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Abstract: We envision that a sensor network would be
deployed for multiple applications with different
preference of range query processing. In that tsitua
multi-dimensional range query capability is useflce it
can flexibly support various applications. We prs@oin
this paper, a data indexing scheme that improvesggn
efficiency of such range query for Data-Centric r&te
sensor networks. Our indexing scheme maintainsiphelt
locality preserving sub-indices. Each sub-index
favorable, in terms of locality preserving, for pesific
attribute. Querying is conducted on all those subees
to find the most efficient copies of data. Our diation
shows that our indexing scheme can reduce up to &0%
query cost.
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Introduction

space as a multi-dimension space. Each data ofgject
detected event) corresponds to a point in the multi
dimensional space. Coordinates of a point are nigmer
representations of event attributes (such as teahger,
light intensity, pressure, or geographical coortésp
DIFS [6] and DIM [4] are first proposals for reswiy
range queries in sensor networks. However, to @st b
knowledge, the problem is still incompletely solvixt
sensor networks. DIFS [6] allows only 1-dimensional
range queries since it enables range queries dngée s
key. And DIM [4] allows multi-dimensional range qgies
but suffers from inefficient query resolution whamuery
is split into multiple sub-queries. Those sub-gegrare
possibly scattered on the network area wasting agess
transmissions and node energy.

For handling range queries more efficiently, we

In sensor network applications, such as environmentPropose a novel indexing scheme, called Multiple
sensing, and habitat monitoring, data plays a moreDistributed Indexing or MDI. Our proposed indexing

important role than identifiers of sensor nodes ginacess
the data. For example, a data collector in an enuient
sensing application wants to know environmental
measurements (temperature, humidity, or pressure a
specific location more than the sensor that pravith®se
measurements. That observation has motivated e-tout
data communication abstraction and Data-Centrica§to
(DCS) architecture of sensor networks [2]. The data

scheme maintains several distributed sub-indicémsé&
indices complement each other to enhance the tpcali
preserving property, thus, mitigate negative effeof
query splitting in DIM. For ease of exposition, we
summarize the indexing scheme of DIM in section 2
before presenting the query splitting problem inreno
details (section 3) and our MDI scheme (section 4).

centric communication abstraction of DCS sensor Preliminaries: DIM Indexing Scheme

networks is characterized by the capability of iyt
messages to data-dependent destinations in themetv

Distributed Indexing for Multidimensional data (D)M

sensor node detecting an event uses the dataecentri[3] is designed for supporting multi-dimensionahga

communications to insert the event to the netwardten a
name (or key). And nodes that are interested iretrent
will also use the data-centric communications timiaee
the event by sending a query under the correspgndin

gueries in DCS sensor networks. DIM protocol waoks
top of the well-known geographic routing GPSR. iMD
sensor nodes are assumed to know their physicéiqmss
That assumption is possible with GPS receiversppepa

name (key). The data-centric communications can befor all sensor nodes. Also, the sensor field whire

implemented efficiently with geographical routingch as
GPSR [3].
networks are GHT [1, 2], DIM [4], DIFS [6] and
DIMENSIONS [7].

sensor network is deployed is assumed to be angleta

Examples of DCS proposal for sensor whose sizes are known to sensor nodes.

DIM defines a zone structure as follows: the sensor
field is vertically divided into two equal levelzbnes: left

Supporting multi-dimensional range query DCS sensorand right. The left and right zones are respegctigélen

network currently is a challenging problem. As dam

zone codes 0 and 1. Each level-1 zone is thendmiElty

seen in database research, the common approach fadivided into upper and lower level-2 zones. Eacdkell2

solving multi-dimensional range query is considgritata

zone is further divided vertically to form levelZnes.



The division procedure is repeated until every niggkein

a distinct zone. Zone code of a level-k zone iegiby
adding “0” to its “parent zone” code if it is thefl or
lower part of the parent zone. Otherwise, its zoode is
obtained by adding “1” to its parent zone code. tTha
tessellation can be performed distributedly aofed:

In the beginning, zone code 0 is assigned to aleso
Each node includes its position and its zone code i
beacon messages and broadcasts to neighbors. \Wten n
i receives such a beacon message from a neighifor
andj have identical zone codé,updates its zone code
according to the position of and j. Specifically, i
determines a zone border that separatasdj and takes
the corresponding zone code it belongs to. Afteess
rounds of exchanging beacons and refining nodesé zo
codes, each node can know the zone it owns.
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Figure 1: Example of zone structur e of a sensor
field

Multiple Distributed Indexing
Targeting the query splitting problem, we propose a
multiple indexing scheme, called Multi Distributed

Events detected by sensors in DIM are recognized aﬁndexing (MDI), which enhances locality preserving

points in a multi-dimensional space whose dimerssine
events’ attributes. That event space is also divided
coded in the same way as forming zones. Thus, a zon
code also corresponds to a portion of the spaceryEv
event is mapped to a smallest zone that correspgrtdi
the data portion containing it, and is stored aeasor
node that owns the zone. For event insertion aretygu

DIM specifies a GPSR-based routing mechanism that

gradually refines destination zone of events aretyju

Query Splitting Problem

The rule that assign code to zone in DIM can ba see
as mapping zones to a z-order Space Filling Cubje [
(SFC). Zone codes are z-values of indexed zonegs,Th
DIM can be viewed as a mapping from high-dimendiona
space to 2-dimensional space with 2 z-order SFAs:i®
used to index geographical area and the other ris fo
indexing high-dimensional data space. The mappig i
completed by matching-valuesof the two z-order SFCs.
Figure 1 shows an example of a sensor field andoite
structure. Zones are indexed in the order indicdigd
arrows.

The query splitting problem can be seen through an
example. Assume that the zone structure of DIMsedu
to index events with 4 attributes’ XX? X3 X (4-D
space). Consider two hyper-cubes on the 4-D spéce o
events: (@ whose coordinates all start with bit 0; and
(C,) whose coordinate Xstarts with bit 1 while the other
coordinates start with bit 0. If the order of péotiing the
4D space is X X2, X3, X* the two hyper-cubes;@nd G
are mapped to zone 0000 and 1000 respectively.aAs ¢
be seen in figure 1, the;@nd G are mapped to two
separated zones even though they are adjacentDin 4-
event space.

characteristic.

Index Structure

Our proposed indexing scheme comprises of multiple
sub-indices. Those sub-indices complement eachr othe
and form a combined index structure with bettealibg
preserving property. Particularly, MDI indexes a k-
dimensional data spa¢&/2] with [k/2] different z-order
SFCs. Each z-order SFC uses a particular order of
coordinates. Specifically, the order of coordinatésa
SFC is obtained by shifting and circulating thattoé
previous SFC by two positions. For example, if finst
SFC indexes data points using the order, ¢, ..., XY),
the coordinate order for the second SFC & &, ..., X,
X%, X?). In order to perform each SFC index distributedly
we simply adopt the DIM’s zone construction protoo
build a common zone complex for all sub-indicesctEa
event is stored k/2] times in the sensor networks
corresponding td k/2] sub-indices. Each replica of an
event is coded with the corresponding z-order SRE a
mapped to the common zone complex. Thus, MDI can be
seen as a combination[dd2 ] different DIM indices.

Note that code of the zone where an event’s rejdica
stored depends on the order of coordinates thaddd. If
a sub-index uses <xXX3 ..., X! x*> as the order for
indexing event space, only adjacent hyper-cubesdie
different in X* or X* will be mapped to two adjacent
geographical zones. Adjacent hyper-cubes that rdiffe
other coordinates will be separated from each other
Doing shift-and-circulate the order of coordinaté#2 |
times guarantees that every coordinate will stanohie of
two ending positions at least one. Thus, adjacgpemh
cubes will be mapped to adjacent zones in at least
DIM sub-index.



DIM1: X*, X2, X3, x* DIM2: X3, x4, X*, X?
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Figure2: MDI for 4-D space (superscriptsindicate
coordinates).

Figure 2 illustrates MDI scheme for 4-dimensional
data space. The MDI indexing comprises of two DINd-s
indices. DIM1 partitions event space according he t
order <X, X2, X3, X*>: and DIM2 uses the order $xx*,

X% X%, In DIM 1, hyper-cubes (0, 0, 0, 0) and (1, O, O,

message transmissions and thus improve efficieWy.
adopt a simple multicast routing for event routiag
follows:

Event messag@n event message for an event contains
the routed event (a tuple of attributes) and antdisk
indicating index replicas carried in the messadee bit
mask hag k/2] bits in length. Initially its bits are all 1
meaning that the event message carridsAlll replicas.

Event message replication and forwardingdn
receiving an event message, a node, say natkrides to
replicate, to forward or to store the event mesdage
checkingthe common codef all replicas carried in the
message. The common code is the longest commoix pref
of those replicas’ codes and, in fact, correspandthe
smallest bounding zone of destination zones ofgagl If
the smallest bounding zone contailsszone,i duplicates
the event message by partitioning the set of rapliato
two subsets. Each subset belongs to a child zorteeof
minimum bounding zone. The two copies of the event

0) are mapped to zones 0000 and 1000, which aremessage is then forwarded or stored according 'l

separated. In DIM2, they are mapped to adjacenezon
(0000 and 0010).

Proposition 1: Given a hyper-cube Z in k-D space, let

mechanisms. For details of event routing of DIM, nerter
interested readers to [4].

Our proposed query resolution algorithm routes yuer
message on multiple DIM sub-indices. Queries ase al

19(Z) be the geographical zone where Z is mappedyto b considered as tuples of attributes like events.sTlkach

the DIM indexing ?. If Z and Z’ are two adjacent hyper-
cubes in the k-D data space, there exists one DI s
index 2 such that ¥(z) and f’(Z’) are adjacent in the

geographical area.

Proof (informal): SinceZ andZ’ are two adjacent hyper-
cubes in event space, their coordinates are afitichd
except for a coordinate, say coordinatélso, coordinate

| of the two hyper-cubes differ only in the leagidiicant
bit. From an order ok coordinates used by one of DIM
sub-indices, repeatedly shift and circulate coatdia by
two positions until the dimensionstands in one of the
two ending position in the order. Because thereatedly

k dimensions, the number of shifting is less tharqual

to [k/2]. Thus, the resulting order is also used in one of

[k/2] DIM sub-indices, say DIM sub-indek”. Zone
codes ofZ andZ’ are either B and BB or Pab and Bbb.
Here P is a common bit string; 5, b are bits. Calculating
X and Y coordinates of geographical zon&%zZ) and

query hagk/2| destination zoneshere matched events
can be found. In order to reduce query cost, a mode
receiving a query, forwards the query towarkeatination
zonethat is closest to the zone iofAgain, we adopt the
query routing of DIM in forwarding query to the skst
destination zone.

Performance Evaluation

We evaluate the efficiency of MDI through simulatio
with ns2 simulator [8]. Our simulation code of MIH
based on DIM source code that is provided by astior
[4].
Our evaluation is conducted on a square sensat fiel
whose size is set to 200 meters. There are 15@rsens
nodes uniformly deployed on that field. The radio
transmission range is set to 40 m. Each eventupla of
8 attributes. An attribute is represented as agggtt from
0 to 1023 inclusively. It means the space of evasésl in
our simulation is a 8-dimensional space and theeeda

19(2") by bitwise de-interleaving zone codes reveals thatsyp-indices in MDI indexing structure. Performance

19(2) and 19(z’) differ in either X coordinate or Y
coordinate in the least significant bit. Thu8(z) and
19(Z’) are adjacent in the geographical asea

Handling Insertion and Query

MDI inserts an evertk/2] times in the network, each
for a DIM index of a specific coordinate order. #agght-
forward algorithm for insertion of an event to MIH
invoking[ k/2] DIM insertions separately. However, such
a semantic of inserting data to multiple placesvidl

metrics for our evaluation are costs of insertind guery.
Here, costs are calculated by the total numberesfsages
generated by one insertion or query. Since the
communications subsystem consumes most of energy fo
operations of sensor networks. Insertion and querst
reflect energy efficiency of our indexing protocol.

Insertion cost Our first experiment is for evaluating
the efficiency of multicast routing in event insenis. For
each round of simulation, a number of random evargs
inserted into the network. The rate of event inees is

naturally matches a multicasting mechanism. Using random numbers from 0.5 to 5 events per second.

multicast routing in event insertions will help §aving

Averaging on insertion cost shows that insertiostda



MDI is double as much as cost for inserting an evaio
a single DIM. Since there are 4 DIM indices in thdex
structure, without multicast routing, insertionaf events

on efficiency of underlay routing protocol that popts
data-centric communications primitives. One of such
efficiency routing approach is geographical routing

costs 4 times as much as a single DIM does. Thus,Geographical routing, such as GPSR [3], exploitdeno
multicast routing in MDI reduces the cost of event positions to route packet to a destination locatibhis

insertion by half.

Query cost Reduction in query cost of MDI is

characteristic makes geographical routing matchnes t
DHT abstraction since the routing primitive is lboa-

investigated in the second experiments. We comparebase but not node-based. Also, GPSR is stateless.

guery cost in MDI with that of the original DIM. Ithis

Information required for nodes to do routing is

set of experiments, we assume that the data-centridndependent of network size. This allows geogragdhic

storage sensor network is “full”. It means the vehevent

space is stored in the sensor network. A number of

routing scales to very huge network.

The first DCS design introduced in [1, 2] is

random range queries are generated in a round ofGeographic Hash Table (GHT). As the name implies,

simulation. Query rate is also a random value betw&5
to 5 queries per second. We vary the size of qsieal

plots corresponding query cost in figure 3. Eaclada

point in the plot is averaged from 3 simulationgun
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Figure 3: Query cost vs. query size

GHT hashes event names to geographic location with
consistent hashing functions such as SHA-1. An &ven
after having an associated hash location, is rotaeits
location with GPSR and stored at nodes on the @teim
surrounding the hash location. Since consistenhihgs
maps events to almost random locations, GHT islat

for point queries only.

Besides DCS proposals that utilize nodes’ physical
positions and GPSR as the underlay routing, several
attempts have been made to build DCS sensor neswork
that solely requires topological information anddeo
connectivity. T-DHT [10] sets up a virtual coordiea
system for each node by using a set of landmarkleso
A greedy forwarding approach is used to forwardkpts
to destinations. GEM [14] maps sensor nodes tataali
polar coordinate system and routes packets betnedes
on a ringed tree rooted at a single root node. liocaf a
node in GEM is determined by a distance (in hopghe
root and a virtual angle. Virtual angles can begass to
nodes after the ringed tree is built. [9] and [pBsents
topology-based DCS designs that work for senst@idief

As can be seen from figure 3, MDI approximately complex shapes. Although those topology-based sesiem
saves 50% costs of small range queries. Anhoughprowde solutions for DCS networks without geogiiaph

efficiency of MDI degrades when query range grows,
believe that huge range queries do not appear drelyu
in typical applications like intrusion detection babitat
monitoring. For query size of 200, which is abo0#%&of

a dimension of the event space, MDI can still reduc

query cost by 25%. It is also noteworthy that thstc
reduction in query and trade-off in insertion coists.

Thus, MDI is suitable for applications in that gesrare
more frequently occurred than event insertions.

Related Work

Data-Centric Storage is proposed for the first time
[2]. The paper clarifies that a data-centric comimation
abstraction is suitable for application scenaribens data
retrievals can be requested from any querier insatesor
networks. Primitives of data-centric communicatigsed
in DCS networks are, in fact,
Distributed Hash Table [11, 12, 15]. Particulathye most
basic primitives are insertion of an event undkew and
guery of events given that the events keys are kndm
practice, the feasibility of DCS sensor networkpetals

identical to that of

information, their routing mechanisms become fegil
when there are nodes joint and leave the netwonkls a
when node mobility increases. Also, it is hard for
topology-based DCS to support range queries.

Closest to our work would be [16]. In [16], eaclersty
is decomposedhto attributes and each attribute is stored
in one DIM. In other words, each event Haseplicas;
each replica is indexed by one of event's attrisuaad
stored in one DIM. Our proposed scheme differs from
such an idea in the way of indexing each eventiaapl
Every event replica is indexed by &lattributes. The
difference in indexing different replicas is jusetorder of
attributes. Our indexing scheme, in comparisorméodata
organization scheme in [16], needs to maintain bkig]
DIM sub-indices. Also, our indexing structure enydo
multicast routing in event insertions to reduceeitisn
cost. Also, in case of the scheme in [16], if onverd
replica is lost due to node failures, that eveniriable to
retrieve by querying on the lost attribute. In ca$&DI,
an event is still possibly retrieved by querying alh
attributes despite losses of some replicas. Thus, o
indexing is also better in terms of data resiliency



Conclusions

Since a single SFC-based index, such as DIM, canno

map all adjacent hyper-cubes in a k-D space, k t02,
adjacent zones in 2-D space, we combine multipleas
to form a better locality-preserving index struetuFor
event insertions to MDI, a multicast routing scheime
used to reduce insertion cost. For resolving ayqugrery
is routed to the closest replica amdrig2] replicas in
DIM sub-indices. We have conducted several simuhati
to evaluate the benefit of our combined indexingrapch
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