9th International Conference on Advanced Communication
Technology, Gangwon-Do, S. Korea, vol. 1, May 2007, pp. 525–530.
[19] O.B. Akan, Performance of transport protocols for multimedia
communications in wireless sensor networks, IEEE Commun. Lett.
11 (10) (2007) 826–828.
[20] Y. Yang, J. Wang, R. Kravets, Interference-Aware Load Balancing for
Multihop Wireless Networks, UIUCDCS-R-2005-2526, Technical
Report, 2005.
[21] S. Bandyopadhyay, S. Roy, T. Ueda, K. Hasuike, Multi-path routing in
ad hoc wireless networks with directional antenna, in: Proc. of the
IFIP TC6/WG6.8 Working Conference on Personal Wireless
Communications, Singapore, vol. 234, October 2002, pp. 45–52.
[22] A. Sobeih, J.C. Hou, L.-C. Kung, N. Li, H. Zhang, W.-P. Chen, H.-Y. Tyan,
H. Lim, J-SIM: a simulation and emulation environment for wireless
sensor networks, IEEE Wirel. Commun. 13 (4) (2006) 104–119.
[23] N. Saxena, A. Roy, J. Shin, Dynamic duty cycle and adaptive
contention window based QoS-MAC protocol for wireless

M. Macit et al. / Ad Hoc Networks 19 (2014) 132–141
multimedia sensor networks, Comput. Netw. 52 (13) (2008) 2532–
2542.
[24] M. Chen, V. Leung, S. Mao, Y. Yuan, Directional geographical routing
for real-time video communications in wireless sensor networks,
Comput. Commun. 30 (17) (2007) 3368–3383.
[25] R. Dai, P. Wang, I.F. Akyildiz, Correlation-aware QoS routing with
differential coding for wireless video sensor networks, IEEE Trans.
Multimedia 14 (5) (2012) 1469–1479.

Muhammet Macit received the B.S degree in
Computer Engineering from Marmara University, Istanbul, Turkey in 2010 and the M.S
degree in Computer Engineering from Bahcesehir University, Istanbul, Turkey in 2012.
He is currently working as a Senior Software
Engineer and at the same time pursuing to his
Ph.D degree in Computer Engineering from
Bahcesehir University, Istanbul, Turkey. His
current research interests include wireless
sensor networks, fraud detection and scalable
distributed software design.

V. Cagri Gungor received his B.S. and M.S.
degrees in Electrical and Electronics Engineering from Middle East Technical University, Ankara, Turkey, in 2001 and 2003,
respectively. He received his Ph.D. degree in
electrical and computer engineering from the
Broadband and Wireless Networking Laboratory, Georgia Institute of Technology, Atlanta,
GA, USA, in 2007 under the supervision of
Prof. Ian F. Akyildiz. He was an Associate
Professor and the Graduate Programs (Ph.D.
and M.S.) Coordinator at the Department of
Computer Engineering, Bahcesehir University, Istanbul, Turkey. Currently,
he is an Associate Pofessor and Chair of the Computer Engineering

141

Department at Abdullah Gul Univesiy, Kayseri, Turkey. His current
research interests are in smart grid communications, machine-tomachine communications, next-generation wireless networks, wireless
ad hoc and sensor networks, cognitive radio networks, and IP networks.
Dr. Gungor has authored several papers in refereed journals and international conference proceedings, and has been serving as an Editor, and
program committee member to numerous journals and conferences in
these areas. He is also the recipient of the IEEE Transactions on Industrial
Informatics 2012 Best Paper Award, the IEEE ISCN 2006 Best PaperAward,
the European Union FP7 Marie Curie IRG Award in 2009, Turk Telekom
Research Grant Awards in 2010 and 2012, and the San-Tez Project Awards
supported by Alcatel-Lucent, and the Turkish Ministry of Science, Industry and Technology in 2010.

Gurkan Tuna serves as an Assistant Professor
at Trakya University. He received his B.S.
degree in computer engineering from Yildiz
Technical University, Istanbul, Turkey, in
1998, and his M.S. degree in computer engineering from Trakya University, Edirne, Turkey, in 2009. He received his Ph.D. degree in
electrical engineering from Yildiz Technical
University, Istanbul, Turkey, in 2012. Tuna has
authored several papers in international conference proceedings and refereed journals,
and two book chapters. He has been serving as
a reviewer for international journals and conferences. His current
research interests include smart grid communications, ad hoc and sensor
networks, robotic sensor networks, multisensor fusion, energy harvesting,
and energy-aware routing.

