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Abstract - With recent advances in micro-electro-
mechanical systems technology, wireless communications,
and digital electronics, the research on wireless sensor
networks becomes a “hot” topic. Wireless sensor and actor
network (WSAN) is referred to a group of sensors and
actors linked by wireless medium to perform sensing and
acting tasks. This paper is to present a comprehensive
review of recent research achievements on WSANSs, open
research issues, and the simulation based actor-to-actor
routing protocols performance analysis. The review is
followed the layers of sensor networks: application,
transport, network, link, transmission, and management
(power, mobility, task). The performance analysis is
considered for three popular ad-hoc networks routing
protocols and investigated with respect to the routing packet
delay and end-to-end throughput. As a result, the DSR
protocol is  proposed to handle actor-to-actor
communications.
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I. INTRODUCTION

There are three different research areas on sensor networks:
sensing, communication, and computing (including
hardware, software, and algorithms). Examples of early
sensor networks include the radar networks used in air
traffic control. The national power grid, with its many
sensors, can be viewed as one large sensor network. These
systems were developed with specialized computers and
communication capabilities, and before the term “sensor
networks” was coined [1]

Applications have been a driver for research and
development in sensor networks. During the Cold War, the
Sound Surveillance System (SOSUS), a system of acoustic
sensors on the ocean bottom, was deployed at strategic
locations to detect and track quiet Soviet submarines. Over
the years, other more sophisticated acoustic networks have
been developed for submarine surveillance. SOSUS is now
used by the National Oceanographic and Atmospheric
Administration (NOAA) for monitoring events in the ocean,
e.g., seismic and animal activity. Also during the Cold War,
networks of air defence radars were developed and deployed
to defend the continental United States and Canada. This air
defence system has evolved over the years to include
aerostats as sensors and Airborne Warning and Control
System (AWACS) planes, and is also used for drug
interdiction.

Modern research on sensor networks started around 1980
with the Distributed Sensor Networks (DSN) program at the
Defence Advanced Research Projects Agency (DARPA).
Technology components for a DSN were identified in a
Distributed Sensor Nets workshop in 1978. These included
sensors (acoustic), communication (high-level protocols that
link processes working on a common application in a
resource-sharing network), processing techniques and
algorithms (including self-location algorithms for sensors),
and distributed software (dynamically modifiable distributed
systems and language design). Since DARPA was
sponsoring much artificial intelligence (AI) research at the
time, the workshop also included talks on the use of Al for
understanding signals and assessing situations, as well as
various distributed problem-solving techniques.

Researchers at Carnegie Mellon University (CMU),
Pittsburgh, PA, focused on providing a network operating
system that allows flexible, transparent access to distributed
resources needed for a fault-tolerant DSN. Researchers at
the Massachusetts Institute of Technology (MIT),
Cambridge, focused on knowledge-based signal processing
techniques for tracking helicopters using a distributed array
of acoustic microphones by means of signal abstractions and
matching techniques. In addition, MIT also developed the
Signal Processing Language and Interactive Computing
Environment (SPLICE) for DSN data analysis and algorithm
development, and Pitch Director’s Assistant for interactively
estimating fundamental frequency using domain knowledge.
That was the state of the art in the early 1980s. The DSN
test bed was demonstrated with low-flying aircraft, which
was successfully tracked with acoustic sensors as well as TV
cameras. The tracking algorithm was fairly sophisticated,
since the acoustic propagation delay is significant relative to
the speed of the aircraft. Another test bed in the DSN
program was the distributed vehicle monitoring test bed at
the University of Massachusetts, Amherst.

Recent advances in computing and communication have
caused a significant shift in sensor network research and
brought it closer to achieving the original vision. Small and
inexpensive sensors based upon micro-electromechanical
system (MEMS) [2] technology, wireless networking, and
inexpensive low-power processors allow the deployment of
wireless ad hoc networks for various applications. Again,
DARPA started a research program on sensor networks to
leverage the latest technological advances. The recently
concluded DARPA Sensor Information Technology
(SensIT) program pursued two key research and
development thrusts. First, it developed new networking
techniques. The second thrust was networked information



processing, i.e., how to extract useful, reliable, and timely
information from the deployed sensor network.

Recent technological advances have lead to the emergence
of distributed wireless sensor and actor networks which are
capable of observing the physical world, processing the
data, making decisions based on the observations and
performing appropriate actions. These networks can be an
integral part of systems such as battlefield surveillance and
microclimate control in buildings, nuclear, biological and
chemical attack detection [3], home automation [4] and
environmental monitoring. WSANs have the unique
characteristics: real-time requirement and coordination.
Many protocols and algorithms have been proposed for
Wireless Sensor Networks (WSNs) in recent years.
However, since the above listed requirements impose
stricter constraints, they may not be well-suited for the
unique features and application requirements of WSANS.
Moreover, although there has been some research effort
related to WSANS, to the best of our knowledge, none of the
existing studies to date investigate research challenges
occurring due to the coexistence of sensors and actors.

For example, both in [5] and [6] control engineering
problems and existing technologies about sensor and actor
networks are presented, respectively. However, neither of
these studies investigates the interaction among sensors and
actors. In [7], only actor—actor coordination is handled
without any insight into the sensor-actor coordination
problem. A TDMA MAC protocol is also introduced in [8]
where it is assumed that sensor and actor nodes are of same
type which obviously does not reflect the actual WSANS. In
[9], the routing problems are investigated between sensor
and actor nodes. However, no coordination problems in
sensor-actor or in actor-actor communications are
considered in the study.

Despite some existing research in WSAN, there are many
problems that arise in WSANs due to the coexistence of
sensors and actors have to be investigated. This paper is to
present a WSAN physical architecture (Section II), a
comprehensive review of recent proposals, open research
issues (Section III), and a simulation based actor-to-actor
routing performance analysis (Section IV).

II. WSAN ARCHITECTURE

In this section, an overview of WSAN given in [11] is
presented. Sensor and actor nodes are to collect data from
the environment and perform appropriate actions based on
this collected data, respectively. As shown in Figure 1 these
nodes are distributed in the sensor/actor field while the sink
monitors the overall network and communicates with the
task manager node and sensor/actor nodes.

Sensor nodes detecting a phenomenon either transmit their
readings to the actor nodes which process all incoming data
and initiate appropriate actions, or route data back to the
sink which may send commands to actors. The former case
is named as Automated Architecture due to the non-
existence of central controller, e.g., human interaction, while

the latter case is defined as Semi-Automated Architecture
since the sink (central controller) collects data and
coordinates the acting process. The advantage of the Semi-
Automated Architecture is that it is similar to the
architecture already used in wireless sensor network
applications [1]. Thus, this paper is to review recent
proposals and research challenges for WSANSs rather than
for WSNSs.
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Figure 1. An architecture of WSANSs. [11]

Architectures of sensor and actor nodes used in the WSAN
can be shown as in Figure 2(a) and (b), respectively. Sensor
nodes are equipped with power unit, communication
subsystems (receiver and transmitter), storage and
processing resources, Analog to Digital Converter (ADC)
and sensing unit, as shown in Figure 2(a). The sensing unit
observes phenomena such as thermal, optic or acoustic
event. The collected analog data are converted to digital data
by ADC and then are analyzed by a processor and then
transmitted to nearby actors.
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Figure 2. (a) sensor and (b) actor nodes architectures. [11]
The decision unit (controller) takes sensor readings as input
and generates action commands as output. These action
commands are then converted to analog signals by the
Digital to Analog Converter (DAC) and are transformed into
actions via the actuation units.

In some applications, integrated sensor/actor nodes may
replace actor nodes. Since an integrated sensor/actor node is
capable of both sensing and acting, it has sensing unit and
ADC in addition to all components of an actor node.

In most situations actor—actor communication is also
required to achieve the overall application objective in
WSANSs. Since actors are resource-rich nodes with high




transmission power, actor—actor communication can be
long-range unlike sensor-actor communication.
Furthermore, actor—actor communication is similar to the
communication paradigm of ad-hoc networks due to the
small number of (mobile) resource-rich actor nodes being
loosely deployed. Therefore, WSAN can be considered as
the union of wireless sensor and ad-hoc networks. In
addition to both sensor and ad-hoc network challenges, there
exist challenges due to the real-time properties and nature of
“‘acting’’ phenomenon.

III. RESEARCH CHALLENGES

A. Sensor-actor coordination
In WSANS, multiple actors can receive the information from
sensors about the sensed phenomenon and this case is
denoted as Multi-Actor (MA). Unlike this situation where
sensor readings are sent to multiple actors, only one actor
receives event features, this case is denoted as Single-Actor
(SA). In fact, SA can be considered as a special case of MA.
The following research issues related to SA and MA cases
can be concluded for sensor-actor coordination in WSANs
[11]:
- To ensure that there are no adverse effects on the target
environment.
- To ensure synchronization in the reporting time of the
sensed phenomena between different actors.
- In MA, it is necessary to send the information only to a
subset of actors which cover the entire event region.
- The advantages and disadvantages of both SA and MA
need to be analytically investigated to figure out which
one is appropriate for given applications or situations.

B. Coordination among actors

In WSAN:S, actors communicate with each other in addition
to communicating with sensors. Actors coordinate explicitly
and with purpose either in centralized way or in distributed
way in order to solve the task assignment problems in
WSANSs. This coordination has the following challenges
[11]:

- In a single-actor task case, the problem is how to select
the single actor among all capable actors and how to
find an optimum number of actors performing the
actions in a multi-actor task case.

- A communication model between actors.

- Execution of different events detected in a region may
be required to ensure that there are no adverse effects
on the target environment.

- Some applications may require synchronization of
actors to act on the event at the same time.

- There is a need to specify the contents of messages and
algorithms which provide efficient data transmission
for different types of messages.

- How to select an actor which will function as a
decision unit.

- Coordination and communication protocols should
support real-time properties of WSANS.

C. Transport layer

The new transport protocols must support real-time
requirements in WSANSs. Several transport layer protocols
have been developed for ad-hoc networks and wireless
sensor networks in recent years [1][12][13]. However, there
exist no transport protocols which deal with both the
reliability and real-time for WSANSs to date. Since sensor-
actor and actor—actor communications occur consecutively
in WSANS, a unified transport protocol is required for both
cases.

D. Routing layer
In WSANSs, when sensors detect an event, there is no
specific actor to which a message will be sent. This
uncertainty occurring due to the existence of multiple actors
causes challenges in terms of routing solutions. Selecting an
actor node is one of the challenges for a source sensor node.
In addition to determining the path selection and data
delivery, routing protocol should support real-time
communication by considering different deadlines due to
different validity intervals. Moreover, the routing protocol
should also consider the issue of prioritization and should
provide data with low delay bounds to reach the actor on
time.
In recent years there has been a considerable amount of
research on routing problems in sensor networks [9]. An
anycast mechanism developed in [10] does not support the
sensor-sensor coordination occurring in WSANSs due to the
result of correlated information among multiple sensor
sources which detect the same event. Moreover, this
mechanism causes a sensor which is one hop away from an
actor to receive also interests from an actor on the other side
of the network. This may cause unnecessary traffic load in
the network. SEAD developed in [14] is also not suitable for
WSANSs since it does not deal with end-to-end delay
minimization which is one of the main goals in WSANS.
Furthermore, it is developed for the case where all sinks
request data from one source at refresh rates, whereas in
WSANs only actors which are in the vicinity of a
phenomenon are interested in the event information.
SPEED [15] is an adaptive, location-based real-time routing
protocol which can be effectively used if the location
information is available in all sensor nodes and the location
updates can be delivered to the source sensors regularly.
However, SPEED is not suitable for WSANSs since it does
not support Multi-Actor (MA) case and the mobility of
actors.
Moreover, a model with resource-limited sensor nodes and
higher energy capacity cluster heads is given in [16]. This
model may be suitable for WSANs such as an actor can
become a cluster head and each source sensor can become a
member of a cluster.
However, several open research issues must be investigated
such as

- How are the clusters formed, e.g., are they formed

based on the event?
- How will the clusters be adaptive to mobility, or



- How will the clusters satisfy the real-time constraints?
For actor—actor communication, routing protocols developed
for ad-hoc networks such as DSR, AODV, OLSR [17] can
be used as long as they are improved so that real-time
requirements are met and communication overhead
occurring at sensor nodes due to actor—actor communication
is low.

E. Medium access control

In order to effectively transmit the event information from
large number of sensors to actors there is a need for MAC
protocol. Moreover, in some applications, (i.e., distributed
robotics) actors may be mobile. As they move, they may
leave the transmission regions of some sensors and enter
other sensors region or they may become totally
disconnected from the network. Therefore, another function
of MAC protocol in WSANs is to maintain network
connectivity between sensors and mobile actors.
Furthermore, as discussed before, the timely detection,
processing, and delivery of information are indispensable
requirements in a sensor/actor network application.

Classical contention-based protocols are not appropriate for
real-time sensor-actor communication since contention-
based channel access requires handshaking which increases
the latency of the data. TRACE [18] is a reservation TDMA
protocol which suffers from the added overhead for
reservation contention while PBP (Predictive Backoff
Protocol for IEEE 802.11) suffers from the requirement of
large amount of energy due to all sensors listening to
others_ transmissions.

By exploiting the periodic nature of the sensor network
traffic, a collision-free real-time scheduling algorithm is
presented in [19]. Collision-free protocols may be suitable
for WSANSs, because they can potentially reduce the delay
and provide real-time guarantees as well as save power by
eliminating collisions. A problem in a large class of current
collision-free protocols is the use of multiple channels [19].
This imposes a nontrivial requirement on the hardware of
the nodes in the network as mentioned in [20]. Thus, further
study is needed to tell whether the performance gain would
overcome the increased cost of the hardware. Moreover, in
[19] and generally in all existing collision-free protocols the
mobility is not investigated.

For actor—actor communication, the existing MAC protocols
developed for ad-hoc networks cannot be directly used.
They should be improved so that they support real-time
traffic, since in WSANSs, depending on the application,
interaction with the world may impose a real-time constraint
on computation and communication.

F. Cross-layering

Current WSN and WSAN protocol designs are largely based
on a layered approach. However, the sub-optimality and
inflexibility of this paradigm result in poor performance for
WSANS, due to constraints of low energy consumption and
low latency. Therefore, instead of having individual layers,

there will be a need of cross-layering where layers are
integrated with each other.

G. Products development

There is a large amount of work on developing micro-
electromechanical sensors and new communication devices.
The development of these new devices make a strong case
for the development of a software platform to support and
connect them. TinyOS is designed to fill this role [21].
Current real-time operating systems do not meet the needs
of the emerging integrated regime. Many of them have
followed the performance growth of the wallet size device.
Traditional real time embedded operating systems include
VxWorks, WinCE, PalmOS, and QNX and many others.

A major architectural question in the design of network
sensors is whether or not individual microcontrollers should
be used to manage each I/O device. It is possible to maintain
multiple flows of data with a single microcontroller. This
shows that it is an architectural option - not a requirement -
to utilize individual microcontrollers per device. Moreover,
the interconnect of such a system will need to support an
efficient event based communication model. Tradeoffs
quickly arise between power consumption, speed of off chip
communication, flexibility and functionality [21].

IV. WSAN ROUTING PERFORMANCE ANALYSIS
There is a number of simulation platforms for Ad-
hoc/Sensor networks including SWAN (Dartmouth & BBN
[22]), SensorSim (UCLA [23]), H-MAS (Notre Dame [24]),
Naval [25], and Rice Monarch [26]. In this paper, the actor-
to-actor routing performance analysis is based on the NS-2
framework [27] with the software extensions of Naval and
Rice Monarch. The readers who are interested in simulation
models and software platform, are recommended to find at
[25][26][27].

This study provides a realistic, quantitative analysis
comparing the performance of a variety of multi-hop
wireless routing protocols when applied to actor-to-actor
communications in Wireless sensor and actor networks. It
shows the relative performance of three proposed routing
protocols for WSANs: DSDV [28], AODV [29][30], and
DSR [31][32][33]. The DSDV (Destination Sequenced
Distance Vector) protocol is a hop-by-hop distance vector
routing protocol requiring each node to periodically
broadcast routing updates. The key advantage of DSDV
over traditional distance vector protocols is that it
guarantees loop-freedom. DSR (Dynamic Source Routing)
protocol is based on source routing, which means that the
originator of each packet determines an ordered list of nodes
through which the packet must pass while traveling to the
destination. The key advantage of a source routing design is
that intermediate nodes do not need to maintain up-to-date
routing information in order to route the packets that they
forward, since the packet’s source has already made all of
the routing decisions. This fact, coupled with the entirely
on-demand nature of the protocol, eliminates the need for



any type of periodic route advertisement or neighbor
detection packets. AODV (Ad Hoc On-Demand Distance
Vector) protocol is essentially a combination of both DSR
and DSDV. It borrows the basic on-demand mechanism of
Route Discovery and Route Maintenance from DSR, plus
the use of hop-by-hop routing, sequence numbers, and
periodic beacons from DSDV [34].

As mentioned in Sectioned III, the routing protocols used in
ad-hoc networks may be applied for WSANSs actor-to-actor
communications. These protocols are evaluated within the
sensor manner and simulation results are shown in Figure 3,
Figure 4. Despite of higher delay compared to AODV and
DSR at the beginning, DSDV has lowest delay level when
the network is in a stable state. However, the DSR protocol
has highest end-to-end throughput (ratio of packet received
/packet sent) compared to DSDV and AODV. Therefore, the
DSR protocol is proposed to handle actor-to-actor
communications. Although, DSR is the best protocol among
the three selected routing candidates, there will be a need of
designing a routing protocol that is optimized not only for
supporting the sensor-actor and actor-to-actor coordination,
but also satisfies the cross-layering constraints. To reach at
such global optimization solution, the simulation
optimization protocol design approach [35] is proposed to
be used.
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V. CONCLUSIONS

WSAN nodes can be used for continuous sensing, event
detection, event identification, location sensing, and local
control of actuators. The concept of micro-sensing, wireless
connection, self-acting of these nodes shows many new
application paradigms. Sensor networks can be applied to
military, environment, health, home and other commercial
areas. It is possible to expand this classification with more
categories such as space exploration, chemical processing
and disaster relief.

There are many challenges for WSANSs: sensing,
communication, and computing (including hardware,
software, and algorithms). The following issues are
considered as further research problems that should be
investigated in WSANSs:

- Algorithms providing ordering, synchronization and
eliminate the redundancy of actions between sensors
and actors.

- A unified framework that can be exploited by different
applications to select the best networking paradigm and
provide efficient actor—actor communications.

- Open WSAN layering architecture

- Effective algorithms for a single layer as well as cross-
layering requirements.

- Real-time communication protocols for both sensor-
actor and actor—actor coordination in WSANS.

- Low cost and reliable system architecture for
networked sensors.

Dealing with routing challenges, the simulation based
routing performance analysis has shown that DSR is the best
solution for actor-to-actor communications in WSANs
among the other ad-hoc routing protocols.
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