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Abstract. We propose that a semantic service-oriented approach is one
of the best techniques to cope with challenges in wireless sensor network
(WSN) applications. This paper offers a framework for sensor network
services that aims to improve query processing. We expect this frame-
work will address current challenges and issues preventing the wider
uptake of WSN technology. More specifically, we propose a semantic
service-oriented framework with a focus on query processing to allow
distributed end-users to request streams of interest easily and efficiently,
based on the principle of pushing the query down to the network nodes
as much as possible. As such, the lifetime and utility of the sensor net-
work will be maximised, ultimately leading to the success of WSN de-
ployments. The importance of semantics, which aims to support sensor
capability modelling and query writing has been highlighted. On the
other hand, query rewriting is emphasised followed by examples to il-
lustrate that query rewriting can significantly contribute to the overall
power efficiency of WSNs.

1 Introduction

Sensor network applications have been deployed for monitoring space, things
and the interactions of things with each other and the encompassing space [IJ.
Future sensor networks will have sensors with different capabilities wired into
a Sensor Web [2] to perform extensive monitoring for timely, comprehensive,
continuous and multi-modal observations [3].

Despite existing different domain-specific deployments and the heterogeneity
of sensor networks and sensing data, sensor networks share a common feature:
they all collect and periodically transmit information from some set of sensors,
and they all must carefully manage limited power and radio bandwidth to ensure
that essential information is collected and reported in a timely fashion [4]. From
a data storage point of view, one may think of a sensor network as a distributed
database that is able to conduct query processing. This has led to the design and
implementation of query processing techniques, a very popular topic in the liter-
ature [4I5lJ6]. However, query processing in sensor networks works differently to
that in a traditional DBMS given that the former is highly resource constrained
(e.g. limited energy, memory and computation ability). Furthermore, the vol-
ume of the sensing data can be very variable (e.g. depending on sampling rate
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variations) within a time period and the access to this data may be delayed arbi-
trarily due to the motion of sensors. These issues create new challenges for query
processing and more needs to be done to realise the potential for sensor network
applications. Further, as successful sensor network applications rely heavily on
effectively using a large range of heterogeneous data resources including stream-
ing data acquired from sensor networks and historical data stored in databases,
the development of a technology framework to enable this is highly demanded.

The primary contribution of this paper is an identification of the services that
may be offered to the user community of WSNs through a semantic service-
oriented framework. We focus in particular on dealing with query processing
elegantly through that framework. Employing both declarative semantics and
query rewriting techniques are important features of the framework.

It is natural to choose a declarative language [AI7I8] to describe a query, as
declarative queries offer both an easy-to-use interface and energy-efficient exe-
cution substrate [4]. More importantly, they open up the possibility for optimi-
sation algorithms to transparently handle efficient access strategies and perfor-
mance improvements enabled by taking account of current state of the sensor
network including concurrently or previously executed queries.

The paper is organised as follows. Section Pl is the brief review of related
work. Section B outlines the design challenges and issues. Section [ presents our
framework that relies on a service-oriented computing approach enriched with
semantic modelling. In Section Bl the main features of the framework, semantic
query rewriting will be discussed followed by two examples to illustrate the
significant impact of query rewriting on the overall power efficiency of WSNs.
Finally, we conclude this paper in Section

In this paper, terms such as sensor networks and wireless sensor networks will
be used interchangeably unless otherwise specified.

2 Related Work

Sensor networks promise to revolutionise sensing in a wide range of applica-
tion domains. However, wide acceptance and deployment has not yet been seen
mainly because current deployments are closed, single-purpose systems. Tools
and standards for easy open access are still unseen. It is well known that pro-
gramming sensor networks is very hard for end-users who have genuine applica-
tion requirements for sensor networks. On the other hand, end-users should be
shielded from the low-level details and difficulties of sensor networks. While most
of the research work in sensor networks to date has been focused on device engi-
neering design and communications and networking questions, interesting work
in the near future is most likely to be concentrated on leveraging end-users’
workloads in sensor network applications by Web services in a publish-find-bind
service-oriented fashion. End-users must be supported for easy access and more
control over the sensor network, especially with real time data manipulation.
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This section presents recent work that attempts to ease non-trivial programming
and reprogramming sensor network tasks.

Different types of queries in sensor networks have been studied in [9I10].
TinyDB [6] is one of the most successful works in sensor network query process-
ing. It offers a SQL-like query interface to raw sensor data. It is advantageous
to express queries to a sensor network at a high level logical predicate language
as such an abstraction has greatly eased the use. The objective of this paper is
to make this abstraction more concise by taking query rewriting techniques into
account.

Cougar [8] adds a query layer to the protocol stack to accept queries in a
declarative language that is then optimised to generate efficient query execution
plans with in-network processing. A query plan is constructed by flow blocks.
The optimiser determines the exact number of flow blocks and interaction be-
tween them. However, as pointed out in [8], the creation of the best query plan
for an arbitrary query is a hard problem, only little work in query processing
has been done in Cougar.

Several other pioneering works have set good examples for the use of sensor
services in the presence of Web services and Semantic Web technologies. Existing
prototype applications have shown that the heavy burden of programming sensor
networks can be alleviated if the underlying infrastructure is flexible enough.
Web service technologies are one such enabler that can be used to derive more
value from sensor data by making sensor data more accessible to a wider group
of people, when combined with services for statistical modelling and machine
learning, for example. However, the current state of the art is far from the vision
of a highly available, high-performance, easy-to-use sensor web. The following is
a brief introduction to these relevant works.

Sensor Web [2], first proposed by NASA in 2001, has received tremendous
attention. It is a revolutionary concept toward achieving collaborative, coherent,
consistent and consolidated sensor data collection, fusion and distribution. The
project GeoSWIFT (http://sensorweb. geomatics.ucalgary.ca/default.html) is an
exemplar. It offers open geo-spatial sensing services for sensor web developed by
sensorWeb@GeoICT [3]. It aims to build a geo-spatial infrastructure to connect
distributed sensor networks for the sharing, access, exploitation, and analysis of
sensing information. It focuses on a web service approach to answer a request
(i.e. HTTP GET request) in an SOA style. However, it does not address efficient
query rewriting, and its query language (conjunctive attribute-value style lan-
guage) relies on a primitive data model that is not amenable to interoperability
with other services thus it suffers from common problems of WSNs.

TrisNet [I1I] (http://www.intel-iris.net/) is a general-purpose software infra-
structure that supports tasks common to services such as collecting, filtering,
and combining sensor feeds, and performing distributed queries (via sensor agent
nodes and organising agent nodes). It provides an opportunity to deal with a
query over the Internet. It proposes that its sensing service is capable of collecting
filtered sensor readings in a database that end-users can query. Although the
IrisNet architecture allows filtering code to be uploaded to sensing devices, there
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is no discussion about sampling control. In order for a sensor web architecture to
be aware of energy consumption, an energy efficient design approach should be
emphasised. Furthermore, semantics has not be thoroughly explored in IrisNet.

In contrast, SONGS [I2/T3] advocates semantics by proposing a semantic-
service-oriented sensor information system. The system may take advantage of
application domain knowledge to optimise its resource utilisation in collecting,
storing, and processing data. As a result, the creation of a semantic information
hierarchy and the implementation of the semantic transformations are at the core
of their work. However, this work focuses on the use of a larger semantically-rich
system of sensors, into which sensor devices are embedded, but does not address
the requirements for general purpose sensor network services that support such
embedding of WSNs.

Similar efforts from the grid computing research community [I4] are worth
noting too. The focus of the reported work is on sensor resource management [15]
to provide middleware support to the connection and share of heterogeneous
sensor resources. The work reported at the website (http://nicta.com.au/research
/projects/nicta open sensorweb architecture) is such an example.

From a standardisation perspective, the efforts from OpenGIS Consortium
(http://www.opengeospatial.org/) is worth mention. A package of standards
called Sensor Web Enablement (SWE) has been developed to define service-
oriented interfaces to sensor network services, most strongly influenced by
requirements arising for earth observation remote sensing services. The SWE
specifications support data and service interoperability at a syntactic level: client
tools are specifically designed to parse the standardised data model, and inter-
pretation of the content is left entirely to service providers on one hand and end-
users on the other. In order to evaluate these specifications, we deployed SWE
services over WSN data collected at an experimental site in Queensland and con-
ducted an evaluation in the context of the OGC testbed programme. SWE service
implementations from 52North were used (available from http://52north.org/).
Referring to the most relevant specification, the Sensor Planing Service (SPS)
for example, we found that it suffered from limitations such as an inability to
model the relationship between input and output parameters. The current SPS
permits neither the phrasing nor the answering of query such as “Provide the
parameter A if parameter B is greater than 5 and parameter C' is prior to 2 hours
from now”; the kind of query we take for granted in modern query languages
like SQL. More information about this testbed programme can be found at the
website (http://www.opengeospatial.org/).

To our knowledge, no work has been reported in WSNs that considers the
logic structure of the problem, sensor capability and environment setting in
query rewriting. This is the first time that query rewriting has been addressed
in sensor service design.

We believe that the success of applying semantic web services to WSN ap-
plications will significantly contribute to the growing deployment of large-scale
sensor networks, and leading to a broad scope in sensor network applications.
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3 Design Challenges

We discuss issues in the design of semantic sensor network services in this sec-
tion. As this paper is focused on providing semantic sensor network services
to service clients from a broad network community, we avoid discussing typical
WSN internal issues such as network connectivity, MAC protocols and routing
algorithms, but concentrate on issues related to the service design. In particu-
lar, we aim to hide those WSN-specifc issues from the broader network users,
and propose embedding query rewriting techniques within the sensor network
service to achieve this. We do not discuss broader web service issues here (such
as security, scalability and quality of service) as we anticipate that the progress
of web service research will address these issues in a more general context.

We expect a sensor network service to be the (technical) custodian of a sensor
network: to be responsible for local network management, data management,
query processing and response, and information security. We expect the service
to accept high level requests for data and for the service to be able to map that
request to answers that the sensor network can handle, while enabling the service
user to be as ignorant as possible about the sensor network capability, technology,
topology, control language and current state. This “ignorance” will enable service
clients, such as simple web pages, specialist user-oriented interactive GUIs and
composition and integration engines (including workflow engines) to interact
with a wide range of such services in a common way. Note that for our purposes
we are focusing on sensor services, not actuator services, although we include
within our scope the tasking of sensors in order to take measurements — for
example the movement or rotation of a sensor in order to take a measurement.
In the latter case, the need for movement is only implicit within the request for
data and is not a separately identified request for actuation.

3.1 Data Persistence

In common with the design principles for TinyDB [6], we believe that the man-
agement and archiving of sensor network data is the responsibility of a unitary
sensor network service, rather than some external services. This enables the
scope of a service to be represented and understood by its user community ir-
respective of the temporal nature of information. It also means that quality of
service guarantees (such as reliability, response time, cost etc.) can be offered
according to user priority, financial incentive, or other features in a uniform way.

When a sensor network service accepts a query it will need to recognise
whether it is capable of answering some or all of the query, and if so to de-
termine whether the answer could be partly or fully retrieved from persistent
data hosted by the service, presumably previously collected from the sensors
controlled by the service’s network. Alternatively, the query may be partly or
fully answered by the service recognising that its network is already configured to
collect the desired data and all it needs is to ensure is that the data is returned to
the new requestor (possibly summarised or filtered first). Finally, there may be a
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remaining part or all of the request that can only be answered by reconfiguring
or reprogramming the sensor network.

We envisage this capability to be offered by a query-rewriting algorithm. By
describing persistent data and currently collecting data as “views”, rewriting
techniques such as [I6] can be used to split an incoming query into the appro-
priate components to be handled by each aspect of the service.

3.2 Sensor Network State

Along with management of data persistence arising from sensor network mea-
surements, we would like to see a sensor network service managing internal
sensors and network state while offering a simpler stateless service for its clients.
This will make service interaction easier for the clients, and enables optimisa-
tion within the service to meet multiple client requests. For example, for mobile
sensors we would prefer a sensor request to state the spatial coordinates (and if
necessary, temporal coordinate) required for a measurement, and have the sensor
network service internally plan the optimal movement of the sensor devices to
meet multiple requests, resolving conflicts by a priority-based scheduling method
if necessary. Furthermore, we have already proposed that the service recognises
requests for reuse of data which the sensor network is previously configured to
collect: this capability could also be seen as recognition and management of
sensor network state.

3.3 Events and Responses

As hinted in the discussion about the need to offer coherent access to persistent
data, some requests for data from the service will be answerable with a syn-
chronous response. This might be appropriate for a query for last year’s average
daily rainfall, for example. Some requests will naturally behave more as a stand-
ing query (e.g. a request for next year’s average daily rainfall) and may be more
appropriately dealt with as an asynchronous response. Further, an event-driven
response (e.g. daily rainfall for the next three years, a day at a time) will also
be needed. More generally, it seems that any query may require a combination
of these approaches and an appropriate interaction design will be required.

3.4 Programming

Many modern sensor network technologies support over-the-air sensor node pro-
gramming (e.g. the TinyOs Deluge protocol [I7]). A sensor network service
should be able to accept tasks from wider networks users for deployment onto
the network. However, in line with our desire to hide heterogeneity we suggest
a declarative, data-oriented interface to the wider user community is more ap-
propriate than a specialist imperative programming language. We are working
to develop a translation process from a high level declarative predicate language



A Framework for Semantic Sensor Network Services 353

phrased over a “view”, to the executable Snlog 1anguag of the DSN
architecture [7].

With the declarative language, it is possible to solve the problems yet unsolved
by IrisNet. In particular, we can take account of local knowledge about the cur-
rent state of the sensor network, such as network topology, residual power, alter-
native routing protocols, local redundancy, and node-specific sensing capability
to push queries into network nodes for efficient execution. Results demonstrating
this are reported later in this paper.

3.5 Capability Modelling

Whilst we wish to enable a semblance of homogeneity of sensor networks to
an outside user for ease-of-use, inevitably some fundamental differences in sen-
sor networks will remain and must be made visible to the user community to
enable their use. We expect that the capability of a network in terms of the
observable phenomena and how they might be measured must be declared by
the sensor network to its clients. Although this recognition of need is aligned
with the approach adopted through the OGC’s Sensor Web Enablement suite of
standards (http://www.opengeospatial.org/projects/groups/sensorweb), we pro-
pose that machine executable formal ontologies, such as those based on the
W3C’s Web Ontology Language (OWL) are the appropriate tools for describing
sensor network capability. By employing reasonerdq, we need to rely less on both
specialised web clients (in which the knowledge of the capability is embedded in
code) and human readability (in which the knowledge relies entirely on a human
interpretation) [18].

3.6 Power Management

Power management is a critical issue in a WSN. The typical power manage-
ment design goal is to meet the required constraints while minimise the energy
consumed. Sensor applications have to make trade-offs based on the energy con-
sumption policy (Fig.[dl) between the quality of a service (e.g. sensor operations)
versus conserving energy, efficiency versus power consumption. It is in the best
interest of power management to have each node transmit at the lowest possible
power while preserving network connectivity but activating only the necessary
number of sensor nodes for a particular task at any particular moment. It is ex-
pected that a dedicated power consumption policy should be enforced and met
for a specific task.

3.7 QoS

The QoS provisioning, usually described very abstractly, is a crucial issue to
provide demanded resources effectively and efficiently. Resource reservation and

! Snlog is a dialect of Datalog developed for sensor netowrk programming. Details and
examples can be found at the website (hitp://db.cs.berkeley.edu/dsn/).

2 For example, Racer (http://www.racer-systems. com/products/tools /index.phtml) and
FaCT++ (http://owl.man.ac.uk /factplusplus/).
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resource allocation should be enforced aligning with either single query or con-
tinuous query and the unique characteristics of WSNs. The QoS specification
should also be able to offer differentiated QoS and data quality to different
users.

3.8 Security

We cannot propose a shared sensor network service in the absence of addressing
the needs for sensor network security. Assuming the sensor network itself offers
some local methods for securing information within its scope (for example, [19]),
a sensor network service must be able to protect its privacy and integrity in the
wider internet context. For a shareable, reusable sensor network we propose Web
Service-style role based access control over XML structures [20] coupled with
executable privacy policies [21]. Privacy policies would apply to both persistent
and real-time data, and to both data access and to scarce resource access (e.g.
permission to program the sensor network to collect new measurements). They
could be compiled to a run-time policy-enforcement point within the sensor
network service.

4 Framework

In response to the challenges and partial solutions we have discussed in Section [3]
we propose a framework (Fig[I)) in this section, relying on a service-oriented
computing approach enriched with semantic modelling. We will address the im-
portant features in the following.

1. Service-oriented computing approach

The design of the proposed framework is based on the principle of service-
oriented computing as we expect web service technologies would support high
performance, scalability, reliability and availability of sensor services. The
core of the sensor service is the service proxy, which is composed mainly of
the interaction handler, query manager, and WSN power manager. Ma-
jor components of each layer are shown in Fig. Il

The semantic sensor service, which acts as an interface between the WSN
and the client, is in charge of the interactions between them (with inter-
action handler). Then it performs query processing (including query
rewriting and query planning, with the support of persistent store
and semantic transformation)and partial results integration - back to the
client ( by query planning). The success of the above functionalities can-
not be achieved without concerning about scarce power resource. WSN power
manager is designed to cope with energy management enforced by an appro-
priate energy consumption policy and corresponding power management
strategies. Obviously, the WSN fundamentals is the foundation on that our
work is built on.

The extended framework also includes overarching concerns such as QoS,
security, and service management that apply to all components in the
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Fig. 1. The Semantic Sensor Network Service Framework

framework, in that service management refers to the management of sen-
sor service life-cycle, including service registration, service invocation, and
service closure.
2. Semantic approach

Sensor Web clients depend on registries and ontology repositories to make use
of available sensor services. The repositories provide necessary information
about the underlying sensor networks in terms of the phenomena, observa-
tion, measurements, sensor capabilities and different models to be used to
facilitate the decision making when certain events occur. These repositories
can be classified into two categories with the static category providing essen-
tial information about sensors (e.g. sensor capabilities) and sensor networks
(e.g. sensor platforms), while the dynamic category reflecting the change of
the sensor networks, topological change, for example.

Generally, an ontology provides a medium for capturing and reusing the
knowledge and experience gained from prior efforts, it thus leads to a greater
level of automation at the semantic level. It is believed that ontologies and
related semantic techniques and technologies will allow machines to inter-
pret and understand (human-) agreements and formal policies one day in the
future. As OWL is a highly sharable and reusable form of knowledge repre-
sentation language, (sensor) ontologies will be represented in OWL. These
ontologies can encode necessary information for query rewriting. A sensor
network service should be able to describe what it can do and how to do it
(i.e. sensor capability modelling) in terms of a formal OWL ontology. The
recognition of need to provide a powerful “virtual device” (depending on
available sensing devices) with differing sensor capabilities for different tasks
(e.g. modelling or tasking) has attracted our attention. It will be included
in the future work.

Different layers in the framework work together to maintain the integrity of
sensor data and answer queries in an efficient way. Like other web services, the
semantic sensor network service can be made available to be discovered and
composed to support a wide variety of WSN deployments.
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5 Query Rewriting

In this section, we will discuss query processing through the proposed framework,
in which employing both declarative semantics and query rewriting techniques
are important features.

By applying optimisation techniques during query processing, query rewriting
can generate a rewritten query with minimised node transmission and therefore
improved energy conservation. Below we first introduce declarative semantics,
then unification-based propagation optimisation [2223]. It will be illustrated by
working through examples. A discussion which points out that the optimisa-
tion technique is particularly advantageous to some kinds of problems in query
processing will follow.

5.1 Declarative Semantics and Query Rewriting

Tt is generally accepted that some sort of knowledge ( the knowledge about sen-
sors and the sensor network) can provide necessary information in query process-
ing. The knowledge consists of the sensor hardware and software characteristics.
The following code fragment (represents information about the current configu-
ration of a sensor network) is an example in the WSN programming language,
Snlog [1].

part 1:

% initial messages of nodes
toTransmit (@1,0).
toTransmit (@2,0).
toTransmit (@3,0).
toTransmit (@8,0).

% the residual powers of node,
residualPower(@1,509). %509units.
residualPower (@2,245).
residualPower (@3,455) .
residualPower (@8,505) .

% nodes’ list

mgsList (@1, [0,2,4]). %{0,2,4} node IDs
mgsList (@2, [12,15]).

mgsList (@3, [1).

mgsList (@8, [1).

% timer setting of nodes
timerx(@1,2,2048). % 2 minutes
timerx(02,2,2048).
timerx(@3,2,2048).
timerx(@8,2,2048).

Now consider a sensor network program that relies on the configuration to
perform a task including message routing details, as follows.

Example 1: “Generate a sequential number and transmit it to one of its neigh-
bours (e.g. @Next), update its node list (the list of nodes that this particular
node has sent messages to) and cost accordingly.”

Suppose we have a top-level clause (i.e. the clause (1)) and the relevant clauses
defined as follows. The whole program is composed of parts 1 and 2.
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part 2:

message (@Next,Src,Dest,X) :- generatedMgs(@Src,X), updateNode(@Src,X,Result),

nextHop (@Src,Dest,Next) . %o .. (1)
generatedMgs (@Src,Y) :- toTransmit(@Src,X), Y is X+1,residualPower(@Src,Z), Z>500,
timer (@Src,2,TimePeriod) . %he .. (2)
timer (@Src,TimerID,TimePeriod) :- timerx(@Src,TimerID,TimePeriod). %o (3)
updateNode (@Src,X,Result) :- mgsList(@Src,0ldList), append(0ldList, [X],Result),
forward (@Src,Result,Cost). %h...(4)

forward(@Src,Result,NewCost) :- neighbour(@Src,Neighbours),
shortestPath(@Src,Node,Neighbours,Cost),
length(Result,Size), timer(@Src,2,TimePeriod),
NewCost is (Size*TimePeriod). %...(5)

— clause (1): the predicate message/4 is the logic consequence if the current
node (i.e. Src) with the generated message is X and the routing detail (i.e.
nextHop/3) is determined. That is, the next node (i.e. the Next) to send
the message to is certain. At the same time, the node list will be updated
accordingly.

— clause (2): the predicate generatedM gs/2 is defined as a increment of the
message determined by the predicate toTransmit/2 if the residual power of
the node @Src is greater than 500 units within the given T'imePeriod.

— clause (3): the predicate timer/3 is defined to convert a timerx tuple into a
timer tuple,

— clause (4): the predicate updateNode/3 is defined to update the node list.
More specifically, the newly generated message will be appended to an ex-
isting list (i.e. the OldList) and the result (i.e. Result) will be sent away to
a particular node defined by the predicate forward/3.

— clause (5): the predicate forward/3 is defined to update the cost. The new
cost equals to the product of the length of the list (i.e. the size of the Result)
and the time period (i.e. TimePeriod).

For illustration purposes, the predicates shortestPath/4, neighbour/2 and
nextHop/3 are defined as built-in predicates in Snlog.

The observation that the larger a program is, the more energy it may con-
sume drive the selection of optimisation techniques in this situation to reduce
redundancy. Two major approaches are available to be chosen from. One is “lo-
cal computation” in which the code will be injected into the nodes as it was and
the node itself is responsible for the computation (i.e. no specialisation). The
other is “global computation” in which the code will be specialised before it is
sent into a node. Our question is: “ is there any difference between these two
approaches when the power consumption of a node is concerned? ”.

Now let us look at the “global computation” scheme. We are interested in us-
ing unification-based propagation technique [22I23] for it has potential to make
a considerable improvement in terms of the performance because it is capable
of reducing most of redundant computation at compile-time so that the com-
putation complexity at nodes can be lessened or lifted greatly. We will not go
to the detail in this paper, but highlight the effect of this technique in achiev-
ing efficiency instead. A prototype was developed to allow the rewriting to be
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achieved in an automatic manner. A systematic way about how this optimisation

technique is performed will be discussed in another paper.
With the unification-based propagation technique, the top-level clause will be
specialised into the following particular code:

the specialised code (Note that the variables have been renamed by the system):

message (@_G1247,1,_G1244,1) : - neighbour(@1,_G1253), shortestPath(@1,_G1261,_G1253,_G1263),
nextHop (@1, _G1244,_G1247).

message (@_G1210,8,_G1207,1) : - neighbour (@8, _G1216), shortestPath(@8,_G1224,_G1216,_G1226),
nextHop ((@8,_G1207,_G1210) .

This program entirely replaces both part 1 and part 2 given earlier. It is
specialised from part 2 to take account of the configuration in part 1 but is
much more compact.

Example 2: We now consider a generic program to answer a class of prob-
lems. It is: “Find regions with sensorId > $IntVar (e.g. $IntVar = 99) and
temperature rise of X% (e.g. 20%) in the last given time period (e.g. At) 7.
Assuming a time window is denoted by [t — At, t], and the memory at each
node is sufficient to hold data streams during that period. One of critical steps
is to avoid sending back unnecessary messages as much as possible and to detect
unwanted messages as early as possible because the message size is a very im-
portant factor in power consumption. As such, it is clear only the sensors with
sensorld > $IntVar will be considered further. These sensors will then check the
required temperature readings. Again, only the successful node will be asserted
to the location/1, which is defined to hold the node information. The total cost
of answering this particular query is approximated by the sum of costs at each
node to check whether it is the required sensor ID (Id = 0 at the base station).

— The top-level clause is defined as follows:

go(@Next,Id) :- zone(@Src,Id,TH:TM:TS,TimePeriod,Lb,Ub,Percent),NextHop(@Src,Dest,Next).

— the predicate zone/7 is denoted by
zone(HostId, Id, EndTime, TimeD:if f, Lower Bound, Upper Bound, Percent). It is a rela-
tion which contains a tuple for each node. It is defined as follows:

zone (@Src,Id,TH:TM:TS,T,Lb,Ub,Percentage) : -
sensorId(@Src,Id),less(Lb,Ub),
check_range (Ub,Id,Lb),
reading(@Src,Id,TH:TM:TS,TempVal_1),
integer(T),
T1 is TH*3600+TM*x60+TS-T,
T2H is T1 // 3600,
T2 is T1 mod 3600,
T2M is T2 //60,
T2S is T2 mod 60,
reading(@Src,Id,T2H:T2M:T2S,TempVal_2),
TempVal_1 >= f_mult(TempVal_Q,Percentage), % a built-in function in Snlog
assert(location(Src)).

— the predicate reading/4 is a relation which contains tuples of sensor readings
at each Src in the form of reading(QSre, Id, TimeStamp, TemperatureVal).
TimeStamp is expressed in the form of H:M:S.

— the predicate nextHop(QSrc, Dest, Next) is a built-in.
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Given the readings at all nodes (these readings have been omitted here due to
space limitation), in this example, the top-level clause is specialised by unification-
based program to: go(@ G1022,12):-nextHop(@12, G1025, G1022).

This is because among available nodes, only node 12 meets the requirement.
Clearly, the specialised top-level clause is very concise (no irrelevant information,
only need to deal with the built-in next Hop/3). The full advantages of the query
rewriting technique will be discussed next.

5.2 Discussion

Generally speaking, the specialised top-level clauses have the following advan-
tages over the original ones:

— the length of the specialised code is greatly shorter than that of the original
one.
Intuitively, this means fewer rules/facts will be fired for the same problem.
The reason behind is that much of the computation has been performed
thanks to the optimisation technique. Those predicates whose definitions
are available at compile-time, such as the residual power of nodes, should
provide sufficient information to instantiate relevant variables and the whole
process is propagated throughout the code when the bindings of variables
are computed. In the end, some computation and abstraction which can be
performed at compile-time, have been completed.

— the specialised code is more efficient than the original one in the following
aspects.

e The clause has been simplified.
By removing the superfluous call to true, the original top-level clause
have been replaced by the new clauses which are very concise. The above
specialised codes provide interesting insights into it.

e The message will be sent only to the relevant nodes rather than to all
nodes.
Note that in reality, a WSN can have many sensors. As only the specific
nodes (e.g. That is, the nodes 1 and 8 in example 1 and the node 12
in example 2) will be informed, there is no need for irrelevant nodes
to wake up. More power can be saved because of less computation and
transmission. In this way, we also achieved smart distribution of the code
throughout the network as a result of specialisation.

e The storage on nodes has been minimised considerably.
It is obviously that only the relevant nodes need to consider the storage
issue, not all nodes.

e The execution performance has been improved considerably.
Since the code has been specialised with much redundancy being re-
moved, the node will only consider the run-time.

From the above discussion it is evident that the query rewriting technique has
potential to enhance the efficiency of the WSN.
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6 Conclusion

In this paper, we proposed a service-oriented framework to address some criti-
cal design issues and challenges of sensor network services. The sensor network
services may allow end-users not only to take advantage of QoS, security and
scalability which are promised by Web services, but query processing through
the framework as well. We focus in particular on dealing with query processing
through that framework.

We highlighted two important features of the framework. As energy efficiency
is a main concern of the sensor network deployment, energy consumption at every
phrase of the sensor network should be considered carefully. We have taken reduc-
ing redundancy as a starting point to demonstrate that applying query rewriting
techniques at compile-time can improve the performance significantly for some
problems as long as it is desirable to take advantage of the logic structure of the
problem, input and static variables known a priori. Early progress from query
rewriting has shown an efficient sensor network program can be obtained.

We plan to investigate query processing under the proposed framework in
depth. Many issues need to be solved to develop a query optimiser with the
presence of unpredictable WSN characteristics. We believe that the optimisation
technique discussed in this paper will be constructive for sensor networks to deal
with the tight energy and bandwidth limitation. We are also interested in sensor
capability modelling.
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