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In wireless sensor networks, most routing protocols consider energy savings as the main
objective and assume data traffic with unconstrained delivery requirements to be a given.
However, the introduction of video and imaging sensors unveils additional challenges. The
transmission of video and imaging data requires both energy efficiency and QoS assurance
(end-to-end delay and packet loss requirements), in order to ensure the efficient use of
sensor resources as well as the integrity of the information collected. This paper presents
a QoS routing model for Wireless Multimedia Sensor Networks (WMSN). Moreover, based
on the traditional ant-based algorithm, an ant-based multi-QoS routing metric (AntSens-
Net) is proposed. The AntSensNet protocol builds a hierarchical structure on the network
before choosing suitable paths to meet various QoS requirements from different kinds of
traffic, thus maximizing network utilization, while improving its performance. In addition,
AntSensNet is able to use a efficient multi-path video packet scheduling in order to get
minimum video distortion transmission. Finally, extensive simulations are conducted to
assess the effectiveness of this novel solution and a detailed discussion regarding the
effects of different system parameters is provided. Compared to typical routing algorithms
in sensor networks and the traditional ant-based algorithm, this new algorithm has better
convergence and provides significantly better QoS for multiple types of services in wireless
multimedia sensor networks.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Rapid advances in Micro-Electro-Mechanical System
(MEMS) technology, proliferation of wireless communica-
tion and digital electronics have set the stage for the
deployment of low-cost, low-power, multi-functional,
autonomous sensor networks. The major objectives behind
the research and deployment of Wireless Sensor Networks
(WSNs) [1] lie in the following two broad aspects: (i) event
detection (sensing) and data communication through node
coordination and (ii) conservation of energy to maximize
the post-deployment, active lifetime of individual sensor
. All rights reserved.
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nodes and the overall network. On the other hand, today’s
wireless communication is gradually changing the para-
digms from the existing scalar services (light, temperature,
etc.) to a new world of real-time audio-visual applications.
The increasing popularity of multimedia applications has
already given birth to the new term Wireless Multimedia
Sensor Networks (WMSNs) [2]. Video surveillance, tele-
medicine, and traffic control will be the high-impact appli-
cations of emerging WMSNs.

The additional challenges created by the intrinsic fea-
tures of multimedia communication must be addressed
in order to deploy these multimedia applications within
WSNs. Unlike conventional data communication, required
for reliable transport of event features from the field, mul-
timedia traffic does not require 100% reliability, since it is
endowed with most strict requirements on bounded delay,
packet loss, minimum bandwidth, and smooth change of
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the transmission rate. These additional requirements
inevitably amplify the challenges for multimedia commu-
nication in sensor networks. Especially, high bandwidth
demands and strict multimedia communication time-con-
straints present significant challenges for sensor networks
when matching energy and processing capacities with the
level at which application objectives are met. While a sig-
nificant amount of research has been conducted on WSN
routing problems [3], WSN multimedia data routing re-
mains vastly unexplored. On the other hand, multimedia
communication problems have been largely investigated
and numerous solutions exist for wireless environments
and the Internet. However, such solutions cannot be di-
rectly applied to WMSN scenarios due to their unique char-
acteristics and resource constraints. Consequently, there is
an urgent need for research efforts to address the chal-
lenges of WSN multimedia communications to help realize
many currently envisioned multimedia WSN applications.

When network size scales up, routing becomes more
challenging and critical. Lately, biologically-inspired intel-
ligent algorithms have been deployed to tackle this prob-
lem [4–8]. Using ants, bees and other social swarms as
models, software agents can be created to solve complex
problems, such as traffic rerouting in busy telecommunica-
tion networks. Swarm intelligence, which is revealed by
such natural biological swarms, offers various valuable
properties renowned in many engineering systems, for in-
stance in network routing. Swarm intelligence systems re-
fer to complex behaviors, typically invented from some
simple agents who cooperate with one another and their
environment. One of the most successful swarm intelli-
gence techniques is called Ant Colony Optimization (ACO)
[9], an optimization algorithm used to find approximate
solutions for difficult combinatorial optimization prob-
lems. In ACO, artificial ants find solutions by moving on
the problem graph, mimicking real ants who previously
left behind pheromones for the use of future ants that
can find better solutions. ACO was successfully applied to
a remarkable number of optimization problems. Ants use
reinforcement learning to discover the most efficient path.
In reinforcement learning, the intelligent system is simply
given a goal that must be reached. The system then adopts
the goal using a trial and error interaction with the envi-
ronment. Interactions that take the system close to the tar-
get receive a reward, while punishment is administered to
those who stray away from the target. Computer scientists
addressed reinforcement learning of artificial systems by
introducing a concept called pheromone decay. When this
pheromone evaporates rapidly, longer paths have trouble
maintaining pheromone trails stable. This has also been
used for telecommunication networks [10]. Artificial ants
continuously explore different paths, and pheromone trails
to provide backup plans. Thus, if one link breaks down, a
pool of alternatives already exists.

This paper proposes a QoS routing algorithm for wire-
less multimedia sensor networks based on an improved
ant colony algorithm. The AntSensNet protocol introduces
routing modeling with four QoS metrics associated with
nodes or links. The algorithm can find a route in a WMSN
that satisfies the QoS requirements of an application,
while simultaneously reducing the consumption of con-
strained resources as much as possible. Moreover, by
using clustering, it can avoid congestion after quickly
judging the average queue length and solve convergence
problems, which are typical in ACO. Simulation results
show that the proposed algorithm improves the perfor-
mance of other typical protocols such as Ad hoc On-
Demand Distance Vector Routing (AODV).

The remainder of the paper is organized as follows: Sec-
tion 2 provides a brief review of some closely related
works. The proposed protocol is described in Section 3.
Then, AntSensNet is tested through a series of computer
simulations presented in Section 4. Concluding remarks
appear in Section 5.
2. Related work

As previously mentioned, Wireless Multimedia Sensor
Networks (WMSNs) not only enhance existing sensor net-
work applications such as tracking, home automation, and
environmental monitoring, but they also enable several
new applications such as multimedia surveillance sensor
networks, automobile traffic management (traffic conges-
tion avoidance systems, speed control, car parking assis-
tance), storage of potentially relevant activities, advanced
health care delivery, structural health monitoring, and
industrial process control (visual inspection, automated
actions). Many of these applications require the sensor net-
work paradigm to be re-thought in view of the fact that, in
these types of networks, the main concerns are not only
energy constrains, limited computing power, and memory
availability of the sensor nodes, but also the need for
mechanisms to deliver multimedia content with a certain
level of Quality of Service (QoS): the transmission of
imaging and video data requires careful handling in order
to ensure that end-to-end delay remains within an accept-
able range, while the delay variation is acceptable, the link
bandwidth pertains to the tolerable compression ratio, that
jitter is satisfactory and that there is a low packet loss
rate [2].

Providing QoS guarantees in wireless sensor networks
consists of a very challenging problem, but several ap-
proaches have been proposed in the literature for QoS sup-
port in these kinds of networks. For example, Sequential
Assignment Routing (SAR) [11], one of the first approaches
in the area of QoS for wireless sensor networks, builds
multiple paths from a source node to the sink node. Path
selection considers both QoS metrics (the flow delay
requirements and the source load balancing intentions)
and energy resources, to avoid nodes with low QoS and en-
ergy reserves. Intermediate nodes forward packets accord-
ing to their level of priority. However, the algorithm does
not consider reliability issues and it cannot scale large net-
works due to the use of a routing table to calculate multi-
ples paths.

An energy-aware QoS routing protocol for real-time
traffic generated by a wireless sensor network consisting
of image sensors is proposed by Akkaya and Younis [12].
This approach finds multiple network routes by using a
minimum path cost. Such cost is a function of distance be-
tween nodes, node residual energy, energy transmission,
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and error rates which meet the requested end-to-end delay
constraints. All traffic is divided into best effort and real-
time classes. A Weighted Fair Queuing (WFQ) approach is
used at every node to provide the required share of band-
width for both traffic classes. Path generation is performed
in a centralized manner, at the base station using an ex-
tended version of Dijkstra’s algorithm. The advantage of this
algorithm lies in the fact that it provides a guarantee for
best-effort transmission, while simultaneously trying to
maximize real-time traffic throughput. The main drawback
is that the algorithm requires complete knowledge of the
network topology at the base station to calculate multiple
routes, thereby limiting the scalability of this approach.

The Real-time communication Architecture Protocol
(RAP) proposed by Chenyang et al. [13] uses a velocity
monotonic scheduler to prioritize packets, and schedules
them on the basis of their required transmission speed.
Geographic routing is used to forward traffic towards its
destination, while velocity-aware scheduling, either static
(computed at the source, based on both deadline and dis-
tance to destination) or dynamic (computed at every node,
based on the actual progress of the packet) ensures that
packets meet their deadlines by giving higher priority to
packets with higher requested velocities. However, when
calculating routes, this protocol fails to consider energy is-
sues and the number of hops executed by the packets.

A QoS routing protocol, called SPEED, was proposed by
He et al. [14] to provide a soft real-time end-to-end time-
liness guarantee. The protocol requires that each node
saves information regarding its neighbors and exploits
geographic forwarding to find paths. In addition, SPEED
strives to ensure a certain rapidity for each packet delivery
so that each application can estimate the end-to-end delay
for the packets by considering the distance to the sink and
the speed of the packet delivery before making the admis-
sion decision. Using the distance and delay, each node
evaluates the packet progress speed of each neighbor node
and forwards a packet to a node whose progressive speed
is higher than the pre-specified lower-bound speed. In
the event that some path links become congested and can-
not support the maximum delivery speed, the protocol in-
cludes mechanisms to divert traffic to other routes. One of
the drawbacks of SPEED is that it does not have a packet
prioritization scheme. In addition, the protocol does not
provide any guarantee regarding packet reliability.

The QoS routing approach presented by Agrawal et al.
[15] utilizes the geographic location of sensor nodes as
well. This protocol assigns an urgency factor to every pack-
et depending on the remaining distance and the time left
to deliver the packet. It determines the distance required
for the packet to be sent closer to the destination in order
to meet its deadline. Each node assigns a priority to all of
its neighbors, according to their residual energy and delay,
as well as the priority of the packets, and packets are for-
warded to the highest priority nodes. Packets are sorted
in two different queues, one for non-real-time traffic, and
another one for real-time traffic. Real-time traffic is prior-
itized based on its urgency factor, scheduling those packets
with more aggressive deadlines first for transmission. Reli-
ability is achieved by using duplication of information at
the source node. However, the protocol does not consider
data aggregation and the network lacks a good deconges-
tion scheme.

A multi-path and multi-speed routing protocol called
‘‘MMSPEED” [16] is proposed by Felemban et al., which
takes into account both timeliness and reliability as QoS
requirements. The goal is to provide QoS support that al-
lows packets to choose the most proper combination of
service options depending on their timeliness and reli-
ability requirements. For timeliness, multiple QoS levels
are supported by providing multiple packet delivery
speed guarantees. The scheme employs localized geo-
graphic forwarding with dynamic compensation to offset
inaccuracies in decisions made with only local knowledge.
Intermediate nodes have the ability to boost a packet’s
transmission speed to higher levels if they notice that
the packet may not meet its delay deadline at the current
speed, although the deadline could be met at a higher
speed. MMSPEED assumes the use of IEEE 802.11e at
the MAC layer with its inherent prioritization mechanism
based on the Differentiated Inter-Frame Spacing (DIFS).
Each speed value is mapped onto a MAC layer priority
class. For reliability, multiple reliability requirements are
supported by probabilistic multi-path routing with the
number of paths being dependent upon the required de-
gree of reliability. MMSPEED adapts to network dynamics
such as channel error conditions and speed changes to
determine the number of forwarding nodes (thus forming
multiple paths) in each hop to satisfy the overall reliabil-
ity and timeliness of QoS requirements. However,
MMSPEED fails to consider energy issues; hence, it is only
applicable for short-term WSN applications whose mis-
sion lasts only a few hours or at most one day. Moreover,
it does not handle network layer aggregation and requires
substantial state information to be stored at intermediate
sensor nodes.

Finally, ReInForM [17] was proposed to address end-to-
end reliability issues. ReInForM considers the importance
of the data in the packet and it can adapt to channel errors.
The protocol sends multiple copies of a packet along multi-
ple paths from the source to the sink so that data can be
delivered with the desired reliability. It uses the concept
of dynamic packet state in the context of sensor networks
to control the number of paths required for the desired
reliability, based on local knowledge of the channel error
rate and topology. However, the protocol only addresses
QoS in terms of reliability, disregarding energy issues. In
addition, the protocol does not consider route delays when
selecting multiple paths.

The newly proposed solution to QoS routing in WMSNs
is based on the Ant Colony Optimization (ACO) metaheu-
ristic, especially due to the fact that the ACO algorithm
[18] was inspired by the behavior of an authentic ant col-
ony, more specifically real ants in a food search process.
When ants are out searching for food, they leave their nest
and walk toward the food. When an ant reaches a cross-
road, it must decide which way to follow. While walking,
ants deposit pheromones, leaving behind tracks of the
route taken. Ants can smell pheromone and they are more
likely to follow paths characterized by strong pheromone
concentrations. The pheromone trails allow ants to find
their way to the food source, or back to the nest. The same
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pheromone can be used by other ants to find the location
of the food sources discovered by their mates. Based on
this approach, there are many successful applications
about the combinatorial optimization problems such as
the Traveling Salesman Problem (TSP) [19], Vehicle Rout-
ing Problem (VRP) [20] and routing algorithms in mobile
ad hoc networks [10].

According to [21], a distributed heuristic solution such
as ant routing displays several features making it particu-
larly suitable in wireless sensor networks:

� the algorithm is fully distributed; there is no single
point of failure;
� the operations to be performed in each node are very

simple;
� the algorithm is based on agents’ asynchronous and

autonomous interactions;
� it is self-organizing, thus robust and fault tolerant;

there is no need to define path recovery algorithms;
� it intrinsically adapts to traffic without requiring com-

plex, and yet inflexible metrics;
� it inherently adapts to all kinds of long-term variations

in topology and traffic demand, which are difficult to
take into account by deterministic approaches.

Additionally, ant routing has shown excellent perfor-
mance to solve routing problems in WSNs and ad hoc net-
works. For instance, the Ant-Colony-Based Routing
Algorithm (ARA) [22], suitable for MANETs, based both
on swarm intelligence and ant colony meta-heuristics, con-
sists of three phases: route discovery, route maintenance
and route-failure handling. In the route-discovery phase,
new routes between nodes are discovered using forward
and backward ants (FAs and BAs), similar to AntNet [10].
Routes are maintained by subsequent data packets, i.e. as
the data crosses the network, node pheromone values are
modified so that their paths are reinforced. Also, same as
in nature, pheromone values decay with time in the
absence of such reinforcement. Routing or link failures,
usually caused by node mobility, are detected through
missing acknowledgments.

In [23], a mobile ant-based routing protocol for large
scale WSNs is proposed. Mobile ant nodes have greater
capacity in terms of communication range length, high
quality multimedia sensory data processing capability,
mobility management, and better energy storage. The pro-
tocol defines three types of communication patterns: sen-
sor to ant nodes, ant to ant nodes and ant nodes to the sink.
Regular sensor nodes detect the events and report to the
nearest ant node(s) and the mobile ant nodes relocate
them nearest to the event hotspot to capture detailed mul-
ti-modal information about the event for more accuracy.
The routing protocol maintains a hierarchy of clusters
and uses two types of routing tables: for intra-cluster
and inter-cluster routing. The protocol is intended for up-
stream routing and uses only a dedicated high bandwidth
backbone channel to communicate with the sink and avoid
congestion. The protocol does not evaluate multimedia
metrics such as bandwidth, packet loss ratio, jitter, and
end-to-end delay. Also, it does not actually employ ant-
based routing phenomena.
A multi-path routing protocol based on ACO intended
for mobile ad hoc networks (MANET) is proposed in [24].
The protocol specializes in carrying multimedia real-time
traffic over the MANET. To provide higher bandwidth and
delivery guarantees, it uses a multi-path solution. It also
supports high mobility for nodes and certain QoS parame-
ters. However, the protocol uses the concept of IP-based
routing and must be modified in order to be suitable for
WSN.

The M-IAR protocol proposed in [25] is a flat multi-hop
routing protocol that exploits the geographic location of
the sensor nodes in order to select the best route possible.
Basically, M-IAR finds the shortest route, the one that con-
tains the fewest nodes between the sending and receiving
nodes. The authors believe that multimedia processing is
costly for resource constrained sensor nodes, in addition
to the wireless communication costs. Thus, finding the
shortest path with the least number of forwarding nodes
will help achieve the least end-to end delay along with
the best jitter conditions. However, this protocol does not
differentiate packets when selecting routes. Furthermore,
it ignores the concept of packet priority. Moreover, the ba-
sic assumption that shorter routes equal best routes is
erroneous, especially in WMSNs with heterogeneous nodes
and different link bandwidths. Finally, this protocol is un-
able to handle link or node failures.

Another interesting protocol is TPGF (Two-Phase geo-
graphic Greedy Forwarding) proposed in [35]. TPGF takes
into account both the requirements of real-time multi-
media transmission and the realistic characteristics of
WMSNs. It finds one shortest (near-shortest) path per exe-
cution and can be executed repeatedly to find more on-de-
mand shortest (near-shortest) node-disjoint routing paths.
TPGF supports three features: (1) hole-bypassing, (2) the
shortest path transmission, and (3) multi-path transmis-
sion, at the same time. TPGF is a pure geographic greedy
forwarding routing algorithm, which does not include the
face routing, e.g. right/left hand rules, and does not use plan-
arization algorithms, e.g. GG or RNG. This point allows
more links to be available for TPGF to explore more routing
paths, and enables TPGF to be different from many existing
geographic routing algorithms. But this protocol presents
some inconvenience when an application wants to trans-
mit video between a source and the sink. TPGF only takes
into account to create a route the ‘‘distance” between the
nodes and the sink, and other important characteristics
such as link bandwidth or node queue congestion, are
not considered at the moment of route discovering. Besides
that, this protocol does not support heterogeneous traffic
(video and scalar data at the same time).

An ant-based protocol specifically designed for WMSN
is ASAR (An ant-based service-aware routing algorithm
for multimedia sensor networks) presentd in [36]. This
protocol define three different types of services found in
a sensor networks, namely, event-driven, data query and
stream query services. The ASAR chooses suitable paths
to meet diverse QoS requirements from different kinds of
services, thus maximizing network utilization and improv-
ing network performance. Compared to the typical routing
algorithm in sensor networks and the traditional ant-based
algorithm, ASAR algorithm has better convergence and
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provides better QoS for multiple types of services in the
multimedia sensor networks. This protocol has important
elements to take into account, but it lacks some others like
multi-path data transmission, a very important require-
ment in order to increase transmission performance in
WMSNs.

As mentioned above, ant-based routing algorithms ex-
hibit a number of interesting properties for WMSN routing.
However, theses algorithms have a major drawback: scala-
bility. This problem arises since each node must send
agents (ants) to all other network nodes in order to dis-
cover a route to the sink, meaning that the total number
of agents to be sent is N � (N � 1). In large networks, the
amount of traffic generated by the ants would be exces-
sively high. Furthermore, nodes located far from the sink
increase the probability of the ants getting lost. Moreover,
the ants’ extensive travel times contribute to outdating the
information they carry. That is the main reason why it was
decided to add a clustering mechanism to the algorithm, to
ensure that the protocol is more scalable and efficient.
Simulation results corroborate this decision. Therefore,
WMSNs will henceforth be designed based on cluster-
based architecture. Nodes in the cluster are responsible
for collecting scalar and multimedia data before sending
this information to the Cluster Head (CH). The CH fuses
such data, and then transfers the data results upstream
to the sink. The sink node manages the status of CHs and
broadcasts signals to the WMSNs. CHs form an indepen-
dent network. They connect the sink node via multi-hop
wireless links. Therefore, this paper addresses mainly the
routing scheme between the CHs and sink node.

None of the existing protocols can achieve all the fol-
lowing goals simultaneously:

� Traffic classification, in order to differentiate network
data flows, and to treat each flow with its proper QoS
metrics.
� Clustering, in order to solve the scalability problems in

large-scale sensor networks and to facilitate in-network
processing tasks (i.e. aggregation).

3. The antsensnet protocol

AntSensNet is a specially designed routing protocol for
WMSNs. It combines a hierarchical structure of the net-
work with the principles of ACO-based (Ant Colony Opti-
mization) routing, thus satisfying the QoS requirements
requested by the applications. Besides that, our protocol
supports a power efficient multi-path video packet sched-
uling scheme for minimum video distortion transmission.

AntSensNet comprises both reactive and proactive
components:

(a) It is reactive since routes are set up when needed,
not before. Once routes are set up, data packets are
sent stochastically over the different paths using a
pheromone table placed in each router.

(b) It is proactive due to the fact that, while a data ses-
sion is in progress, paths are probed, maintained,
and improved proactively using a set of special
agents designed for this task.
The algorithm comprises three parts. The first constitu-
ent clusters network nodes into colonies. The second com-
ponent finds network routes between clusters that meet
the requirements of each application in the network using
ants. The third element forwards network traffic using the
routes previously discovered by the ants.

3.1. WMSNs QoS routing model

A WMSN can be presented as a connected, undirected
and weighted graph G = (V,E) where V = {v1,v2, . . . ,vn}
denotes the set of nodes (only CHs and sink node) in
the network and E = {e12,e13, . . . ,exy} depicts the set of
bi-directional links between CHs. For a pair of nodes vi,
vj 2 V(i – j), if the link eij = (vi,vj) 2 E then (vi,vj) consists
of a pair of adjacent nodes. Each node n 2 V in the graph,
includes a set of four QoS metrics elements: {pl(n),ma(n),
dl(n),re(n)}. Where pl(n) expresses the maximum packet
loss rate of Node n, ma(n) denotes the available memory
in Node n, dl(n) shows the queuing delay in Node n and
re(n) reveals the normalized remaining energy in the
node n with respect to the initial energy, defined as:
reðnÞ ¼ EresidualðnÞ

EinitialðnÞ
, where Eresidual(n) unveils the remaining en-

ergy in the battery of Node n and Einitial(n) indicates the
initial energy in the battery of Node n. These parameters,
along with bandwidth, were chosen from those men-
tioned by Akyildiz et al. [2], as important elements to find
routes in a WMSN.

For a unicast path P = (va,vb, . . . ,S) from a CH va to the
sink node s, its QoS parameters are computed as follows:

delayðPÞ ¼
X
n2P

dlðnÞ; ð1Þ

packetlossðPÞ ¼ 1�
Y
n2P

plðnÞ; ð2Þ

energyðPÞ ¼min
n2P
freðnÞg; ð3Þ

memoryðPÞ ¼min
n2P
fmaðnÞg: ð4Þ

In a WMSN, various kinds of traffic are transported
by nodes. For instance, real-time audio/video data are
delay-constrained with a certain bandwidth require-
ment. Packet losses can be tolerated to a certain extent.
In addition, environmental data from scalar sensors, or
non-time-critical snapshot multimedia content, are de-
lay-tolerant and loss-tolerant kinds of data with low or
moderate bandwidth demands. Finally, each type or
class of traffic has its own requisites for QoS metrics.
The goal of the AntSensNet algorithm is to find accessi-
ble paths for each class of traffic from a source CH node
to the sink that meet different QoS requirements, thus
minimizing interference among the types of traffic, bal-
ancing traffic distribution and improving network
performance.

Let vch denote a CH and s denote the network sink node.
The issue of routing selection from vch to s consists of find-
ing different accessible paths PC, where C represents each
traffic class that the application being executed on the
WMSN has defined. The objective function of a path PC

can be expressed as follows:
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f ðPCÞ ¼ cd
C � ðDmax�delayðPCÞÞþcp

C � ð1�packetlossðPCÞÞ
þ cp

C � ðenergyðPCÞ�EminÞþ cm
C � ðmemoryðPCÞ�MminÞ;

ð5Þ

where delay(P), packetloss(P), energy(P), and memory(P)
respectively denote delay, packet loss rate, residual energy
ratio and available memory for the path as defined in Eqs.
(1)–(4). Dmax, Emin and Mmin indicate the path’s maximal
tolerable delays, its minimal residual energy ratio and nor-
malized memory available, respectively. Variables cd

C ; c
p
C ; c

p
C

and cm
C translate the delay weight factor, packet loss rate,

residual energy ratio and available memory for global
QoS parameters, respectively.

The described QoS routing problem is similar to typical
Path Constrained Path Optimization (PCPO) problems,
which are proved to be NP-complete [26], and an ant col-
ony optimization based algorithm is used to solve this
issue.
3.2. Assumptions

The following assumptions are made for this novel sen-
sor network:

� Nodes are scattered randomly, in a uniform distribu-
tion, over a two-dimensional plane.
� The sink is not mobile and considered to be a powerful

node endowed with enhanced communication and
computation capabilities and no energy constraints.
� Sensor nodes are not mobile.
� There are two types of sensors: multimedia sensors

(resource-rich nodes, capable of audio/video sensing
of their environment) and scalar sensors that capture
data such as temperature, light or pressure. Both types
are also distributed randomly over the area.
� Nodes are unaware of their location, i.e. they are not

equipped with a GPS device.
� Communication from each node follows an isotropic

propagation model.
� Radio transmitting power is controllable, i.e. nodes can

adjust the transmitting power according to the
distance.
� Despite the fact that nodes are heterogeneous, it is

assumed that radio transmissions are identical for all
nodes.
� Nodes can estimate the approximate distance by the

received signal strength, given the transmit power level
is known, and the communication between nodes is not
subject to multi-path fading.
� We use the same radio model presented in [27], and it is

assumed that the radio channel is symmetric so that the
energy required to transmit a m-bit message from Node
i to Node j is identical to the energy required to transmit
a m-bit message from Node j to Node i, for a given signal
to noise ratio.

3.3. Clustering process

AntSensNet is a QoS routing protocol based on an ant
colony algorithm. This algorithm makes use of special
agents (known as forward-ants or FANTs) to find a path be-
tween a sensor node and the network base station or sink.
In the route discovery process, several ants leave their
node source, aiming for their neighbors, each one with
the task of finding a route, meaning that sensor nodes must
communicate with one another and the routing table of
each node must contain the identification of all sensor
nodes in the neighborhood as well as their corresponding
levels of pheromone left on the trail. As the number of
nodes grows, the number of agents required to establish
the routing infrastructure may explode [28]. A way to over-
come the overhead explosion and reach scalability consists
of using the hierarchical routing approach.

Nevertheless, scalability is not the only reason to cluster
the network. This process also allows for improving net-
work data aggregation mechanisms, while concentrating
this activity in the CH, consequently reducing node work-
loads, saving energy and increasing the network lifetime.
Arboleda and Nasser [29] presents other advantages of
clustering that apply to this novel protocol: the fact that
only the CH transmits information out of the cluster helps
prevent collisions between the sensors inside the cluster,
as they do not have to share communication channels with
nodes in other clusters. This also promotes energy savings
and avoids the black hole problem. Latency is also reduced.
Although data must hop from one CH to another, they cov-
er larger distances than when sensors use a multi-hop
communication model (non-clustered) as the one used in
other protocols.

Finally, clustering is applied in order to take advantage
of the existence of nodes of different abilities inside a
WMSN. Table 1 [30] presents the processing performance
and memory capacities among standard (TelosB) and mul-
timedia sensors. Table 1 shows that the memory and pro-
cessing capacities of multimedia sensors are superior to
those of conventional sensors. That is the reason for select-
ing multimedia sensors to become the network CHs. This
novel algorithm will be designed to favor the ‘‘selection”
of these nodes as CHs.

Our clustering algorithm aims at achieving the follow-
ing goals:

� Saving network resources by encouraging the selection
of resource-rich nodes (multimedia sensor nodes) as
network CHs.
� Ensuring network connectivity by forming a virtual

backbone among the different CHs. Each CH is in the
radio range transmission of at least one other CH. Com-
munication between two CHs is direct (there are no
relay nodes between them).
� Maximizing network lifetime by implementing a mech-

anism of CH rotation.

With a virtual backbone in the network, only CHs are
concerned with data transportation, and other nodes are
free to pursue their sensing tasks. Such task sharing im-
proves network performance with respect to routing over-
head and, moreover, a smaller number of nodes need to be
alert for data transportation. This procedure reduces en-
ergy consumption, thus simultaneously maximizing net-
work lifetime.



Table 1
Abilities of video and standard sensors.

Stargate Samsung S3C44B0X TelosB

Clock frequency 200/300/400 MHz 66 MHz 8 MHz
Architecture 32 bit RISC 16/32 bit RISC 16 bit RISC
Memory 64 MB SDRAM 256 MB 10 KB

32 MB Flash 1 MB Flash
Cache 32 KB data 8 KB Data not

32 KB instruction Available
Cost ($) 595 500 100
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3.3.1. Information update phase
This novel clustering algorithm is based on T-ANT [28]

and the clustering protocol uses a collection of agents to
form clusters in a sensor network. It is completely distrib-
uted and completed in constant time. These are the rea-
sons why this algorithm was selected.

As in T-ANT, clustering operations are split into rounds.
Each round comprises a cluster setup phase and a steady
phase. In the steady phase of the algorithm, data transmis-
sion takes place between sensors and the sink. A number of
timers are used to control the process operations. During
the cluster setup phase, CHs are elected and clusters are
placed around them. In order to avoid the maintenance
of many state variables, as one finds in numerous current
clustering proposals, a series of agents (known as cluster-
ants or CANTS) are used to control CH elections. A node
with a CANT becomes a CH, whereas others choose to join
the best cluster in range.

The cluster radius Rcluster is defined as a tunable param-
eter that determines the minimum distance between any
two CH nodes in the network. The value of this parameter
always remains inferior to the sensor communication radio
range (called r). Before the cluster setup phase, an informa-
tion update phase is carried out by the sensors. Each sensor
node broadcasts a HELLO packet with information regard-
ing its ID, its clustering pheromone value (Uc(n)) and its state
to its neighbors. When a HELLO packet arrives, the node
stores such information in a table, the neighborhood or
the neighbor’s information table. This table is then used
to select clusters, to join a cluster and to route data
packets.

The clustering pheromone value determines whether it
is appropriate for this node to become a CH. For each node,
this value is calculated using the following formula:
UcðnÞ ¼ ðmaðnÞtÞa � ðreðnÞÞb; ð6Þ
where ma(n) denotes the available memory in the node,
re(n) is the residual ratio of the node’s energy and a and
b denote the importance of each component of the phero-
mone: a for the memory capacity and b for the energy
component. Thus, the application determines which com-
ponent is most important when selecting a CH, namely,
memory or energy or both.

The state indicates if the node is a CH or a member of a
cluster or neither. These HELLO packets are constantly
broadcast by the nodes throughout their lifetime.
3.3.2. Ant release phase
After the information update phase, the sink releases a

fixed number of ants (i.e. control messages) into the net-
work. Assuming that the terrain is square, M �M, the

number of ants to be released is set at M2

pd2

l m
, where d de-

picts half of Rcluster. The latter formula also represents the
number of clusters that make up the network. Attempts
are made to obtain complete coverage of the area with
this number of clusters, where every node belongs to a
cluster and the CHs are disseminated throughout the ter-
rain. Ants move about the network in a random fashion,
as far as they can, respecting the limits imposed by their
Time-To-Live (TTL) values. The TTL value equals the num-
ber of ants. Hence, an ant can visit a large number of can-
didate nodes to become a CH before they die. When the
sink releases an ant, it chooses one of its neighbors ran-
domly according to the following probability distribution
function:

probcðjÞ ¼
UcðjÞP

i2Ns
UcðiÞ

; ð7Þ

where Uc(j) denotes the clustering pheromone value sent
by Node j, as defined in Eq. (6), and Ns represents the set
of all of the sink neighbors located at a distance of at least
Rcluster. Before releasing the next cluster ant, the sink waits
for a timer to expire (CLUSTER_TIMER). Although the
timer expiration is set at a random value, it always re-
mains proportional to the delay of sending an ant from
a node to a neighbor. The objective of this timer is to
ensure that the ants’ subsequent transmissions do not
self-interfere. Aside from that, when the sink selects a
neighbor, the pheromone value of that node is artificially
decreased, in order to avoid choosing the same set of
nodes repeatedly.

Algorithm 1 presents the tasks performed by the sink in
order to start the clustering process.

Algorithm 1. Tasks developed by the sink

d Rcluster
2

repeat
Use probability distribution function (probc) to
choose a neighbor (i)

Send a cluster ant to node i with a TTL ¼ M2

pd2

l m
Wait until a CLUSTER_TIMER expires

until all ants are released
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When an ant arrives at a node, that node will execute

the tasks depicted in Algorithm 2:
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Algorithm 2. Tasks developed by the other nodes

if an ant arrives at node i then
if node i is not a CH then

if there is a CH in the radius Rcluster then
Pick a random CH neighbor
Send the ant to it

else
Store the ant {This node is a CH}
Broadcast a message ADV_CLUSTER to

neighbors in range Rcluster

end if
else if node i is a CH then

Decrement the TTL of the ant
if TTL > 0

Pick a random neighbor according to the
probability function probc

Send the cluster ant to it
else

Destroy the ant
end if

end if
end if

Algorithm 2 shows that, in order to become a CH, the
selected node must have received a cluster ant from an-
other CH (or the sink) located at a distance Rcluster from it.
Rcluster was previously defined as the minimal distance be-
tween two CHs. Hence, at the moment of selecting the fol-
lowing neighbor, the node reads its neighbors’ information
table and selects, with probability probc, a node whose
distance is a minimum of Rcluster in a random manner.
The reason why a CH elects the next CH is to create a
virtual backbone between the various CHs, a direct com-
munication strategy between them. This backbone will
facilitate the task of routing accomplished by the protocol
AntSensNet. When a node becomes a CH, it broadcasts an
ADV_CLUSTER message to advise its neighborhood of its
new condition. It also changes the value of field state of a
HELLO packet subsequently sent by the node. Once a regu-
lar node receives an ADV_CLUSTER message from a CH
located at a distance below Rcluster, it stores the correspond-
ing information that pertains to that CH. This information
is later used to join a given cluster. Contrary to other
proposals documented in the literature, this CH election
approach has a very small constant time and a low level
of complexity.

An ant’s TTL indicates the maximum number of hops
that it can perform. The CH pulverizes an ant once its TTL
reaches the value zero. This situation shows the existence
of a superfluous number of clusters in the network, and
the cluster ant is destroyed in order to avoid the creation
of new clusters that would hinder the network.

The actual clustering process happens once another
timer expires. A regular node decides to join a cluster
when its JOIN_TIMER expires. This node chooses the
nearest cluster to join (from all of the ADV_CLUSTER
packages it received) by sending a JOIN message with
its ID. When a CH receives JOIN messages, it stores such
information in order to subsequently select a cluster
member as a new CH. If a regular node has never received
an ADV_CLUSTER package from a CH, it starts a JOIN_
TIMER once again and repeats the latter process until this
timer expires. However, if in the process, it receives nei-
ther an ADV_CLUSTER message nor a HELLO package from
a CH, the node uses the nearest neighboring cluster mem-
ber as a ‘‘bridge” to reach its CH.

When a CH realizes that the node l is three or more
hops away from it, that CH selects the neighbor in the path
to l as a new CH. This new CH broadcasts an ADV_CLUSTER
message in order to contact other CHs and initialize their
pheromone tables. In that way, we can get a better CH dis-
tribution to cover the whole network area. This new CH
selection may be done in any moment in the protocol
execution.

The properties of the proposed clustering algorithm can
be highlighted as follows:

(1) The algorithm is completely distributed. A node
locally decides to become a CH if an ant reaches it
or joins a cluster.

(2) Given the absence of looping statements as a func-
tion of node quantity, it is clear that the election pro-
cess has an O(1) time complexity.

(3) The algorithm ensures the creation of a backbone
among the CHs. As all CHs are connected, paths to
a sink can be easily discovered.

Fig. 1 shows an example of a sensor network clustering
using our algorithm.

3.4. AntSensNet algorithm description

AntSensNet consists of a protocol based on ACO (Ant
Colony Optimization) to discover and maintain routes be-
tween CHs and the sink. The route discovery process starts
as soon as the cluster process finishes. Before presenting
the algorithm, here are some definitions.

3.4.1. The ant’s structure
The data configuration of the ant’s structure used in its

route discovery process is defined below. It comprises the
following fields:

(a) ant.ID: the ant’s ID.
(b) ant.type: the type of ant in the route discovery pro-

cess. This field can be a FANT (forward ant), a BANT
(backward ant), a MANT (maintenance ant) or a DANT
(data ant).

(c) ant.nodes: the nodes-visited-stack, contains the IDs
of nodes by which the ant passes.

(d) ant.hopcount: calculates the number of hops by
which the ant passed from its CH source. This field
serves as the ant’s TTL.

(e) ant.info: Each type of ant uses this field to store spe-
cial information about the route or the nodes, in
order to evaluate how appropriate the route is. This
field contains the following subfields:



Fig. 1. WMSN clustering example. The backbone created by CHs is outlined in black.
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� The minimum residual energy of the nodes by
which the ant passed.

� The cumulative queue delay, packet loss, and
available memory of each node visited by the ant.
3.4.2. The queuing model
Sensor data may originate from various types of sources

whose levels of importance vary. Akyildiz et al. [2] orga-
nizes the following examples of traffic into various WMSN
classes:

� Real-time, loss-tolerant, multimedia streams. This class
includes video, audio or multi-level streams composed
of video/audio and other scalar data (e.g. temperature
readings), as well as metadata associated with the
stream that need to reach a human or an automated
operator in real-time, i.e. within strict time limits,
although relatively loss tolerant (e.g. video streams
can tolerate a certain level of distortion). Traffic that
belongs to this class is usually associated with high
bandwidth demands.
� Delay-tolerant, loss-tolerant, multimedia streams. This

class includes multimedia streams intended for storage
or subsequent offline processing, whose delivery is not
bound by strict delays. However, due to the typically
high bandwidth demands of multimedia streams and
due to limited buffers of multimedia sensors, data that
belong to this category need to be transmitted virtually
in real-time in order to avoid excessive losses.
� Delay-tolerant, loss-intolerant, data. This may include

data from critical monitoring processes, with low or
moderate bandwidth demands that require some form
of offline post processing.
� Delay-tolerant, loss-tolerant, data. This may include envi-
ronmental data from scalar sensor networks, or non-
time-critical snapshot multimedia content, with low
or moderate bandwidth demand.

Hence, packet scheduling policy should consider differ-
ent priorities (importance) for different types of traffic
classes. Fig. 2 shows the queuing model for a sensor con-
sidering different traffic classes. At the outset, the applica-
tion must define these classes and their parameters, i.e.
minimal energy, bandwidth, available memory and packet
delays, and maximum packet loss. The application, rather
than the protocol, is responsible for predefining the num-
ber of classes. The application is also responsible for
assigning the class and priority of every packet sent by
the sensors. For each CH, a classifier checks the class of
the incoming packets which are then sent to the appropri-
ate queues, and a scheduler organizes packets according to
their classes and level of priority.

The fact that an application can define the classes of
data for the queue enables a great flexibility but it should
be used with caution. This characteristic would create
problems when the application defines too many classes
of traffic, it will degrade the performance of the nodes be-
cause of big utilization of memory.

3.4.3. Pheromone table
An ant pheromone table is a data structure that stores

pheromone trail information for routing from Node i to
the sink via a CH neighbor j. Saved into the node memory,
this structure is organized as shown in Table 2.

In Table 2, each column reflects the different traffic
class, as defined by the application. Each row corresponds



Fig. 2. Queuing model on a multimedia sensor node.

Table 2
Pheromone table for Node i.

Neighbor Traffic Class k Class t Expiration
time

N1 ek
i ð1Þ dk

i ð1Þ ek
i ð1Þ lk

i ð1Þ � � � T1

N2 ek
i ð2Þ dk

i ð2Þ ek
i ð2Þ lk

i ð2Þ � � � T2

..

. � � � ..
. ..

.

Nj � � � ..
. ..

.
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to a neighbor. There are four values for each traffic class in
the table. Each value is a pheromone trail concentration for
each QoS metric used by the protocol:

(1) ek
i ðjÞ: energy pheromone value from link between

Nodes i and j for packets that belong to traffic class
k;

(2) dk
i ðjÞ: delay pheromone value from link between

Nodes i and j for packets that belong to traffic class
k;

(3) ek
i ðjÞ: packet loss pheromone value;

(4) lk
i ðjÞ: available memory pheromone value.

Every entry in the pheromone table has an expiration
time and certain entries are disabled as time goes on.
When the current time exceeds the set expired time, a
new route-discovery phase commences.

3.4.4. Route discovery
When a regular node needs to send data to the sink,

such information is immediately sent to its CH. The work-
ing process of the AntSensNet algorithm is described as fol-
lows: when a CH node is in possession of sensor data to be
sent, it checks its routing table to find an appropriate path
for the traffic class of the packet. Before initiating a data
transmission, the CH source checks out its pheromone
table in order to find any non-expired node information.
That information is expired if the value associated to the
Expiration Time field is inferior to the node clock. If all
the information in the pheromone table is expired, a new
route probe phase is started. There are a number of
forward ants needed to send for route probes. After the
routing discovery process, cached data are immediately
sent to their destination. To reduce delays associated with
the first discovery phase, an AntSensNet algorithm
launches a full route probe phase for each traffic class after
the clustering process was ended. A packet flow that shows
a CH receiving an ant is illustrated in Fig. 3. There are three
phases to the AntSensNet: the forward ant phase, the back-
ward ant phase and the route maintenance phase.

Forward ants phase: If a CH finds that there is no satis-
factory and unexpired path to the sink in the packet’s traf-
fic class in its routing table, it generates a certain number
of Forward Ants (FANTS) to search for paths leading to
the sink. Forward ants are agents that establish the phero-
mone track from the source CH to the sink node. The ants’
structure is presented above. In their info field FANTs
carry:

� The minimum residual energy (energy) of the nodes by
which the ant passed;
� The cumulative queue delay (delay), packet loss (packet-

loss) and available memory (memory) of each node the
ant visited.

These values are the QoS metrics used in order to dis-
cover routes. To find a route to the sink, the CH source
broadcasts a FANT. Each field of the ant packet must be
set before being sent, i.e. the type field ant.type FANT,
ant.hopcount 0, and it pushes the CH source into the an-
t.nodes stack. When an intermediate CH receives a FANT, it
judges the existence of loops on the ant.nodes field of the
received FANT. Those ants resulting in route loops are dis-
carded. Before sending the FANT to the next CH, the field
ant.info must be updated with local information regarding
the current CH. This update is carried out in the following
way:

energy min(energy,re(CH))
delay delay + dl(CH)
packetloss packetloss � pl(CH)
memory min(memory,ma(CH))

When a CH receives a FANT, it updates the info field of
the ant, increments the ant’s hop count and push its
identification (e.g. i) on the ant’s node stack. The next
hop is selected according a certain probability value. The



Fig. 3. Route discovery process of AntSensNet.
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probabilistic value Pk
i ðjÞ determines the probability of

moving from CH i to j for the traffic class k, which is com-
puted as expressed by Eq. (8):

Pk
i ðjÞ ¼

Wk
i ðjÞP

sRVpass
Wk

i ðsÞ
if j R Vpass;

0 if j 2 Vpass;

8<
: ð8Þ

where Vpass is the set of nodes that the FANT has passed.
Wk

i ðjÞ is the normalized value of pheromone from i to j
for the traffic class k. This value combines all of the QoS
parameters the application has established for the traffic
class. In order to compute this value, the following proba-
bility value must be calculated:

(1) The normalized energy probability:
pk
e;iðjÞ ¼

ek
i ðjÞP

s2Ni
ek

i ðsÞ
;

where Ni indicates the set of CH neighbors of CH i and ek
i ðjÞ

is the energy value for Node j and traffic class k in the pher-
omone table of Node i.
(2) The normalized delay probability:
pk
d;iðjÞ ¼

dk
i ðjÞP

s2Ni
dk

i ðsÞ
;

where Ni denotes the set of CH neighbors of CH i and dk
i ðjÞ

depicts the delay value for Node j and traffic class k in the
pheromone table of Node i.

(3) The normalized packet loss probability:
pk
e;iðjÞ ¼

ek
i ðjÞP

s2Ni
ek

i ðsÞ
;

where Ni identifies the set of CH neighbors of CH i and ek
i ðjÞ

is the packet loss value for Node j and traffic class k in the
pheromone table of Node i.

(4) The normalized available memory probability:
pk
l;iðjÞ ¼

lk
i ðjÞP

s2Ni
lk

i ðsÞ
;

where Ni translates the set of CH neighbors of CH i and
lk

i ðjÞ is the memory value for Node j and traffic class k in
the pheromone table of Node i.
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Finally, the normalized pheromone value from i to j for
the traffic class k;Wk

i ðjÞ, is calculated as:

Wk
i ðjÞ ¼

aepk
e;iðjÞ þ adpk

d;iðjÞ þ aepk
e;iðjÞ þ alpk

l;iðjÞP
s2Ni

aepk
e;iðsÞ þ adpk

d;iðsÞ þ aepk
e;iðsÞ þ alpk

l;iðsÞ
h i :

ð9Þ

Note that W is calculated as the addition of all QoS
parameters collected by the ants, that is, the energy, delay,
bandwidth, packet loss and available memory phero-
mones, normalized into a single quantity with a compara-
ble magnitude. Normalizing pheromones makes it possible
to convert them into the same dimension. Note that alpha
values are arbitrary, positive constants, which represent
the importance of each QoS components in the selection
of the next hop in the route.

3.4.4.1. Backward ants phase. When a forward ant reaches
the sink, the evaluation of the found route is carried out.
The information collected by the FANT is compared with
the parameter values set by the application for each QoS
metric. For instance, the application can demand routes
with a packet loss value that is inferior to 1% and a residual
energy ratio superior to 80%. The sink evaluates the FANT’s
info versus these parameters and determines whether the
route is adequate. If the route does not fulfill the applica-
tion requirements, the FANT is discarded. The application
must tune these parameters in order to obtain efficient
routes. The sink may reject all of the paths found by the
ants if parameters are unreal or impossible to obtain under
the current network conditions.

When an appropriate FANT is received that meets the
application requirements, the sink pulverizes the FANT
and a backward ant (BANT) is generated. A BANT carries
the collected information of its corresponding FANT and
the path’s intermediate node IDs and it is sent back using
the reverse path of its corresponding FANT. When a BANT
is received at intermediate CH i, the information stored in-
side such BANT is used to update the pheromone value and
hence the probability routing table entry corresponds to
the FANT’s destination. The pheromone values on the
incoming link are increased and the values pertaining to
the other links are decreased using the pheromone update
functions. These functions work as follows:

(1) For the energy pheromone:
ek
i ðjÞ ¼

qe � energyþ ð1�qeÞ � ek
i ðjÞ incoming link;

ð1�qeÞ � ek
i ðjÞ other links;

(

ð10Þ
where ek
i ðjÞ depicts the pheromone value corresponding to

residual energy for the traffic class k and Neighbor j at
Node i, energy is the collected value by the corresponding
FANT about the minimal path’s residual energy and
qe(0 < qe < 1) is the pheromone improvement parameter
for the incoming link. Its purpose is to enforce efficient
routes while decreasing the appropriateness of the bad
ones (pheromone evaporation). Other pheromone update
functions are similar.
(2) For the delay pheromone:
dk
i ðjÞ ¼

qd
delayþ ð1� qdÞ � d

k
i ðjÞ incoming link;

ð1� qdÞ � d
k
i ðjÞ other links;

(

where dk
i ðjÞ denotes the delay pheromone value stored in

the CH i for Class k and Neighbor j, and delay represents
the delay value collected by the corresponding FANT. Like-
wise, in the energy pheromone formula, qd(0 < qd < 1) rep-
resents the pheromone improvement factor for the
incoming link of the BANT and (1 � qd) represents the
pheromone evaporation factor for the others links.

(3) For the packet loss pheromone:
ek
i ðjÞ ¼

qe
packetlossþ ð1� qeÞ � ek

i ðjÞ incoming link;

ð1� qeÞ � ek
i ðjÞ other links;

(

ð11Þ
where ek
i ðjÞ shows the packet loss pheromone value stored

in the CH i for Class k and Neighbor j, and packetloss repre-
sents the packet loss value collected by the corresponding
FANT. Similar to the delay pheromone formula, qe
(0 < qe < 1) represents the pheromone improvement factor
for the incoming link of the BANT and (1 � qe) represents
the pheromone evaporation factor for the others links.

(4) Finally, for the available memory pheromone:
lk
i ðjÞ ¼

ql �memoryþð1�qlÞ �lk
i ðjÞ incoming link;

ð1�qlÞ �lk
i ðjÞ other links;

(

where lk
i ðjÞ indicates the memory pheromone value stored

in the CH i for Class k and Neighbor j, and memory repre-
sents the packet loss value collected by the corresponding
FANT. Similar to the delay pheromone formula,
ql(0 < ql < 1) represents the pheromone improvement
factor for the incoming link of the BANT and (1 � ql) ex-
presses the pheromone evaporation factor for the others
links.

The pheromone trails of the best route offer incentives,
by providing a greater amount of pheromone. Further-
more, in the current of history, the worst route offers a
pheromone punishment incite other ants to stay away
from the worst solution.

The BANT is sent to the next CH in the reverse path of
the corresponding FANT. When the BANT reaches the
FANT’s source CH, it is pulverized after updating the pher-
omone table of the source table. Data can then be sent to
the sink following the maximum probability path.

Routing maintenance phase: While a node sends infor-
mation that belongs to a given traffic class, FANTs are gen-
erated periodically in order to find updated routes, i.e.
topology changes in the network that fulfill the QoS
requirements specified by the application. The process of
routing maintenance also deals with congestion and lost
link problems.

(1) The Congestion Problem: When the load of a queue of
a traffic class at an intermediate CH surpasses a pre-
defined threshold (called C), the CH sends a conges-
tion-control MANT to its upstream neighbor nodes
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to modify the pheromone tables for the given traffic
class. The TTL of this MANT is set according to the
severity level of the traffic: the heavier the traffic,
the higher the TTL value. Upon receiving the MANT
from the CH j, Node i reduces the strength of phero-
mone on the corresponding route and traffic class.
Then, Node i uses other routes with a relatively high
level of pheromone to forward packets that are part
of the congested traffic class.

(2) The Lost Link Problem: AntSensNet also uses periodic
HELLO messages to update information about the
connectivity of neighboring nodes. Once the next
hop becomes unreachable, the CH first deletes all
the entries, in the pheromone table of Node i, which
correspond to the broken link, and then searches its
pheromone table for an alternative neighbor node
for subsequent data transmissions. The CH then
sends a MANT to all neighbors in order to inform
them that Node i is unreachable and that it must
be removed from their pheromone tables.

Data transmission phase: In AntSensNet, a CH for-
wards data following the maximum pheromone value
path. When a node has multiple next hops for a given traf-
fic Class k, it selects one with the maximum W. This value
is calculated in the same way as that of a FANT, Eq. (9). This
strategy leads to data loading spreads according to the esti-
mated path quality. When estimates are kept up-to-date,
which is done by using the FANT, as described in the pre-
vious section, automatic load balancing ensues. When a
path is clearly worse than another, it is avoided, thus
reducing its traffic load. Other paths thus obtain more traf-
fic, causing greater congestion, thus reducing their QoS
parameters. Continuously adapting data traffic incites
nodes to spread data loads evenly over the network.

Data Ants or DANTs: In AntSensNet, ants are special
agents that assist in route discovery and maintenance.
However, they are also high priority packets. They are sent,
processed, and received by the CH with a higher priority
than any other traffic class. A special ant, known as DANT
(Data Ant), is assigned to transport urgent (or real-time)
data from a node to the sink. In this case, the information
is encapsulated in this special type of ant, and it is pro-
cessed before all of the other traffic classes in every node.
The behavior of DANTs is similar to that of FANTs, yet
the former do not collect information from each CH they
meet along their route, nor do they generate BANTs when
they arrive at the sink. Also, they choose their next hop
according to the path that has the maximum level of
pheromones.

3.4.5. Video transmission
If an application needs more accuracy to transmit video,

AntSensNet offers a mechanism to transport a video
stream between a source node and the sink. This mecha-
nism use an efficient multi-path video packet scheduling
scheme for minimum video distortion over the wireless
network. The mechanism is based on the ‘‘Baseline” algo-
rithm proposed in [34]. That scheme uses H.264/AVC codec
as encoding technique because of its compression effi-
ciency, low complexity and error resiliency.
In that paper, the authors express that the high end-to-
end bandwidth requirements of video communication usu-
ally cannot be met by the WMSNs, when the traditional
single-path routing approach is used, leading to perceived
video quality degradation. In order to meet the QoS
requirements, a multi-path approach should be adopted,
where the video source delivers the data to its destinations
via multiple paths, thereby supporting an aggregated
transfer rate higher than what is possible with any one
path. Specifically, the encoded video data are segmented
and multiplexed in a specific way, based on their distortion
importance, over different paths so that the sink can
assemble the video data and decode them with the maxi-
mum perceived quality. AntSensNet, on an application de-
mand, is able to create multiple paths to transport video
packages. In other words, the protocol has the possibility
to send the video packets using a single-path or a multi-
path scheme, based on an application decision.

Multiple paths to the sink: Multi-path video transmis-
sion has been studied extensively [37]. The benefits of
selecting multiple paths among a video server and a client
instead of just the shortest path include among others:

� reduced correlation among packet losses;
� increased channel resources that can support the appli-

cation’s demands in QoS;
� the power consumption is more evenly spread in the

network nodes preventing node failures;
� ability to adjust to arbitrary congestion occurrences in

different parts of the network.

When a video source wants to initiate a video transmis-
sion and its CH does not have an active route to the sink,
that CH source initiates route discovery by broadcasting a
special video forward ant (VFANT) packet to the CH neigh-
bors. The behavior in each intermediate node is the same
as when discovering a single-path. Unlike to the single-
path routing algorithm, in order to discover multiple paths,
intermediate nodes do not discard duplicate VFANTs.
When a VFANT reaches the sink, it generates a video back-
ward ant (VBANT) packet for the CH source node. The
VBANT returns to the source using the nodes that corre-
sponding VFANT visited. The routing table update methods
are the same as single-path discovery. Since duplicate
VFANTs are not discarded, the sink node may send multi-
ple VBANTs back to the source. At the source, received
VBANTs are examined and those that do not provide
link-disjointness with the routes discovered by other
VBANTs are discarded. After that, the CH source has a set
of link-disjoint paths to use in a video transmission. When
the video packet sending starts, the next hop is determined
by the discovered routes and these routes are only modi-
fied when problems like congestion, like failures, etc.,
emerge.

Video distortion model: We use the Baseline schedule
algorithm proposed in [34]. This algorithm firstly identifies
the possible paths from the CH sender to the sink that can
on aggregate satisfy the quality of services requirements of
the video service. Secondly, in case that the aggregate
bandwidth of the multiple paths is limited, the algorithm
utilizes the following video distortion prediction model
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to determine the least important packets that could be
dropped prior to transmission.

In order to analytically express the distortion model, a
list of previously encoded reference frames with size MREF

that is used during the encoding and decoding processes
for motion-compensated prediction, is defined. This
parameter accounts for the impact of the number of refer-
ence frames on the distortion propagation. Moreover, each
frame is coded into a number of video packets according to
each size. Finally, a simple error concealment mechanism,
which replaces a lost frame with its previous at the deco-
der, is applied. The proposed model includes analytical
models for a single frame loss, a burst of losses with vari-
able burst length B (where B P 2) and frame losses sepa-
rated by a lag.

Baseline packet scheduling: The authors of [34] intro-
duce the ‘‘Baseline” packet scheduling algorithm. In our
implementation, this algorithm use AntSensNet in order
to transport the packages between a CH and the sink. Un-
der these conditions the ‘‘Baseline” packet scheduling algo-
rithm schedules the transmission of video packets via
multi-paths by dropping the excess video traffic in order
to prevent network congestion.

In more details, channel resources in a WMSN are
scarce and there are cases when the transmission require-
ments exceed the available aggregate transfer rate of the
multiple paths. If the required rate for error free transmis-
sion (RTR) is higher than the current available aggregate
transmission rate (ATR) then the sender decides which vi-
deo packets will be optimally dropped in order to adapt its
current rate to the allocated one. The packets to be
dropped are selected according to their impact to the over-
all video distortion. A combination of one or more video
packets may be omitted prior to the video transmission
by the video source. Dropping a packet imposes a distor-
tion that affects not only the current video frame but all
the correlated video frames. The intelligence of the packet
scheduling algorithm is that utilizes the distortion predic-
tion model presented previously, which considers the cor-
relation among the reference frames, thus it selects the
optimum pattern of packets to drop in each transmission
window.

This process is neither time nor power consuming, as
the transmission window is generally small and the math-
ematical calculations are not of high complexity. The trans-
mitted packets are distributed among the available routes
according to their impact in the video distortion; hence
packets of high importance are transmitted through the
higher capacity routes.
4. Experimental results

Three main aspects of AntSensNet were evaluated: its
clustering process, its routing algorithm, and the video
transmission mechanism, which were analyzed separately.
In each instance, an NS-2 [31] was used to implement and
simulate the novel algorithms. There are two types of
nodes: scalars and multimedia (with more energy and
memory than scalar nodes). Half of the nodes are multime-
dia. The radio range of the nodes spans 100 m and the data
rate equals 2 Mbit/s. At the MAC layer, a modified version
of 802.11b DCF protocol was used. The modification was
made in the queue politics of the MAC protocol in order
to accept multi-class and multi-priority traffic.

4.1. The clustering process

For these simulations, it was assumed that 100 sensor
nodes were distributed randomly over a square area of
100 m � 100 m. This scenario was executed during 600 s.
In order to benchmark this new protocol, it was decided
to compare it to T-ANT [28], as it was the base of our clus-
tering protocol and also since it outperformed other well-
known clustering algorithms, such as LEACH [27] and
HEED [32]. For this experiment, an Rcluster = 20 m is as-
sumed, and the same CH rotation scheme is used in Ant-
SensNet as in T-ANT: there are multiple rounds in the
network lifetime, and in each round, a CH rotation is car-
ried out. The CH finds its cluster member whose level of
pheromone, Eq. (6), is the highest, before it becomes the
CH for the next round.

Fig. 4 depicts the CH connectivity of these protocols at
different simulation time. This property indicates if there
is direct communication between the CHs of the network,
meaning that no CH isolated. This property is very impor-
tant in this novel algorithm, as all of the traffic between
source nodes and the sink is transported by the CH. If
CHs are isolated, it is impossible to transmit information
from that cluster to the sink. In this simulation, any node
can be a CH, in other words we set a = b = 0 in Eq. (6). Ob-
serve that after only 20 rounds (one round 20 s each), the
connectivity of T-ANT is acceptable. Meanwhile, the con-
nectivity of AntSensNet remains at a steady 100%. The
main design goal of our clustering algorithm is reached
with the permanent connectivity of the CHs.

In Fig. 5, the improvement gained through our AntSens-
Net clustering algorithm is further exemplified by the net-
work lifetime graph. The network lifetime is defined as the
time the first node in the network has a depleted battery.
For this experiment, the memory component in the clus-
tering pheromone formula (parameter a in Eq. (6)) was
set to 0 (zero) and the energy component (parameter b in
Eq. (6)) was set to 1. This way, energy rich sensors have
greater probabilities of becoming a CH. Moreover, a Con-
stant Bit Rate CBR traffic source was used to generate data
traffic of 32-byte packets. All regular nodes sent the sink a
packet/s on average. Non sending nodes fall into a sleep
mode. Five simulations were carried out, where the value
of the energy component varied. The initial energy of the
scalar nodes was 0.1 J and for the multimedia nodes, this
initial energy was 0.5 J in order to let the nodes disappear
sooner. However, this does not change the behavior pat-
tern of these protocols. It is clear that AntSensNet exhibits
the longest lifetime with all nodes remaining fully func-
tional. Test results show that AntSensNet achieves more
than twice the cluster head lifetime of T-ANT. That can
be explained by the fact that T-ANT selects any node as a
cluster head. That node can be a normal node or a re-
source-rich node. If a normal node is selected as CH, it
must carry out some important tasks in the routing process
and that implies a bigger consummation of energy. A



Fig. 4. The CH connectivity at various simulation time for AntSensNet and T-ANT.

Fig. 5. Network lifetime versus simulation time for T-ANT and AntSensNet.
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normal node acting as CH will deplete its battery first than
a resource-rich node. AntSensNet, on the contrary, gener-
ally selects resource-rich nodes as CH. In that way the
network lifetime (the time that the first node dies) is longer
in AntSensNet than in T-ANT.

4.2. The routing process

This simulation was carried out after network cluster-
ing. The clustering parameters were a = b = 0.5, that is, in
order to select a CH, the memory and energy components
are equally important. The performance of this novel algo-
rithm was compared with a well-known protocol, AODV,
supported in NS-2. AODV was modified in order to only
consider the CHs at the moment they search for network
routes. This way, a version of AODV can be compared with
AntSensNet. In the base scenario, 400 nodes (200 scalars
and 200 multimedia) are placed in a square area of
400 m � 400 m, and Rcluster = 60 m. Simulations run for a
total of 600 s every time.

Three performance metrics were taken into consider-
ation: the Packet Delivery Ratio (PDR) involves the ratio of
successfully delivered data packets to the total data pack-
ets sent from the source to their destination. End-to-end
delay shows the amount of time needed to successfully de-
liver a packet from the source to the sink. Routing overhead
indicates the ratio of routing packets transmitted to the to-
tal data packets delivered. Routing packets include control
packets used for route discovery, route maintenance and
pheromone updates.

To solely examine the effect of this novel routing algo-
rithm, the network was moderately loaded. A Constant
Bit Rate (CBR) traffic source model was used to generate
data traffic between 32 and 1024-byte packets. Two traffic
classes are produced by the nodes: multimedia traffic
(with a size of 1024-byte packet) and scalar traffic (32-byte
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packet). Two nodes (one scalar and one multimedia) in the
same cluster only send information to the sink. Obviously,
multimedia traffic has higher priority than scalar traffic.
Using the CBR model, the source nodes sent four data pack-
ets to the sink per second, on average.

Fig. 6 shows the Packet Delivery Ratio (PDR) of AODV,
AntSensNet Scalar traffic (ASNS) and AntSensNet Multime-
dia traffic (ASNM). In this case, the application defined the
following QoS parameters for those traffic classes:

� For ASNS: in Eq. (9), all the a values equal 0, except ae

(residual energy component), which is set to 1. The
path’s minimal residual energy must be superior to 0
(parameter Emin of Eq. (5)).
� For ASNM: in Eq. (9), all the a values are 0, except ae

(packet loss component), which is set to 1. That is, the
packet loss in the discovered routes for this traffic class
must be minimal.
Fig. 6. Packet del

Fig. 7. End-to-e
� Both traffic classes have the q values (pheromone
enforcement parameter) set to 0.7 for Eqs. (10) and (11).

We find that ASNS shows a comparable average PDR
with AODV, while ASNM outperforms these two protocols
after a few seconds. At the beginning, ASNM lacks suffi-
cient information in order to find appropriate routes, but
after a certain period of time, when the algorithm con-
verges and the ants have gathered much node and route
information, the quality of routes discovered for the ASNM
is superior to those found by ASNS and AODV. Such results
were expected, and this investigation confirms the authors’
hypotheses.

In Fig. 7, observe the mean end-to-end delay compari-
son between the protocols. For this experiment, the
parameters for the ASNM traffic class were changed: all
the a values are 0, except ad (cumulative queue delay
parameter), which is set to 1. For this simulation, the
ivery ratio.

nd delay.
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maximal delay (parameter Dmax in Eq. (5)) is set at 8 ms.
Notice that the end-to-end delays associated with the
ASNM and ASNS packets are lower (and better) than those
of AODV. Since multiple paths were discovered, when a
path to the destination breaks, packets could immediately
continue to be forwarded using another paths without a
new route discovery process. Obviously, this reduced the
end-to-end delay of the ASNM and ANSN packets. Since
ASNS considers only energy as the main parameter for
route discovery, not all packets were directed on the best
path. Hence, ASNS generally requires more end-to-end de-
lay than ASNM.

Routing overhead is shown in Fig. 8. Since extra FANT/
BANT packets are required periodically to monitor and
maintain path conditions, the routing overhead of Ant-
SensNet is higher than AODV. This overhead can be re-
duced by embedding data into FANTs (a specimen of
DANTs) and piggybacking the pheromone information on
data packets if there is traffic between the sink and the
CHs. Due to such periodic updates, AntSensNet constantly
requires a certain amount of routing overhead.

4.3. Influence of network loading

Fig. 9 depicts the effects of network loading on the per-
formance metrics by increasing the number of data con-
nections from 10 to 30. These results has been gotten
from the average of 10 simulations of 600 s each.

Fig. 9a shows that the PDR for the protocols AODV and
AntSensNet (ASN) has a declining trend when the number
of data connection (512 K CBR) is increased. The PDR of
AODV dropped from 76% to 51% while that of ASN dropped
from 92% to 58%. Both AODV and ASN are able to maintain
>50% PDR in the latter case.

As Fig. 9b shows, for a number of data connections of 10
nodes transmitting at the same time, the protocols have
relatively small latency of <20 ms. The latency increases
gradually with the number of simultaneous data connec-
tions. It is worth to note that the difference in latency be-
tween the load at 30 data connections is about twice, i.e.
Fig. 8. Routing
from 75 ms for ASN and 120 ms for AODV, which is
significant.

These results are explained by the AntSensNet’s capa-
bility to find adapt to the network conditions, to find better
routes and to use multiples routes.

4.4. Video transmission

In this section we compare the capacity of protocols
ASAR [36] and TPGF [35] versus our protocol AntSensNet
to transmit video packets.

The network topology used is the same used in the pre-
vious simulations. Only a video sensor in all the network is
capturing, encoding and sending a live video sequences to
the sink. We use only two paths to send the packets (in
TPGF and AntSensNet, for ASAR we use only a path). The vi-
deo sequence is encoded according to H.264/AVC standard
with a reference frame list of size five frames for compen-
sated prediction. The video testing sequence Foreman [39]
is used at QCIF resolution with 300 video frames at a frame
rate of 30 fps with a constant quantization step. In addi-
tion, the value of the parameter MREF was set to five frames.
The inter-frame period is 36 frames and is set to be equal
with the transmission window. The video frames are
encapsulated into packets of size 1024 bytes. A text trace
of the video file was created including the size of each
frame and the time from the start of the video that the
frame occurred. This text information was included within
the data field of the packets in the simulation. As each
packet was sent and received, a trace file was generated
indicating the time segment number of the video being
sent. After the simulation, the video file was reconstructed
using the Evalvid software, expanded into uncompressed
video using ffmpeg [38], and compared to the original
uncompressed source file again using the Evalvid software.

Fig. 10 shows the average PSNR of the Foreman video.
We can see that the video quality was higher for the
simulations using AntSensNet when compared to the
other protocols. This is because the protocols TPGF and
ASAR are not able to handle correctly video content.
overhead.
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They do not implement any distortion minimization rate
control and they are only specialized in scalar data
transmission. Conversely, AntSensNet is content-aware
and is able to take actions in order to minimize the
video distortion.

5. Conclusion

The promising pace of technological growth has led to
the design of sensors capable of sensing and producing
multimedia data. However, as multimedia data contain
images, video, audio and scalar data, each deserves its
own metrics. These characteristics of multimedia sensor
networks depend on efficient methods in order to satisfy
QoS requirements. Given such motivation, this paper pro-
poses a QoS routing algorithm such as AntSensNet for
WMSNs based on an Ant Colony optimization framework
and a biologically inspired clustering process. The routing
algorithm also offers different classes of traffic, adapted
to the needs of applications. The clustering element uses
special agents (ants) to guide the selection of CHs in a
totally distributed manner. In comparison with T-ANT, an-
other ant-based clustering algorithm, this novel clustering
process achieves a permanent CH connection with lower
energy costs. Routing comprises both reactive and proac-
tive components. In a reactive path setup aimed at the
classes of traffic in the multimedia sensor networks, the
algorithm can select paths to meet the application QoS
requirements, thus improving network performance. Mul-
timedia data are sent over the found paths. Over the course
of the session, paths are continuously monitored and im-
proved in a proactive way. Simulation results show that
the performance of AntSensNet outperforms the standard
AODV in terms of delivery ratio, end-to-end delay and
routing overhead.

Simulation results support that the proposed distortion
reduction mechanism used to transport video packets re-
sults in better quality video than using other protocols
for multimedia transport (TPGF and ASAR).

In future work, we intend to study the initialization
method to populate routing tables with initial pheromone
levels. As shown in the literature [33], such mechanisms
can further increase network efficiency. Other approaches
to be studied include the integration of multiple sink-
nodes as well as node mobility. Another improvement
we plan to investigate is to extend the proposed architec-
ture to a t cross-layer architecture proposed in this work
to include a better interaction with a transport entity and
the MAC sublayer. Similarly, Instead of the 802.11 MAC
layer, we will investigate the use of Sensor MAC (SMAC)
which is a MAC protocol designed for wireless sensor net-
works. SMAC has the potential to make the cross-layer
architecture more energy efficient.
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