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Abstract applications involve collecting, processing, storing aed
trieving a large volume of sensing data generated by the sen-
In current sensor networks, sensor nodes are capable ofsor nodes. Since bandwidth and power are scarce resources
not only measuring real world phenomena, but also stor- in wireless sensor networks, it is critical to design scilab
ing, processing and transferring these measurements. Manyand energy efficient data dissemination schemes.
data dissemination techniques have been proposed for sen- . :
. In the past several years, many data dissemina-
sor networks. However, these techniques may not work well .
. tion schemes [7, 8, 17, 11, 5, 6] have been proposed for
in a large scale sensor network where a huge amount of ; :
. . sensor networks. One widely adopted scheme ieitter-
sensing data are generated, but only a small portion of

them are queried. In this paper, we propose an index-basednal sto_rage-based (I_ESjata _d|ss_,em|nat|on. It relies on a

data dissemination scheme to address the problem Thiscentrallzed base station, which is external to the senger ne
scheme is based on the idea that sensing data aré coI—Work' for collecting and storing sensing data. If many
lected, processed and stored at the nodes close to the degueries are issued from nodes within the network [17], this

. R . scheme is very inefficient since data must be sent back
tecting nodes, and the location information of these stor- .
and forth between the sensors and the base station. Rat-

ing nodes is pushed to some index nodes, which act as the .
. ; asamyet al. [11] proposed alata-centric storage-based
rendezvous points for sinks and sources. We further exten : N : .
DCS) data dissemination scheme, in which the sens-

the scheme with an adaptive ring-based index (ARI) tech-. A
. . . : ing data of an event (e.g., elephant sightings) are stored
nique, in which the index nodes for one event type form a . L .
. . . S . at certain nodes within the network. In this scheme, how-
ring surrounding the location which is determined by the : ) '
: . ) ever, data are still pushed in a predefined manner regardless
eventtype, and the ring can be dynamically reconfigured for

f : : . of queries. Hence, it lacks flexibility and may intro-
ault tolerance and load balance. Analysis and simulations .
are conducted to evaluate the performance of the proposea‘JI uce many unnecessary data transfers when the querying
index-based scheme. The results show that the index-baseﬁ’;lte is low.
scheme outperforms the external storage-based scheme, the To avoid unnecessarily transferring the sensing data,
DCS scheme, and the local storage-based schemes witltal storage-based (L$ata dissemination schemes, e.g., di-
flood-response style. The results also show that using ARIrected diffusion [8] and two-tier data dissemination (TTPD
can tolerate clustering failures and achieve load balance. [17], have been proposed. In these schemes, a source sends
. data to a sink only when the sink has sent a query for the
1. Introduction data. These schemes need a sink-source matching mecha-
Recent advances in electronic and communication tech-nism to facilitate a sink to find the source holding the data
nology have enabled the production of battery powered of interest. The matching mechanisms adopted by most LS
wireless sensor nodes. These nodes are capable of not onigchemes follow dlood-respons@attern [6], which inher-
measuring real world phenomena, but also storing, processently needs to flood certain control messages. For example,
ing and transferring these measurements. They are typicall in directed diffusion, a sink floods its query over the whole
deployed in the physical world to form a wireless sensor network; the source(s) with the requested data then knows
network [2], which enables many applications such as mon-where to send the data. In TTDD, the source detecting a cer-
itoring the habitats of animals [4], gathering information tain event floods the advertisements of the event to the net-
in a disaster area, and providing traffic information. These work, and the sinks interested in the event can send their
gueries directly to the source. Considering the large num-
% This work was supported in part by the National Science Fatiod ber of nodes in a sensor network, the network-wide flood-
(CAREER CCR-0092770 and ITR-0219711). ing may introduce significant traffic.




Due to the drawbacks mentioned above, most existing

data dissemination schemes, which rely on an external base ® o, [o®° 90 R
station, or advertise the availability of data, may not work Jo o ..
well in large scale sensor networks, especially in scenar- ° e | 7] o000
ios where a large amount of sensing data are generated, but e0l® 1% ol 59 |og
only a small portion of them will be queried. To address ° °0 o ol o°
this problem, we propose an index-based data dissemina- oe . Oo T ° °l.

o o o

tion scheme. In this scheme, the sensing data of an event

are stored at the detecting nodes themselves or some nodes

close to them (these nodes are caiaating node A stor- Figure 1. Dividing a sensor network into grids

ing node only sends data to a sink when it receives a query.

from the sink. Also, the location information (called-

deX of the storing nodes are pushed to and maintained athead of several data dissemination schemes, and identifies

some nodes (calldddex nodesbased on the eventtype re- the scenarios in which the index-based scheme performs the

lated to the stored data. Hence, queries for a particularteve best. Section IV describes the proposed ARI scheme in de-

are routed to the appropriate index nodes. The index-basedail. Performance evaluations are presented in Section V,

scheme is more attractive than the existing data dissemi-and Section VI concludes the paper.

nation schemes since it avoids both unnecessarily transfer

ring the sensing data and flooding control messages to the2. System Model

whole network. Certainly, this scheme introduces addéion . I . )

overhead for maintaining index nodes. However, as demon- we consu_jer an application scenario as follows: A sen-
. ; T sor network is deployed for monitoring many targets mov-

strated by the analysis and evaluation results in this paper:.

. . ing within a vast region. The sensor nodes in the network
this scheme can improve the overall system performance. -
detect the status of each target, and periodically generate

One major challenge of implementing the index-based sensing data. Many users are also moving within the re-
data dissemination is how to maintain the indices in the net-gion. From time to time, a user may issue a query via a
work, such that the indices are highly accessible to sinéis an sensor node (sink) for data about the current status of a tar-
the index nodes are not overloaded. To achieve these goalgyet and/or a summary of the recent activities of the target.
we propose an implementation based onrthg structure, We assume that the sensor nodes are stationary, and are
and call it theAdaptive Ring-based Index (ARgheme. In 416 of their own locations using GPS [1] or other tech-
ARI, the index nodes for a particular event type are a set Ofniques such as triangulation [3]. To save power, the nodes

nodes surrounding one or more particular locations (calledStay in the sleep mode most of the time based on the Ge-
|nde>_( centerof thg event type_). The index ce_nters are de- ographical Adaptive Fidelity (GAF) protocol [16]. Using
termined by applying a predefined hash function, e.9., Ge0-ihis protocol, as shown in Figure 1, the sensor network is
graphic Hash Table (GHT) [11], on the eventtype. Note that i iged into grids, where each pair of nodes in neighbor-
the hash function maps an event type to one or more locasy grids can communicate directly with each other. Grid

tions within the detecting region of the sensor network. The La5ds are responsible for forwarding the messages, and
index nodes for the same event type are connected via SOM@iher nodes only need to wake up periodically.
forwarding nodes to form a ring (calleéddex ring. The Our proposed data dissemination scheme is built on top

number and locations of thg index nodes on an index ring, Greedy Perimeter Stateless Routing (GPSR) [9], a well-
as well as the shape of the ring, can be adaptively changed % nown geographic routing system for multi-hop wireless

achieve load balance and optimize the system performanceyeyyyorks. GPSR uses two distinct algorithms for routing.

Extensive analysis and simulations are conducted to an-One is a greedy forwarding algorithm which forwards pack-
alyze and evaluate the performance of the proposed indexets progressively closer to the destination at each hop. The
based data dissemination scheme, and its performance igther is a perimeter forwarding algorithm that forwards
compared to the existing data dissemination schemes. Thgackets where greedy forwarding is impossible. In this sys-
results show that, the index-based scheme outperforms extem, which uses both the GAF protocol and the GPSR pro-
ternal storage-based schemes, the DCS scheme, and loc@col, packets are forwarded by grid heads. A grid head first
storage-based schemes in many scenarios. The results alsfies to forward a packet to its neighboring grid head that
show that using the ARI scheme can tolerate clustering fail- s closest to the destination. On failing to find such a node,
ures and achieve load balance. it forwards the packet to one of the neighboring grid heads

The remainder of the paper is organized as follows. Sec-based on the perimeter forwarding algorithm.
tion Il presents the system model. Section Il describes the In our proposed data dissemination scheme, the targets
index-based data dissemination scheme, analyzes the ovenf interest to the users are classified into several type$, ea

® grid head o ordinary node
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Figure 2. Index-based data dissemination

of which has a unique key. With a certain hash function
H(.), a key is mapped to one or more locations within the
detecting region of the sensor network. Formaflye <
E)H(e) = L. € R, whereE is the set of types an®

is the detecting region.

3. The Index-Based Data Dissemination

In this section, we first describe the basic idea of the
index-based data dissemination. Then, we analytically-com

the old one, such that the previous data can also be accessed
from the current storing node. Also, the new storing node
should register its location at the index nodes for the tar-
get. When a sink wants to query the sensing data of a target,
it sends a query message to an index node for the desired
target. On receiving the message, the index node forwards
the request to the storing node which sends a response di-
rectly to the querying sink.

3.2. Analytical Comparison of the Data Dissemi-
nation Methods

To compare the overhead of different data dissemination
schemes, we introduce the following notations:

e N: the total number of sensor nodes in the network.
Similar to [11, 5], we us@(N) to represent the mes-
sage complexity of flooding a message to the whole
network, and use)(v/N) to represent the message
complexity of sending a message between two nodes
in the network.

e T n: T is the number of types, andis the number of
targets of each type.

e 74,7q,T¢, 75! Tq IS the rate of updating the sensing data
of a targetr, is the rate of querying a target, is the
rate that the detecting node of a target is changgd.
is the rate that the storing node of a target is changed,
wherery > r. > r,. In most cases;; > r. > rs.

® 54,54, 5; 54 1S the size of a data repos, is the size of
a query message, angis the size of an index update
message. In most caseg,>> s, andsg > s;.

pare the overhead of different data dissemination schemes, \ye consider the following metrics when comparing the
and identify the scenarios in which the index-based schemeyerhead of the data dissemination schemes:

performs the best.

3.1. Basic ldea of the Index-based Data Dissemi-
nation

The basic idea of the index-based data dissemination is

illustrated in Figure 2 and is described as follows: A node
detecting a target periodically generates sensing datatabo
the target, and stores the data in a storing node, which can

e Overall message complexitythe number of messages
generated in the whole network.

e Hotspot message complexitythe maximum number
of messages sent, received and forwarded by one sin-
gle node in the network.

e Overall traffic : the amount of data transferred in the

whole network.

be itself or some node nearby. When the target moves, as
shown in Figure 2 (b) and (c), the detecting node is changed
accordingly. However, the new detecting node still stores
the sensing data at the same storing node, until the storing
node is far away from the detecting node, and then a new According to the basic operations of the index-based
storing node is selected. When a new storing node of a targescheme and the other data dissemination schemes [11],
has been selected, the old storing node processes the datavte can estimate the overhead of the data dissemination
previously stored and generates a summary of small size;schemes in terms of the overall message complexity, hotspot
sends the summary to the new storing node. Note that themessage complexity, overall traffic and hotspot traffic. The
aggregation is not required by the index-based data dissemestimated results are shown in Table 1.

ination scheme. If the previous data are not summarized, Based on the estimations, we can obtain the following
the new storing node may keep a pointer which points to observations:

e Hotspot traffic: the maximum amount of data sent, re-
ceived, and forwarded by one single node in the net-
work.



Overall message complexity Overall msg fnsg/s) | Hotspot msgiusg/s)
ES (LDOVN #rg+2% VN x7g) * T % n) ES 175 3.5
DCS | @Q1)O((VN #1q+2% VN xr,) T xn) DCS 175 1.05
LS (BLO((N #7c+2% VN x7g) T xn) LS 800 0.7
Index- | (4.1)O((VN x7s+3% VN xrq) T +n) Index-based| 90 0.35
based Overall trf (bytes/s) Hotspot trf pytes/s)
Hotspot message complexity ES 775K 155
ES (1.2)O((ra+ 2% 1q) * T *n) DCS 7.75K 46.5
DCS | (2.2)O((ra+2%rq) *n) LS 16.5K 9
LS (B2)O(re xT xn+2x%1q) Index-based| 1.9K 9.9
(

Index- | (4.2)O((rs +2%*1q) *n)
based Table 2. Numeric values of the Estimated
Overall traffic overhead
ES (L.3)O({V N #rgxsq+VNxry*(sq+s4)} T *n)
DCS | 2.3)0({VNsraxsa+V N7+ (sq+5a)}+T+n) (1) 2 < ==L This relationship is derived as follows:
LS (B.3)O({N #rek8;i+ VN x1g% (544 54)} xT 1) Sa +S

(

Let{rs*sri'r (sq+8a)}*n < rexs;*T x*
Index- | (4.3)O({V/N 15 % s;i+ VN #1q% (2% 55+ 54)} * a % \Sq
based | T *n) n+rq % (sq + sq) andrg = ¢ x r., wherec < 1.

Tq sipxnx(T—c)  _ s;xT
Hotspot traffic Thus,rc <7

sqtsa)x(n—1) ™ sqtsa’
ES (L.A)O{ra* sa+1rq*(sq+54)} * T *n) (2) rs x s; < rq * 4, Which can be derived by comparing
DCS | (2.4)O({ra* sa+rq* (sq+ sa)} *xn)

( (4.4) to (1.4) and (2.4).
LS BAO(rexs;i *T xn+rq* (Sq+ sa))
Index- | (3.2)O({rs % 51+ 19 * (54 + 52)} #711) As an example, we assume tiét= 2500, r4, = 0.25,

based rq = 0.05,7. = 0.03, rs = 0.06, T = 4 andn = 3. Based

on Table 1, we can get estimated values that are listed in
Table 2. From this table, we can see that the overall mes-
sage complexity (overall traffic) of the index-based scheme
is much lower than other schemes wh&nis very large
andr, is smaller thanq. Under the same conditions, the
Observation 1: The index-based scheme has smaller over- hotspot message complexity (hotspot traffic) of the index-
all message complexity than the other schemes, if: based scheme is also much smaller than the ES scheme and
the DCS scheme.

Table 1. Estimating the overhead of the data
dissemination schemes

(1) N islarge enough.

(2) 75 44 < 74, Which can be derived by comparing (4.1) 4. An Adaptive Ring-based Index (ARI)
to (1.1) and (2.1). Scheme

Observation 2: The index-based scheme has smaller We now propose an adaptive ring-based index (ARI)
hotspot message complexity than the other schemes, if ~ scheme. We first present the motivations of the scheme,
and then describe the operations including index query-
ing/updating, failure management, and adaptive ring recon
figuration in detail.

(1) :—q < T'/2. This relationship is derived as follows:
Let (rs +2%7g) *n < re*x T *n + 2 %7, and
ry = c*r., Wherec < 1.

Thus, 2 < 3= ~ T/2.

4.1. Motivation

The index-based data dissemination is similar to the
problem of locating contents in the peer-to-peer systems
such as Chord [15], Pastry [14], Tapestry [18], CAN [12],
etc. In theses systems, each node is assigned a numerical
or a d-dimensional identifier, and it is responsible for own-
ing pointers to objects (e.g., files), whose identifiers map
: . to the node’s identifier or region. The set of object identi-
(2) 75 5i 4 g % 5q < 74 * 54, Which can be derived by fiers assigned to a nodes is changed as some nodes join or

comparing (4.3) to (1.3) and (2.3). 9 ang J
leave the system. Compared with these systems, sensor net-

Observation 4: The index-based scheme has smaller works have their unique characteristics. For example, sen-
hotspot traffic than the other schemes, if: sor nodes do not have unique identifiers, but can be aware

(2) rs < 14, Wh|ch can also be derived by comparing (4.2)
to (1.2) and (2.2).

Observation 3: The index-based scheme has smaller over-
all traffic than the other schemes, if:

(1) N islarge enough.



of their own locations. Also, nodes are prone to failures and same type, and the forwarding nodes that connect the in-
are constrained in energy supply. Consequently, one chal-dex nodes. The basic modules in the ARI scheme are ring
lenge of implementing the index-based data disseminationinitialization, index querying, index updating, failuream

is how to distribute, update, maintain and query the indicesagement and ring reconfiguration, which will be explained
in the network, such that the following requirements are sat in this section.

isfied:

e Fault tolerance: Since sensor nodes are prone to fail-
i in- Index ring
ures [2]_, we should r_10t rely on a smgl_e nqde to main " + 0
tain an index. Techniques such as replication should be
employed to achieve a certain level of fault tolerance. Y e l r

e Load balance: Some index nodes may become over- e L{H(K)
loaded. The scheme should remove the overloaded in-
dex nodes and add some lightly-loaded index nodes. éﬁ

e Efficiency: The scheme should not introduce too much
overhead since bandwidth and energy are scarce re-
sources in a sensor network.

Index center

Index node

O

Storing node (Source)

O

i i i Forwarding nod
One simple scheme can be derived directly from the ba- orwarding node

sic DCS scheme. In this scheme, the index nodes for a tar- Figure 3. Initializing an Index Ring
get are the nodes which form the smallest perimeter sur-
rounding the location calculated. However, the index nodes

can not be changed except when they are failed, and aII4.2.1. Initializing an Index Ring We first describe how to

queries and index updates for the target are processed anitiaIize an index ring for the targets of a certain type. As

these nodes. Hence_, the index nodes may become_ OVelrentioned in Section 2, the index center for the target is cal
loaded soon, especially when the query rate or the index

. . ) ~~“culated using a hash function, which maps a target to a lo-
update rate for the target is very high. Also, since the in-

q des f I h oth h cation within the detecting region. Initially, the indexdes
e;: nodes for ?? Ieve?t t)llpet are cfo_Te to eahc_ hOt er,dt or the targets aren selected nodes whose distance to the
scheme can not tolerate clustering faflures, which may de-,jqy canter is equal to or larger thapnwherem andr

stroy all the_index nodes for an eve_nt tYpe- A hierarchical are system parameters. These nodes are connected via some
scheme S'm"af to the structured replication DCS (SR-DCS) forwarding nodes to form an index ring surrounding the in-
[11] or Ithe re.S|I|ean| DCS l(R'IaCS) [5]hcan be ESEd goltolci dex center. Each node has two pointers which point to its
erate clustering failures. In these schemes, the whole €Zlockwise neighbor and its counterclockwise neighbor on

_tectmg_rtzgmn 'de'Y'ded E\to Eeve_ral stjb_reg|tohns, andﬁther the ring respectively. The index ring must satisfy the fol-
is one index node in each subregion. Using these scheme owing conditions:

the index nodes in some subregion can still be overloade
if the number of queries issued from that subregion is very (C1) The distance between the index center and any
high. In addition, a query may be routed through several node on the ring should be larger than or equai.to
levels of index nodes before reaching the valid index node.
Tree-based replication of indices [13], which is already ap
plied in peer-to-peer networks, may also be used in sensor
networks. However, this scheme may introduce significant
maintenance overhead. For example, the failure of the root  Figure 3 shows an example of an initial index ring, where
or some intermediate nodes in the tree may cause the tree tan, = 4. The ring satisfies@1), since the distance between
be reconfigured. Furthermore, the nodes should be aware oéach node on the ring and the index center is at led3tie
the addition, removal and migration of index nodes. Thus, it to the assumption that each node can only forward messages
is a challenge to design index-based schemes to satisfy théo the nodes in its neighboring grids (refer to Section 2),
fault tolerance, load balance and efficiency requirements. a message sent by a node outside of the ring-encircled re-
ion and destined to the index center, must pass some nodes

4.2. The ARl Scheme gn the ring. For example, as shown in Figurz 3, message

To achieve the goals of fault tolerance, load balance sent by nodeX can be intercepted by nodé. Thus, the
and efficiency, we propose thedaptive Ring-based Index ring also satisfies@2). Note that, the index ring may be
(ARI)scheme. The ARI scheme is based on the structure ofchanged later, due to failures or load balance, but the re-
ring, which includes the index nodes for the targets of the sulted ringmust alsosatisfy the above two conditions.

(C2) Any message sent by a node outside of the ring-
encircled region and destined to the index center, will
be intercepted by some node on the ring.



Parametersn andr affect the system performance. As Sink

m becomes large, the number of initial index nodes in- Rz querty
creases. Hence, the overhead for querying is decreased, at
the cost that the overhead for storing and updating index is
increased. When becomes large, the overhead for queries
issued by nodes far away from the index center is reduced.
Also, more nodes are included in the ring, which improves
the fault tolerance level. However, the overhead for qerie
issued by nodes within the region encircled by the ringis in- 5 1o - -
creased, as is the overhead for index update. © Fomvarding node Stering node (Source) Storing flode (Source)

a b
4.2.2. Querying and Updating an Index The sinkS; can 3( ) ®)

query the index of a target as follows: it first calculates the
distance to the index center (denoted a3 of the target. If

the distance is larger thafithe query message is forwarded
along the direction of; — L. Otherwise, the message is
forwarded along the direction df, — S;. When a node re-
ceives a message, it performs differently based on the fol-
lowing cases:

1. Being forwarded
to the index center.
2. Being forwarded
in the reversed
direction.

3. Being intercepted
and forwarded along
the ring.

4. Being forwared
to the storing node.
5. Response is
sent to the sink.

() If the node is an index node for the queried target: the
query is forwarded to the storing node of the target if
there exists such a storing node. (©)

Figure 4. Querying an index

Storing node (Source)

(2) If the node is a forwarding node on the index ring for
the queried target: the query is forwarded to its clock-
wise neighboring node on the ring.

whose distance td,;, is less than, the forwarding direc-

(3) If the forwarding direction of the messageSs — Ly, tion of the message is changedtp — S;. The subsequent
and the distance between the node and the index centehrocess is the same as the previous case.

of the target is smaller than the forwarding direction
of the query message is changed tolhe— S;, and
the message is forwarded in the new direction.

When the storing node of a target changes, the location
of the new storing node must be updated at the index nodes
for the target. The process of transferring an index update
(4) Otherwise: the message is forwarded in the specified di-message to the index ring is similar to that of transferring

rection. an index query message. When the message arrives at an
Next, we use Figure 4 to further illustrate the query- index node on the ring, the nodg upd_ates its index_, and_ for-
ing process. Figure 4 (a) shows the case in which sink v_vards the message along t_he circle |_n_thg clockwise direc-
tion. If the node is a forwarding node, it is simply sent to the

is outside of the region encircled by the index ring of the lockwi ixhbor. Th is d dwh
gueried target. In this case, the query issued by the sink isf:ounterc OCKWISE neighbor. The message IS dropped when

forwarded along the direction &, — Ly, until it is inter- it is forwarded back to a node that has already received it.
cepted by some node on the index ring. The node intercept- ) ) ) )

ing the query passes the message on the index ring in the2-3. Dealing with Node FailuresTo detect the failures
clockwise direction, and the query is finally received and ©f index nodes, neighboring nodes on an index ring should
served by an index node, which further forwards the mes- monitor each other by exchanging beacon messages period-

Figure 4 (b) shows the case in whic is within the Individual Node Failures:
ring-encircled region, and its distancefiq is smaller than Due to energy depletion or hardware faults, an individual

r. In this case, the query issued by the sink is forwarded node may fail. This kind of failures can be tolerated by the
along the direction of.;, — S; before it is intercepted by  GAF protocol, in which a failed grid head is detected and
some node on the ring. The subsequent process is the sam@placed by other nodes in the same grid. When a new grid
as the previous case. head is elected after the old grid head (which is on an index
Figure 4 (c) shows a complicated case, wheris inside ring) fails, the information (e.g., some indices and paisite

the ring-encircled region, and its distanceltg is larger held by the old grid head is lost. However, the new head can
thanr. In this case, the query is first forwarded along the receive beacon messages from its neighboring nodes on the
direction ofS; — Lj;. When the message arrives at a node ring. From these messages, it knows that it is a node on the



index ring, and can get the lost information from the neigh- nodes should be replaced by some lightly-loaded nodes. In
bors. the ARI scheme, we propose a simple algorithm to sup-
Clustering Failures: port load balance-oriented ring reconfiguration: Each node
maintains avilling flag to indicate whether it is willing to be

a node on an index ring. Initially, the flag is turned on. Each
node: periodically exchanges its residual energy level (de-
E noted as;) with its neighbors, and calculates the average
residual energy level of all its neighbors (denoted@s).
Nodei turns off its willing flag whene; < « * e(i), where

Clustering failure area

—0O

<T> F « is a system parameter. When a node on the ring turns off
| its willing flag, it sends ayuit message to its counterclock-
q) G wise neighbor. On receiving the message, the neighbor ini-
‘*: tiates a process similar to the ring repairing processi(tefe
_(v,) y 4.2.3) to remove the quitting node and reconfigure the ring.

Figure 5. Dealing with clustering failures 5. Performance Evaluations

5.1. Simulation Model

Due to some environmental reasons, the nodes within a We develop a simulator based on ns2 (version 2.1b8a)
certain region may all fail or be isolated. This kind of fail- [10], to evaluate and compare the index-based data dis-
ures is calledclustering failures Clustering failures may  semination scheme (with ARI) to three data dissemination
break an index ring. Figure 5 shows a scenario where an in-schemes: ES, DCS [11] and LS (with source-initiated sink-
dex ring is broken after a clustering failure occurs. In this source matching mechanism) [17]. In this simulator, the
scenario, node®, C and D are failed and can not be re- MAC protocol is based on IEEE 802 .4 and the transmis-
placed by other nodes in their grids, since all the nodession range of each node49m [8]. 2500 sensor nodes are
in these grids are dead. The failure can be detected by thalistributed over &50 x 850m? flat field, which is divided
neighbors of the failed nodes (i.e., nodésand F), who into 17 x 17m? GAF grids, such that there is one sensor
do not receive beacon messages from the failed nodes fonode in each grid.

certain time interval. The counterclockwise neighbor. (i.e Several targets (the number of target is denoted/as
nodeA) of the failed nodes initiates a process to repair the gre deployed in the detecting region. Each target may move
ring. in any direction and its average velocity is denotedvas

In the repairing process, the initiatot sends out @  \when a target enters a grid, the sensor node located in
recovery message, and the message is forwarded aroundhat grid can detect it. If the index-based data dissemina-
the failed region based on thight hand rule[9], until the  tjon scheme is simulated, the sensor node that first detects a
message arrives at a functioning node on the ring. The protarget becomes the initial storing node of the target. When
cess is depicted in Figure 5, and is further explained as fol-the distance between the current detecting node of a target
lows: The initiator4 forwards therecovery message t@’, and the storing node of the target is higher than a thresh-
which is the next neighbor ol and is sequentially coun-  ¢|d g, the storing node of the target is changed to be the
terclockwise about! from edge(A, B). On receiving the  current detecting node. Each target has a name, which is an
messagepB’ forwards the message to its functioning neigh- integer betweef andN; — 1. We use a simple hash func-
borC/, which is the next one Sequentia"y counterclockwise tion to map the name of a target to onedf index cen-
aboutB’ from edge(B’, A’). The process continues, until  ters, which are uniformly distributed in the detecting field
the message arrives Bt which is a functioning node onthe  The mapping rule is as follows? (k) = Lyopn,, Where
ring. WhenkE receives the-ecovery message, it consumes k is the name of a target arig is the location of thg*" in-
the message, and sendsak message back td alongthe  dex center. Any sensor node can be a sink which issues a

reversed path £, H', G, F', E', D', C", B, A). When A query for the data of a certain target. Table 3 lists most of
receives theick message, the repairing process completes, the simulation parameters.

and the broken fragment of thering, i.€4, B,C, D, E), is
replaced by a new fragmet, B, C’, D', E' F',G', E).

. . . . 1 Inthe simulation, considering the fact that a packet iseenetworks
4.2.4. Ring Reconfiguration for Load Balancelt is pos- is typically very small, we modify the format of a packet, bubat

sible that some nodes on the index ring become overloaded  the packet size is much smaller than that specified by the BEEEL1
compared to others. For the purpose of load balance, these ~Standard.



Parameter Value 2 o500l | Index-based (ARN—— |
field size (1) 850 x 850 g LS (source-initiated)
number of nodes 2500 E 2000y DCsS -
communication rangent) 40.0 é

grid side (n) 17.0 g 1900/ .

number of targetsy; 10 € 1000|

data update rate; (per target per second) 0.25 g

number of index centersy; 4 S 5001

the migration threshold for a storing nodk:(m) | 34.0

initial radius of an index ringt (m) 34.0 00,5 1 1‘_5 2 2‘_5 3 3‘,5 4
initial number of index nodes on a ringn 4 Average query interval (s)
simulation time for each experiment 300.0 Figure 7. Comparing the hotspot message
average velocity of a mobile target(m/s) 1.0 complexity

size of an update messade/{c) 10

size of a query messagky(e) 10

size of a data messagey(e) 50

data to a base station outside of the network, and hence has
Table 3. Simulation Parameters larger overhead for pushing and retrieving data than DCS,
which pushes data to nodes within the network. Figure 6
also shows that the index-based scheme and DCS has simi-
lar overall message complexity. When the query interval is

200

< 180 LéndeX-béS?d (ARD—— | small (i.e., the query rate is high), the index-based scheme
> £ (source-initiated ) . . . .

3 160] pES e | has a_l|ttle bit higher message CompIeX|ty_ than DQS. The
g 10l e | trend is reversed when the query interval is large (i.e., the
S ol query rate is low). This phenomenon is consistent @it

§ 100}, | servation Ipresented in Section 3.2.

E 80\ Figure 7 shows the hotspot message complexity of the
S 60| data dissemination schemes. ES is shown to have the high-
& 40| est hotspot message complexity, since the hotspot nodes

20 Y ' ' -
o5 1 15 2 25 3 35 a4 (i.e., the edge nodes close to the base station) need to for

Average query interval (s) ward all the messages related to storing and retrieving data
which include the data pushed from the detecting nodes,
the queries from the sinks, and the responses sent from
the base station. DCS has much smaller hotspot message
complexity, because a hotspot node (i.e. a hodes surround-
ing a index center) only processes messages related to one
type of targets whose data are stored there. LS is shown to
5.2. Simulation Results have smaller hotspot message complexity than DCS. This is
due to the fact that, in our simulations, the target does not

ove quickly and the number of index centers is small (i.e.,

). According to the theoretic estimation results (4.2) and

Figure 6. Comparing the overall message
complexity

The simulation includes two parts. In the first part, the
overhead of four data dissemination schemes are evaluate

and compared to verify the effectiveness of the analytesal r (3.2) presented in Section 3.2, the index-based scheme has

sults pre_sented in Section 3.2. In th_e s_econd part, the ARIa smaller number of messages at hotspots than DCS. From
scheme is evaluated gnd some _prel|r_n.|nary results are preI':igure 7, we can also see that, the index-based scheme has
sented to show thgt this scheme is resilient to clusteriihg fa lower hotspot message complexity than LS only when the
ures and can achieve load balance. query interval is large (i.e., the query rate is small), vishigc
5.2.1. Comparing the performance of data dissemina-  also consistent witbservation presented in Section 3.2.
tion schemesWe first evaluate and compare the overall  The overall traffic of the data dissemination schemes are
message complexity of the data dissemination schemes, andhown in Figure 8. From the figure, we can see that LS
the results are shown in Figure 6. LS is shown to have thehas very large traffic due to the fact that it floods control
highest message complexity, since it needs to flood controlmessages over the whole network. ES and DCS also cause
messages to the whole network. ES and DCS have the samkarge overall traffic, since they both push data from detect-
order of message complexity in theory. However, ES pushesing nodes to storing nodes regardless of queries. ES has
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Figure 10. Evaluating the fault tolerance fea-

ture of ARI

Figure 8. Comparing the overall traffic
B —— The success rate of the queries and the overall message
g 30! - o complexity are measured .asa_ndpf are being F:hanged,
L 5l | and the results are shown in Figure 10. From Figure 10 (a),
g : we can see that the query success rate decreases slightly
5 when the frequency of clustering failures increases. This i
8 151 Index-based (AR—— | due to the fact that, when the index ring is broken due to
€ 10t LS (source-initiated) ] clustering failure, the ARI scheme guarantees that a query
Q
£

can still be routed to a normal node on the index ring, and
routed to one functioning index node. Only when all index

05 1 15 2 25 3 35 4 nodes are failed, or an index node or forwarding node re-
Average query interval (s) ceives a query but it fails before it has dealt with the re-
Figure 9. Comparing the hotspot traffic quest.

Figure 10 (b) shows that the overall message complexity

larger traffic than DCS, because it pushes data to nodes outlS Slightly increased as the frequency of clustering fasur
side of the network, and hence brings more communicationNcréases. This can be explained as follows. When an in-
overhead. The index-based scheme has the smallest traffid€x fng s broken due to clustering fa'lL_"eS_’ the ring SUO_UI_
among all the schemes. This is due to the fact that, in this be repaired, and hence s_ome_commumcatlon overhegd IS In-
scheme, data are sent from a source to a sink only when thdroduced. Also, the repaired ring becomes longer, which in-
data is queried, and the control messages (i.e., queries an§réases the overhead for index updates.
index updates) are never flooded. Load Balance

Figure 9 shows the hotspot traffic of the data dissemi- - ]
nation schemes. From this figure, we can see that ES has Next, we evaluate the ARI scheme’s ability to achieve
the highest hotspot traffic, which is followed by DCS. The l0ad balance. In this simulation, each node is initially
index-based scheme has the smallest hotspot traffic wherduipped with an energy 06.2J, and other simula-
the query interval is large (i.e., the query rate is highe Th {ion parameters are the same as the previous simula-
phenomenon is similar to that shown in Figure 7 due to the fions. We measure the overall message complexity and

same reasons as explained before. the hotspot message complexity, when the load bal-

ance module is turned on (i.e., the load balance parameter
5.2.2. Preliminary Evaluations of ARI In following, we is larger than0) or off (i.e., the load balance parame-
present some results of preliminary evalutions of ARI. ter is set tD).

Tolerating Clustering Failures . Figure 11 (a) shows the overall message complexity. We
We first show how the ARI scheme reacts to clustering cap see that, the overall message complexity is increased

failures. In this simulation, every certain time interva),( by aboutl0% asa changes frond to 0.75. This is due to
a square region that has a sidelgin centered at a node  he reason that, the index ring has to be dynamically re-

on an indexring has a probability pf to fail. The average  configured when the load balance module works. With the
query interval i0.5s, and other simulation parameters do dynamic reconfigurations, as shown in Figure 11 (b), the

not change. hotspot message complexity is decreased by ar@afid
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