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an open problem. This paper presents a novel solution in whit

groups of network nodes cooperate to produce local maps whic

are cached and merged at a sink node, producing a low-resoligin 1

map of the global network. The sink node receives periodic nya

updates from each cluster-head used to refine an up-to-datéabpal
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and routing services of the network, by utilising a clusterbased Q
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local maps. This technique performs favourably against sirfar

techniques which do not exploit cluster-based routing.

Fig. 1. Routing adaptation to obstacles using the numbéeps. The filled
nodes are cluster-heads. Horizontal and vertical barsifgritL” shape are
|. INTRODUCTION obstacles. The solid lines are path from node nl to CH-1 amdidglshed lines
are path from node nl to CH-2.
Ever since Descartes introduced planar coordinate systems
visual representations of data have become a widely aatepte
way of describing scientific phenomena. Modern advancesdathered at different points in the network, but radio commu
measurement and instrumentation have required incrdgsingication may need to be minimised for energy efficiency.
sophisticated visual representations, to ensure thantiste  This paper presents a novel solution to these problems, in
can quickly and accurately interpret increasingly complata. which groups of network nodes cooperate to produce local
Most recently, wireless sensor networks (WSNs) have enderggaps which are cached and merged at the sink node defined
as a technology which can provide high fidelity, multi-moddpr the mapping transaction, producing a low-resolutiorpma
sense data over large geographic areas and long period®fothe global network. The sink node receives periodic map
time. This presents a number of challenges for developersugfdates from each cluster-head used to refine an up-to-date
visualisation techniques which seek to “map” the data sknsglobal map. The global map gives a low cost interface used to
by a network. Traditionally, such applications as mappirfgrget queries for generating detailed maps from a subset of
would be performed at a single host computer, situated at fthe sensors in the network. The key contribution of this work
sink of the sensor network. In this case, the sensor netwd$kio combine the mapping and routing services of WSNs, by
is simply a data gathering tool, with all of the informatioritilising a cluster-based routing algorithm and selectihggter
processing being centralised within the computer. Ininghs heads as the caches for local maps.
WSNs are being seen as a more open and retargetable resourdegr many mapping applications, a complete, high resolution
possibly with multiple or mobile users and consequentlpap is not needed. Obtaining the map of an area of interest
multiple sinks. In this situation it is necessary for infation often suffices. The approach presented here allows the user
processing to occur within the network, rather than in ao obtain a complete or partial map of the environment at
external computer. desired level of fidelity. A complete map can be obtained
Graphics algorithms are often computationally expensif@y generating local maps at each cluster; the integration of
which can cause problems for low-power, long-term deployhese partial solutions solves the global problem. Indéwel,
ments of sensor networks. Enough data must be cached in¢agplete map is calculated by merging sub-maps produced
network to generate maps, although memory may be a scalegglly at clusters.
resource. Nodes must cooperate to interpolate between datéhe cluster-based technique presented here is a quasi-



distributed solution, as individual clusters of nodes lvehas event detection technique on the observation that evestsin
if they were a centralised network. This is an improvement aor networks can be abstracted into spatio-temporal patter
centralised mapping services which requires all relevat d of sensory data and pattern matching can be done efficiently
to be transmitted to the sink node to produce a map, resultitgough contour map matching. Contour maps were found to
in serious communication bottlenecks. be an effective solution to the pattern matching problen tha
Hierarchical data distribution is acknowledged as an effeworks for limited resources networks. Using these contour
tive approach to reduce the communication in the network anthps as building blocks, events based on the spatio-teinpora
load balance energy consumption [1]-[3]. The experimentadtterns exhibited in the contour maps are defined. The aonto
work presented here uses an MuMHR hierarchical routimgap is constructed hop-by-hop from bottom up in the network
algorithm [4] that handles various topography types such as a special aggregation function instead of transmittirey t
forests, or building interiors with obstacles of any shapeéata to a central point to construct the map centrally. Is thi
without implementation changes. This is achieved by usimgap construction scheme, a rectangulax »n grid with the
a number-of-hops metric. In real-world models, packetsehasquare cell length i is imposed on the network topology and
to travel around the obstacles, consequently, leading to amulti-path, ring-based routing scheme is adopted for data
increase in the number-of-hops. Figure 1 shows an exampignsmission. Each cell of the grid can have at most one
of how the number-of-hops metric helps to adapt to obstaclemde inside. The grid information is produced at the base
Noden; will join CH-1 despite the fact that the distandg station and is disseminated throughout the network. Tha dat
between node:; and CH-2 is shorter than the distandge is received by and processed on every neighbour of the node
betweenn, and CH-1. that is one hop closer to the sink node. The aggregated data
The method proposed here is automatic and does not depgaderated and transmitted by a node is the contour map of
on a specific topology. Maps are successfully handled usiagsub-network rooted at the node. This data is defined as
no domain specific knowledge. This decentralised approaghpartial map. A partial map of a node consists of a set
works very well in domains with a dynamically changingf disjoint contour regions where each contour region is an
environment. The approach potentially enables the netterkorthogonal polygon in the 2D plane in the grid setting. A 2D
adapt to changes in the monitored environment locally (apdlygonal contour is stored as a linked list in a partial map.
independently of the other network clusters) which woulBach element in the linked list is an array of vertices with
make the scheme scalable. If desired, more sophisticatbd first array contains the vertices of the outer boundary of
application-specific algorithms may be adopted as “pluginthe region. The construction starts from each node generati
for increased performance. a partial map of its own. The partial map is the grid cell
The following Section describes a number of mapping techf the node. When a node in the transmission line to the
niques for WSNs which utilise a range of network topologiesjnk receives data from its neighbours it adds each contour
routing protocols and interpolation algorithms. Sectidh |region in these partial maps with its own to produce a new set
describes the quasi-distributed mapping service propbgedcalled the working partial map. This process is repeated unt
the authors and Section IV gives an experimental evaluationthe final partial map of the node is generated. This approach
the technique, carried out in simulation. Section V conekid works well with grid network topologies and less well with
random topologies, which may be more common in real life
applications. When a grid is overlaid on top of a random
Map construction techniques have previously been exploreghology some cells in the grid may be empty. These empty
in the context of wireless sensor networks [1], [5]. Chang etlls will not participate in the final partial map constinot
al. implemented a fault-estimation algorithm which is lshseHence, the final map will not cover the entire network area.
on the cluster-based framework to construct a fault map. Tiis makes the scheme sensitive and unsuitable for random
this work, each cluster-head uses the received data fromsnogensor networks deployments. Furthermore, the loss of any
within the cluster to estimate the fault probabilities ahdrt partial maps will result in an incomplete network map.
build up the fault map. Each cluster-head has a fault rate tab In both Chang et al. and Xue et al. the sink node is required
to store the fault-estimation rate of each sensor nodehegthcto know the location and the ID of all nodes in the network.
to it. This table is updated dynamically when a new event e work in both papers is not application-independent and
detected. The fault map is constructed by calculating th& farequire major lower level modifications if the applicatian i
estimation rate. The cluster-head estimates the faultensgey to change. In [1], it is not clear how the hierarchy is built.
time it receives a new packet and compares it with a definBesides, it is only suitable for small size networks due ® th
threshold; if the new fault rate of the node is greater than tsingle hop communication scheme. In [5], the assumptions
threshold, it will be stored into the fault rate table. THere, made on the network topology and the way the grid is formed
the hierarchical fault mechanism via the fault map can bk, buiare not efficient and may dissipate the energy savings asthiev
maintained, and kept up-to-date. by the in-network map construction.
Event detection based on matching the contour maps of in-Our quasi-distributed in-network mapping service has been
network data distribution has been shown effective for eveinspired by the work of Ganesan et al. [2]. Their work made
detection in wireless sensor networks [5]. Xue et al. base ththe case for a large-scale distributed multi-resolutiaragie
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system that provides a unified view of data handling in sen-
sor networks incorporating long-term storage, multi-heson Application

data access and spatio-temporal correlations in sensar Itlat A ~
constructs a multi-resolution hierarchy by each node rieuc
the time-series data to include only “interesting” everds t
reduce the communication overhead. For data transmission, ) In-network
Ganesan et al. [2] designed a routing protocol, wavRoute, Interpolation ?| Processing
which minimized the communication overhead and balance
communication, computation and storage load. wavRoute use
a recursive grid decomposition of a physical space inta tile
which makes unsuitable for random topology networks.

Hellerstein et al. [1] proposed the use of TinyDB query
processor to construct isobar maps in sensor networks. They
showed how in-network merging of isobars could help reduce
the amount of communication.

Finally, work already undertaken by the first author [6]
presents an initial step towards a mapping service framewor
with an example application built upon it. Although this \kor ) . . . .
takes a naive approach, more sophisticated mapping servi® ge_t raw data if _requwe(_j. Figure 2 sh_ow the mapping service
were shown to be feasible and a need was identified for furtH"éFh'teCture and interaction between its four modules.
research based on the findings in [6]. A centralized mapping
service was constructed and using Shepard interpolatithrein B. Interpolation Algorithm for Map Construction
reconstruction of a parameter map from sparsely sampled dat Map generation is essentially a problem of interpolation
This paper follows the work described in [6] and describes th. ., sparse and irregular points [8]. There has been a great
development of a more sophisticated implementation of g i of literature on interpolation methods but the @vagle
mapping service and its applications. here is to seek a method that works for a resource-limited
network in a distributed, near real-time, and energy efficie
way. In addition, the method should give acceptable interpo
tion results given the imperfect nature of the collectedseen
A. Quadi-Distributed In-network Mapping Service Architec- network data.
ture Inverse distance weighted interpolation methods, specifi-

The distributed mapping service is made of four moduleg?l”y_ Shepar_d [7] interpol;_ition, has_ be_en _found 0 l?(_a an at-
application, interpolation, in-network processing andtimg. tractive solution. Shepard interpolation is simple anditive.

The Routing module is an essential module responsible ﬂ&’s suitable for Iarge-spale wireless sensor netwqua_bee
data communication. In this scheme, MUMHR [4] is thd reduces communication overhead by only considering data

routing protocol used. The defined routing procedure built’i’é)ints which are significant for the interpolation resulibep-

the hierarchy and establishes the path between sensing nc?dg defines a continuous function where the weighted average

and their respective cluster-head to enable data tranemsss Of data is inversely proportional to the distance from the

The role of Data Fusion module is to process raw da%terpolated location. This method exploits the intuitsense

received from various cluster-head nodes in the network. _at things that are close to each other are more likely to be

applies filtering on all the received data to reduce reduuﬂarﬁ'm”ar' The method explicitly implies that the further awa

resulting from overlapping cluster coverage. Moreovee tha_point is from the interpolation location P the less effect i

Data Fusion module manages incremental update messa @Sha}ve on the inter_polated value. To determine the valu_e
and merges them into single transaction. Also, it defin an intermediate point where there no sensor readings exis

two interfaces for the Interpolation and Application mashil t Pi rthtTOd ¥Y'II u_sl,_e the kInO\INngvaIuez ssur:rounglpgt the m';gr-
through which it provides access to the cached data inPg'ated focation. fynan €t al. [9] use epard interpanat
suitable format for wireless sensor network power management. The method
. o . was also used in [6] and was acknowledged as being energy
All mapping applications use the Interpolation module as cient
a building block to generate maps. The Interpolation moduft h ) g ion for aloball deli ‘ .
provides has access to the Data Fusion module to obtain thehepards expression for globally modelling a surface is:

available mapping or update data. In this scheme, we use

v v

M
v

Routing

Fig. 2. Architecture of the quasi-distributed in-networlapping service.

Il1. QUASI-DISTRIBUTED IN-NETWORK MAP
CONSTRUCTION

Shepard interpolation [7] discussed in Section III-B. N
Finally, the Application module contains the user defined Z(di)_uzi if d; #0 for all D;(u > 0)
applications such as path-finding or isopleth maps. Thei-appl fi(P) = i=1 @)

cation module also has direct access to the Data Fusion modul Zi if d; =0 for someD,;



whered; is the standard distance metric from an interpola-
tion point P to the point numbered in the N known points
set andz; is the known value at point The exponent: is
used to control the smoothness of the interpolation. As the
distance between interpolation locatiéh and the measured
sample pointD; increases, the weight of that sampled point
will decrease exponentially. A$ approaches a data point
D;, d; tends to zero and théh terms in both the numerator _ )
. . Fig. 3. The problem of generating a complete network map fgedoby
and denominator exceeds all bounds while other terms remﬁ,@}ging sub-maps produced and maintained locally at chssiead nodes.
bounded. Therefordimp_.p,f1(P) = z; as desired and
the function f1(P) is continuously differentiable even at the
junctions of local functions. The exponent,is used to control decrease the number of set-up messages and aid the formation
the smoothness of the interpolation. High values lead topshaf more geographically uniform clusters. During the bafk-o
edges between regions while low values lead to soft edgeswaiting time, sensor nodes receive advertisement messages
Shepard [7] devised a number of improvements to this basind only consider the message with the smallest number-of-
algorithm to limit the effect of distant points, make useloét hops received during that time. This allows blocking of the
direction of the relationship between known points and tredvertisement flooding at the edges of neighbouring clsister
point to be interpolated and to incorporate information lo& t Both the number-of-hops metric and the back-off waitingetim
slope between known points. The algorithm, including th& firallow energy efficient cluster formation.
two of these refinements, has been implemented to integolatThe operation of the proposed routing protocol can be
between sensor readings and is discussed further here.  split into two phases: the setup phase and the data transfer
. . . . ) phase. During the set-up phase cluster-heads are seletded a
C. Hierarchical Routing for Mapping Service hierarchy is created. For every node to communicate with its
In the mapping service Routing module we deploy MuMHR|uster-head it only needs to know the next hop neighbour
[4], Multi-hop, Multi-path, Hierarchal Routing protocothe nearest to the cluster-head. During the data transmissiasep
routing hierarchy is used for many purposes including dagnsing nodes transmit data to their cluster-head. Theéeclus
collection, data storage, data extraction and data primgessheads aggregates the received data before transmissiba to t
MuMHR is an improvement over LEACH [10]. It relaxessink or immediately multiplex messages over multiple liires
some of the assumptions made by LEACH such as single h@fe critical applications. Each member node transmits dat
communication. The main objective of MUMHR protocol ison its assigned time slot scheduled by TDMA.
to provide substantially energy-efficient and robust comimu . .
cation. The energy efficiency is achieved by load balancifky Algorithm of the Quasi-Distributed In-network Map Con-
at two levels: (1) at the network level, which involves traffi Struction
multiplexing over multiple paths; (2) at the cluster level, The highly data-driven nature of sensor networks and their
introducing rotation of the cluster-heads every givenrivdkof limited resources impose many requirements on data storage
time. This prevents energy depletion resulting from cam$fa and processing infrastructure. A fully centralized daté co
using the same path for transmission or particular nodegybelection, storage, and extraction are infeasible due to many
cluster-heads for a long duration. The multi-paths asgeebt reasons including: high energy cost involved in transmtti
only used for load balancing but also when path failures occthe data to the sink; it introduces a single point of failure;
When a path fails, an alternative path can be immediatelgt uggerformance bottlenecks especially around the sink; senso
which allows the protocol to dynamically adapt to failureglata has significant redundancy; a big portion of the retlirne
without delays or degradation in the quality of service. ¢ t data is not useful; among others. However, many queries of
cluster set-up time, one or more nodes are chosen as cludtiee- sensor network of a spatio-temporal nature that regjuire
head backup node(s). Backup cluster-head node substitutedentralised data collection. Mining for characteristi¢soch
the cluster-head in some failure cases or when the curreature where local processing is not enough should be feasib
cluster-head decides to reduce its participation in théopm Furthermore, a sensor network user will regularly requite a
if its energy level approaches a certain threshold value. Fabstract global view of the large sensor data. The system pro
instance, if the current cluster-head decides to hand léstoo posed here responds to these two requirements and integrate
the backup node, it notifies the respective node and forwarttiem into a semi-distributed, hierarchical, in-networkapiag
to it necessary information, such as the backup nodes dist,service. It includes a hierarchical, multi-resolutionragpe and
avoid a complete cluster set-up phase. a distributed processing to data extraction paradigmdaBlea
MuMHR reduces the energy expenditure by shorteningw-resolution, and load-balanced data extraction is Bbag
the distance between the node and its cluster-head andabgolution to fulfil these requirements. The sink generates a
reducing the setup communication overhead. This is dolmsv cost, low-resolution map for the network region before
through incorporating the number-of-hops metric togettiét  deciding to get more detailed and more expensive detailed
the back-off waiting time. The back-off waiting time helps t datasets. At a lower hierarchical level, cluster-head sode




maintain high-resolution maps from larger number of nodes4) Dynamically update the partial and complete maps:

to obtain an accurate image from a smaller region. Figuhe large scale sensor network, map datasets could be large
3 illustrates how local cluster-head nodes maintain a higim size. An incremental update of partial and complete maps
resolution accurate map of the regions they manage; thésea lot if compared to the bandwidth of a typical wireless
maps are merged at the sink to generate a complete maga@fmunication channel. Map dataset size reduction is there
the network that contains lower-level of details from largefore of vital importance. One method for map dataset size

region. reduction is to split a map in smaller pieces, which can be
The major steps of the distributed mapping service are dgdated separately. In many real-world applications of WSN
follows: the sensed modalities are mostly unchanged or only slightly

changed over time [5]. Therefore, the successive maps are
r%%nerated for these modalities are very similar and incnéahe
updates of the maps could save a considerable amount of
energy. To reduce the size of an update, only the changes
with respect to a previous map version are transmitted. This
way you get incremental updates. It is important to have the

1) Cluster-head node collects data from its vicinity: After previous map as a starting point updates to make sure all
the paths to the cluster-head are established and every ngggates are applied, in the correct order. If several update
receives a TDMA schedule, sensing nodes start data traggerations need to be processed all before the map is camisist
mission to their respective cluster-head in their assigirad again, they should be grouped into one update transaction.
slot. The data is sent to the cluster-head is in the form detuprpe users will need an up-to-date map within a certain time
(#,y,v) wherez andy are the 2D Cartesian coordinates ofter they request for it and within a certain time after the
the sensing node andis the value of the measured parameteg|yster-head nodes respond with new information. The delay
The cluster-heads continuously record and aggregate e egxperienced by the applications will very much depend on the
node data. To avoid sending large amount of data across gp@racteristics of the communication channel.
network, various cluster-head nodes will collect the dadaf  The hierarchical organisation of the data storage, extmagct
their area and create summary dataset as defined by the ga@ processing scheme can be exploited to search efficiently
fusion model in the mapping service. The size of the summagy; patterns across the network. This can be done by first
dataset is determined with the accuracy level required by t@xtracting and examining a low-resolution map at the sink.
complete network map. These summary messages are th@n this map can be used to obtain higher accurate maps
transmitted to the sink. for sub-regions of the network efficiently by drilling down

2) Clugter-head node computes its partial map and for-  the routing hierarchy by eliminating clusters whose mags ar
wards it to the sink: The cluster-head uses the received datfot significant to answering a query. In dynamically chang-
from nodes within the cluster to build an accurate map @ig environments, when local changes occur on topological
its vicinity. To reduce the size of the data set, the clustestements, such as fire causing a wall to collapse, the map
head applies compression techniques to eliminate redesdaproduced from the modified cluster is recomputed locally and
due to overlap of nodes coverage area. Given an up-to-dgie rest of the map is left unchanged.
point's data set, the cluster-head can easily generatet@lpar The routing hierarchy can have any number of levels,
map using the interpolation module included in the mappingaking it scalable for large problem spaces. When the pnoble
service. This compression process is important as it makgsace is large, a larger number of levels can be the solution
the interpolation step faster. The cluster-head cachesiat® for reducing the map production effort, for the cost of more
representations: point's data and graphical map. The formecalized storage and pre-processing time.
is used to build the local graphical map and forwarded to the
sink to be combined with data received from other clusters Y. EXPERIMENTAL COMPARISON OF CENTRALISED AND
build the complete network map. While the latter is used to HIERARCHICAL MAPPING SERVICES
respond quickly to user queries about events or parameters tin this Section we study the efficiency of the proposed
be found within the cluster area. hierarchical mapping service in terms of energy and theityual

3) The sink computes complete network map: The sink of the produced map. The results obtained here are compared
fuses the partial map data received from all cluster-heag®o to the results of the approach proposed in centralised mgppi
into a complete map of the network. By applying the sanservice [6]. This algorithm has been implemented using a
interpolation step performed at the local cluster-headespdmapping APl with an in-house simulation software “Dingo”
the sink generates a complete map of the network. Wheshich is an enhanced version of “SenSor” simulator [11]][12
requested by the user, this map can be refined by queryingich used to implement the centralised mapping service.
more detailed map from the cluster-head managing the aredo present the results of generating high quality maps at a
of interest. A user may want to query detailed datasets frdow energy cost and minimal network delay we have chosen
a group of sensor in the network. A query may be directed the determination of isopleths on interpolated fields. Fégu
the cluster-head node nearest to the desired location. 4(f) shows a height map of a section of the Grand Canyon,

1) Cluster-head node collects data from its vicinity.

2) Cluster-head node computes its partial map and forwal
it to the sink.

3) The sink computes complete network map.

4) Dynamically update the partial and complete maps.



(a) Height map derived from USGS Grand Canyon data. (d) Interpolated field generated using a hierarchical
mapping service running on 150 simulated nodes, ran-
domly distributed on the surface from Figure .

(b) A contour at 116 units drawn on the interpreted field
in Figure 4(f).

(e) A contour at 116 units drawn on the interpolated
. X

(c) Interpolated field generated using a hierarchical

mapping service running on 150 simulated nodes, ran-

domly distributed on the surface from Figure . (f) A contour at 116 units drawn on the interpolated
field from Figure .

Fig. 4. Simulation results

taken from data recorded by the US Geological Survey [13].
We apply the isopleths generation algorithm directly to the
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Fig. 5. A comparison of centralised and hierarchical mappiased on
number of messages sent

V. CONCLUSION

Visualisation of sense data gathered from networks of
wireless sensors is a challenging problem in several regard
This paper has presented a potential solution which adekess
several issues, namely: energy efficiency, data storage and
network organisation. The approach is novel in that partial
visualisations are computed and merged in local network
clusters. This combination of routing and visualisatiorthie
major contribution of this work. Results of this work, gaihe
in simulation, indicate that significant savings in enerfygrf



