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ABSTRACT

In this paper, a power-aware query processing using optimized distributed R-tree in a sensor network is proposed. The proposed

technique is a new approach for processing range queries that uses spatial indexing. Range queries are most often encountered under
sensor networks for computing aggregation values. The previous work just addressed the importance but didn't provide any efficient
technique for processing range queries. A query processing scheme is thus designed for efficiently processing them. -Each node in the
sensor network has the MBR of the region where its children nodes and the node itself are located. The range query is evaluated over
the region which intersects the geographic location of sensors. It ensures the maximum power savings by avoiding the communication of
nodes not participating over the evaluation of the query.
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1. INTRODUCTION

A sensor network consists of many spatially dis—
tributed sensors, which are used to monitor or detect
phenomena at different locations, such as temperature
changes or pollutant level. Sensor nodes, such as the

Berkeley MICA Mote[6] which already support temper-
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ature sensors, a magnetometer, an accelerometer, a mi-
crophone, and also several actuators, are getting smaller,
cheaper, and able to perform more complex operations,
including having mini embedded operating systems. There
are thousands of different ways that motes might be
used, and as people get familiar with the concept, they
come up with even more sophisticated scenario. It is a
completely new paradigm for distributed sensing and it is
opening up a fascinating new way to look at computers.
While these advances are improving the capabilities of
sensor nodes, there are still many crucial problems with
deploying sensor networks. Limited storage, limited net-
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work bandwidth, poor inter-node communication, limited
computational ability, and limited power still persist.

Energy is the most critical factor in designing sensor
networks. One way to help improve the problem of lim-
ited power is through the in-network query processing
rather than query processing at the base station. Analyti-
cal result proves that communicating 1 bit over the wire-
less network is equivalent to performing approximately
1000 CPU instructions[9]. Therefore, any solution devised
for sensor networks has to minimize the amount of com-
munication overhead imposed on the network.

For power efficient query processing, in—network ag-—
gregation has been widely adopted. Spatio-temporal ag-
gregation, data centric techniques like directed diffusion
[17] etc. have been proposed. In addition, the importance
of knowing results over a fixed region is drawing more
attention. Range queries provide the aggregated values
over the region of interest. However to facilitate such re—
quirements, a good design is needed that must work un-
der the constrained environment.

In this paper, we propose the use of a distributed ver-
sion of conventional R-tree[2], with specifications to work
under the constraints of individual sensor node, in facili-
tating the spatial querying over the region of interest in
the deployed sensor network. The concept of node tra-
versal and selection adopts the similar algorithms as laid
out for the R-tree structure. As R-tree is the primary
choice when handling spatial attributes efficiently, almost
all index structures are motivated from it. We follow the
TiNA[4] approach, which uses the temporal coherency
tolerances to reduce energy consumption and at times in-
crease the quality of data. Our approach is to minimize
the power utilization in communication by using the ca-
pability of each node to store and manipulate the data.

The remainder of this paper is organized as follows. In
Section 2, we briefly review related work. In Section 3,
we lay out the assumption and the system model. In
Section 4, we propose the structure and power-aware
query processing using the distributed R-tree. Section 5
presents the performance evaluation based on the simu-
lated environment. Finally, we conclude in Section 6 pro-
viding insights into future works.

2. RELATED WORK

In this section, we discuss related work from both the
database and sensor networking communities. Although
many literatures have laid out the importance to the need
of spatial indexing schemes, there is no other work that

we are aware of that proposes a generic, range query-
based scheme for extracting data from sensor networks.

With respect to aggregation, the semantics used here
are largely a part of the SQL standard(5]. The design is
also compliant with the existing OGC spatial extension. In
the previous work[14, 15, 17], grouping computes ag-
gregates over partitions of sensor readings. The basic
technique for grouping is to push down a set of predi-
cates that specify the group membership, ask sensors to
choose the group they belong to, and as answers flow
back, update the aggregate values in the appropriate
groups. In this paper the sensor nodes are grouped ac-
cording to their regions.

The Cougar project at Cornell[10] discusses queries
over sensor networks, as does the work on Fjords[7]. It
only considers moving selection operators onto sensors
and does not present a specific, power-sensitive algo-
rithms related to spatial grouping for use in sensor
networks. Madden etal, in[8] proposed TAG, an ag-
gregation service as a part of TinyDBU[14] which is a
query processing system for a network of Berkeley
motes. It presents the in-network processing of the ag-
gregation queries on the data generated in the sensor
network. The necessity of computing spatial aggregates
in large clusters of nodes has been addressed but no sol-
utions have emerged. The work on directed diffusion[17]
discusses techniques for moving specific pieces of in—
formation from one place in a network to another, and
proposes aggregation-like operations that nodes may per-
form as data flows through them. A scheme for imposing
names onto related groups of sensors in a network was
also proposed{16], in much the same way our scheme
groups sensor nodes into regions according to their geo-
graphic location. The TinyOS group at UC Berkeley has
published a number of papers describing the design of
motes, the design of TinyOS[20], and the implementation
of the networking protocols used to conduct ad-hoc sen-
sor networks. Ratnasamy et.all described a novel Geo-
graphic Hash Table (GHT)[19] system which hashes keys
into geographical coordinates. In GHT the data is stored
at a node with location determined by a geographical
hash function of its name. The advantage of this system
is that it allows to lookup the location of data by its
name. However, the problem associated is that the loca-
tion defined by a GHT function can be quite far from the
data source. Also, spatially related data might become
scattered across the network. If we use hashing based on
grid cells, we may look at a good number of points that

1) hitp'//telegraph.cs.berkeley.edu/tinydh/
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are not answers to the query. Even more, for range
queries we may be required to examine many buckets.

However, these work just point out the necessity and
do not directly address spatial data collection or ag-
gregation issues.

3. ASSUIMPTIONS AND SYSTEM MODEL

Although there have been many advances in sensor
network applications and technology, sensors still suffer
from the major problems of limited bandwidth and have
energy constraints. We describe our model for sensor
networks and sensor data, and outline our architectural
assumptions. Sensor networks have the following physical
resource constraints:

Communication : The wireless network connecting the
sensor nodes is usually limited, with only a very limited
quality of service, with high variance in latency, and high
packet loss rates.

Power consumption : Sensor nodes have limited supply
of energy, most commonly from a battery source, and
thus energy conservation needs to be the main system
design considerations.

Computation : Sensor nodes have limited computing
power and memory sizes that restrict the types of data
processing algorithms that can be used and intermediate
results that can be stored on the sensor nodes.

We consider static sensor nodes placed in the network
that is distributed over a large area. All sensors are
aware of their geographical position. Each sensor could be
equipped with GPS device or use location estimation
techniques. For cost effective solution, we can assume
that the locations of the sensors are known a priori dur-
ing the initializing the network. The sensors store their
position information as directed by the base station.

In this paper, we present the distributed tree and the
query processing scheme using the Cougar approach[10]
in solving the synchronization problem: a parent Sensor
node will keep a list of all its children, which is called
the waiting list, and will not report its reading until it
hears from all the sensor nodes on its waiting list.

4. DISTRIBUTED R-TREE

In this section, we propose the distributed R-tree used
for querying with spatial attributes. All the schemes re-
viewed earlier are based on grouping of the sensor nodes
either by event/attribute, which are data centric. The
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techniques demand communication that is redundant. If
range queries are to be forwarded, almost all of the sen-
sor nodes are populated with messages. Our query proc—
essing scheme with the distributed tree version over-
comes these inherited deficiencies of the previous work.

4.1 THE TREE STRUCTURE

A distributed R-tree is simply an index tree designed
to allow each node to efficiently determine if any of the
nodes below it will need to participate in a given query
over some queried range.

The nodes of the tree are linked together following the
routing protocol used by the underlying sensor network
which determines the parent-child relationship and their
extents. We would recommend using the tributary—delta
approach[3]. However, to accommodate the spatial query
in the network we need additional parameters to be stor-
ed by individual nodes. Each node must store the calcu-
lated? MBR (Minimum Bounding Rectangle) of its chil-
dren along with the aggregate values as have already
been existing in each node under the in—network query
processing paradigm and noted by several literatures{14,
4, 13].

The parent node of each region in the tree has a
structure in the form <child-pointers, child-MBHEs, over-
all-MBR, location-info>. The child-pointers helps tra-
verse the node structure. As we are following the
Cougar, the waiting-list carries the same semantics as
these pointers. In addition, we have added the MBR in
each node which confines the children into a box over
which a query can be made. The confinement algorithm
is responsible to analyze and distribute the sensor nodes
into the appropriate MBR. This classification is largely
based on their proximity to their respective parent and
the contribution factor to the dead space of the resulting
MBR. Other promising factors can be explored and ana-
lyzed, which we consider for our future work, and basi—
cally orthogonal to the present discussion. However, it is
this classification that brings about efficient routing and
accuracy to the queried result.

(Figure 1) shows the simulated environment setting
consisting of distributed sensor nodes on which we base
our experiments. For the construction of distributed R-
tree, in the descending stage, a bounded box which over—
laps the children and the parent itself should be stored by
each parent in that region. This bounded box(partial MBR)
assists each of the nodes to classify the nodes according

2) Each MBR is updated during the ascending of the tree so that the
modified MBR is stored in each node.
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(Figure 1) Node positions in one section of our sensor test
bed. (a) Simulated Physical Environment showing
region of interest. (b) The MBR under each
parent node of a sub tree

to their geographical locations. Each descent correspond-
ingly stores the MBR of the region where there exists
parent—child relationship until the leaf node is reached. At
the end of the descent, when all the nodes have been
traversed, the parent node of each region is notified about
their child node MBR. Hence, in the ascending stage the
parent of each region gets updated the new MBR of their
children which now should include the sub-tree under
that node, and the proposed structure is formed among
the sensor nodes.

42 ENEGQY EFFIECIENT & POWER-AWARE QUERY PROCESS-
ING

One critical operation of our scheme, called energy ef-
ficient forwarding, is to isolate the regions containing the
sensor nodes that can contribute to the range query. This
operation behaves much like the flooding scheme if the
queried range demands high computation and expensive
searches to determine the region of interest and isolate
the sensor nodes. Also, if the classification is not suitable,
some extra node traversal occurs inadvertently. We as-
sume such cases to be rare in widely spread sensor
networks. Our prime objective 1S to maintain the mini-
mum count of nodes taking part in the query. As we ex—
plained in section 4.1, the construction of the distributed
tree determines the ease of forwarding the query to pin
point the sensor nodes.

We deal with two approaches for answering any range
query. First, considering that the user requires strictly
accurate data over the queried region, we leave no room
for error and hence forward the query to only the rele-
vant sensors in the region of interest. Second, we propose
a more relaxed approach where the user is searching for
only approximations, as is most generally the case over
sensor networks considering the topological redundancy.
The former requires more communication as compared to
the latter solution. Again, it is orthogonal to us to point
out the types of aggregation queries that would yield

more probable results adopting either of these approaches.
We leave this to be analyzed in our future work.

A range query returns all the relevant data col-
lected/relayed that are associated with regions within a
given query window W (e.g., a rectangle in a two-di-
mensional space). To process a range query in accordance
to our design, at first the root node receives the query.
The disseminating of this request to the nodes on the
sub-tree now is based on the calculation of the child
node/s whose overall-MBR overlaps W. Each parent un-
der that overlapping region receives this query and based
on the overlapping regions of its children, the correspond—
ing network (sub-tree) is flooded. It is here that the
child-MBR is used to decide the particular regions which
need precise selection in-order to limit unnecessary node
traversal. These child-MBRs are comparatively small re-
gions that cover only the perimeter of the children in-
cluding their parent. So the selection operation needs
minimum traversal to include the nodes in the list needed
for range query. The optional parameter location—info should
help to get accurate result for overlapping, independent
regions in the sensor network environment. Its inclusion
is partly based on the type of sensor network and its
extensiveness. In addition to the geographic information it
may include additional values e.g., time ¢, location attrib-
utes etc., that should act as a filter, which again is
largely dependent on the computational power of each
sensor node. The query dissemination operation descends
the tree from the root in a manner similar to the R-tree.
Each node searches for its child nodes that need to par—
ticipate in the range query.

5. PERFORMANCE EVALUATION

To study the performance of the proposed scheme in
sensor networks, we created a simulation environment
using AVRORA[12]. Following typical sensor network sim-
ulation practices, the simulated network was configured
as a grid of sensors. Each node could transmit data to
sensors that were at most one hop away from it. In a
grid this means it could only transmit to at most 8 other
nodes. We used a contention-based MAC protocol(PAMAS)
which avoids collision[11]. In this protocol, a sender node
will perform a carrier sensing before initiating a trans—
mission. If a node fails to get the medium, it goes to
sleep and wakes up when the channel is free.

In the experiments we evaluated the performance of
our proposed scheme, the distributed R-tree, against the
best-case approach and closest parent as used by TinyDB[14].
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(Figure 2) Number of nodes participating in range queries of
different sizes(20 x 20 grid, 400 nodes)

We used the random distribution to select the query
range. (Figure 2) shows the number of nodes that partic—
ipate in queries over variably sized range queries. It is
drawn over the average values obtained after the simu-
lation. The number of nodes that are involved in the
query is reduced in comparison to the closest parent ap-
proach of TinyDB in its SRT[14]. It is due to the fact
that the unnecessary messages forwarded to irrelevant
nodes are drastically reduced. In the graph analyzing the
performance against TinyDB, we have deliberately ex-
cluded the in—network aggregation so as to make a fair
comparison. Nevertheless, our approach is close to the
ideal number of nodes. In order to emphasize the effec—
tiveness of storing the partially aggregated value for
in—network aggregation and thus to reduce the power
utilization, we used the TiNA scheme. So it is obvious
that this scheme should perform better than the stand-
alone distributed R-tree with just TinyDB in terms of
consumption of power.

As we can visualize the difference in node selection in
TinyDB with our design from the graph, we can readily
conclude that our approach is up to 20% more energy
efficient.

6. CONCLUSION AND FUTURE WORK

In this paper, we contribute a new technique to group
the sensors in a region for spatial range queries. We pro-
posed the distributed R-tee for power-aware query proc-
essing in sensor networks.

Our design can reduce the number of nodes that dis—
seminate queries by nearly an order of magnitude. Isolat-
ing the overlapping regions of sensor nodes with the
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range query, non-relevant nodes can be avoided in the
communication. Only the sensor nodes leading to the path
of the requested region are communicated, and hence
substantial reduction in power is achieved due to reduced
number of sub-trees involved. In addition, the aggregate
values for the region of interest is collected, following the
in—network aggregation paradigm which has an advantage
over the centralized index structure in that it does not
require complete topology and sensor value information to
be collected at the root of the network. Since data trans-
mission is the biggest energy-consuming activity in sen—
sor nodes, using the distributed tree results in significant
energy savings.

In conclusion, our query processing design using the
distributed version of R-tree provides a scalable solution
to facilitate range queries adopting similar protocols and
query processing used so far, making it highly portable.
Currently, we are expanding our scheme to consider
moving objects trying to achieve moreover the same
throughput as in static networks. Our work on clustering
the nodes based on several factors contributing to the
performance of the network is still underway. For moving
sensors, the obvious cost of tree maintenance can be
handled by introducing constraints over the trajectory of
the sensor nodes and over the tree’s structure. We can
argue that like in R+-tree, super nodes or redundant ar-
chitecture should limit the overhead of communication to
all the parent nodes. The approximation over the moving
object’s trajectory is just another idea that poses a sepa-
rate research direction on itself. Adoption of distributed
redundant architecture for efficient processing of con-
current queries and for supporting join operations, are
challenges which are under scrutiny as the capabilities of
sensor nodes reaches higher levels.

REFERENCES

[1] S.Bapat, V.Kulathumani, and A.Arora, Analysing the Yield
of ExScal, a Large-Scale Wireless Sensor Network Experi-
ment. OSU-Technical Report OSU-CISRC-6/05- TR46. (To
appear, 13th International Conference on Network Proto-
cols(ICNP)2005).

[2] A. Guttman, R-Trees: A Dynamic Index Struc-ture for
Spatial Searching. In Proceedings of ACMSIGMOD 1984,
Annual Meeting, Boston, USA, pages 47-57. ACM Press,
June, 1984.

[3] AManjhi, S.Nath, P.B.Gibbons, Tributaries and Deltas:
Efficient and Robust Aggregation in Sensor Network
Streams. In SIGMOD 2005 June 14-16, 2005, Baltimore,



28 ZEXCISR ==X D M13-DH X 1z=(2006.2)

Maryland, USA. on Wireless Sensor Networks and Applications (WSNA

[4] M. A. Sharaf, J. Beaver, A. Labrinidis, P.Chrysanthis, TiNA: 2002), Atlanta, GA, September, 2002.

A Scheme for Temporal Coherency-Aware in-Network
Aggregation. In Proceedings of 2003 International Workshop
in Mobile Data Engineering.

[5] ANSIL SQL Standard, 1992. X3. 135-1992.

[6] JHill and D.Culler, Mica: A wireless platform for deeply
embedded networks. IEEE Micro., 22(6) : 12-24, Nov/Dec.,
2002.

[71 SMadden and MFranklin, Fjording the Stream:An
Architecture for Queries over Streaming Sensor Data. In
ICDE(2002).

(8] S.RMadden, M.J.Franklin, ]JM. Hellerstein, and W.Hong,
TAG:a Tiny AGgregation Service for Ad-Hoc Sensor
Networks, OSDI, Dec., 2002.

[9] JHILL, R. Szewczyk, A. Woo, S. Hollar, and D.C.K. Pister,

System architecture directions for networked sensors. In

T2tz gl
e-malil : suraj@dblab.inha.ac.kr
2003 Institute of Engineering, Tribhuvan
University(B.E.)
2005 ~3A st g AFH
- AR F (A AL A)
T4l 2ok : Stream DSMS, Sensor
Network, fFH|AH~ ZHAFH,
GRID

o & =
e-mail : eosanghun@dblab.inha.ac kr
2003 Qstietn HFEHT (I AL
20031 ~&8A dstdstu sl HFH
- ARFI}F(EETHA)
Bk T HolEuo]l~, LBS,
FHAE 2 AFY,
RFID w&4 9]

proceedings for the 9th International Conference on
Architecture Support for Programming Languages and
Operating Systemns, November, 2000.

[10] Y.Yao and J.Gehrke, The Cougar Approach to In-Network
Query Processing in Sensor Networks, SIGMOD'02.

{11] S.Singh and C.Raghavendra, PAMAS : Power aware multi-

access protocol with signaling for ad hoc networks. ACM

4 =2 4
e-mail : bluesnow@dblab.inha.ac.kr
20014 13k AAA B 3}

Computer Comm. Review, 28(3).

[121 AVRORA, a research project of the UCLA Compilers Group,
http://compilers.cs.ucla.edu/avrora/index.html.

[13] J.Beaver, M.A.Sharaf, ALabrinidis, and P.K.Chrysanthis,
Power-Aware In-Network Query Processing for Sensor

Data, Proceedings of the 3rd ACM MobiDE Workshop, AAARLE S IHF 34 A

September, 2003. 2003"3. -~ 5\"]; ZH cd 6—]":1] 6—]"17— EH 5—}%
[14] SR.Madden, M.J.Franklin and J.M.Hellerstein, TinyDB: An HFH - ARTHAIAAA)
Acquisitional Query Processing System for Sensor Net- HAFof : FtdlolEHo]| 2~ GIS, LBS

works. ACM Transasctions on Database Systems, Vol.30,
No.1, pp.122-173, March, 2005.

[15] S.Madden, R.Szewczyk, M.].Franklin and D.Culler, Support-
ing Aggregate Queries Over Ad-Hoc Wireless Sensor
Networks. Et al-2002 ACM DBLP.

[16] J.Heidemann, F.Silva, ClIntanagonwiwat, R.Govindan, D.

B af A
e-mail : hybae@inha.ac.kr
19744 3T S 82 skH(FEAD)
19789 AA ST sty ARA LS}

Estrin, and D.Ganesan, Building efficient wireless sensor 1989 sA g ustd AAA LGS

networks with low-level naming. In SOSP, October, 2001. (F e
[17] C. Intanagonwiwat, R. Govindan and D. Estrin, Directed 19851 Univ. of Houston 2 ¥4
Diffusion : A Scalable and Robust Communication Paradigm 1992:d ~1994d Jshofetal AR ALY A 2%
for Sensor Networks, ACM MobiCom‘00. 1982 ~&A Atdsta AFEHITEF Ag
[18] JHill et al, System architecture directions for network 19998 ~E A A THGSATFAE AEF
sensors. In ASPLOS 2000. 20008 ~dA F5 FRESHANGE J&gY Py

[19] Ratnasamy, S., Karp, B, Yin, L., Yu, F,, Estrin, D., Govindan, 20043 ~&EA <dstgn AREAs Y 9
R., and Shenker, S., GHT: A Geographic Hash Table for gAEcRE Honols, T Aol AER A
Data-Centric Storage. First ACM International Workshop 28 gdEute] belguHolx &



