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Abstract

A major problem in tracking objects in sensor net-
works is trading off update traffic and timeliness of the
data that is available to a monitoring site. Typically,
either all objects regularly update some central reg-
istry with their location information, or the monitoring
instance floods the network with a request when it needs
information for a particular object. More sophisticated
approaches use a P2P-like distributed storage structure
on top of geographic routing. The applicability of the
latter is limited to certain topologies, and having sepa-
rate storage and routing algorithms reduces efficiency.

In this paper, we present a different solution which
is based on the scalable source routing (SSR) protocol.
SSR is a network layer routing protocol that has been
inspired by distributed hash tables (DHT). It provides
key-based routing in large networks of resource-limited
devices such as sensor networks. We argue that this
approach is more suitable for object tracking in sensor
networks because it evenly spreads the updates over the
whole network without being limited to a particular net-
work topology. We support our argument with extensive
simulations.

1. Introduction

With the technological improvements of the recent
years, large wireless sensor networks (WSN) are about
to be widely used. Major applications will be remote
monitoring, event detection, and object tracking. In the
latter case, typically a centralized instance such as a
monitoring console needs timely information about the
location of one or multiple objects that move through
the WSN.

For the purpose of this paper we distinguish between
sensor nodes and tracked objects, assuming that the
tracked objects are even more resource-limited than the
sensor nodes. One may think of the tracked objects as
being tagged with radio frequency identification (RFID)
tags or small W-LAN tags. We call the sensor node
that needs the information about the tracked object the

inquirer or sink, and the sensor node which contains the
requested location information about the tracked object
the source.

For example, a researcher may want to track the wild
deers living in a large national park. She might want to
do so in real-time and be able to locate any individual
at any instant in time. But she will typically only
request the location of a few deers at once. The deers
might have preferred places and typical times to move
between these places. They might move individually or
in herds. Many other such applications are conceivable,
including commercially relevant applications such as
asset tracking, and applications to national security.

Furthermore, we assume the WSN to be potentially
supported by some additional links based on tech-
nologies such as Wireless LAN, Ethernet, or WiMax.
For example, RFID detection points could be placed
along the trails in the park and connected via W-LAN
and Ethernet if applicable. Wire-line shortcuts can
circumvent the general capacity problems in WSNs
and enable the researcher to monitor a large area. In
commercial applications this scenario maps to urban
mesh networks and large company networks.

Unlike other WSN applications where static inter-
est patterns can be established in the network, object
tracking has to cope with the uncertainties of mobility.
Depending on the object mobility scenario and the
request patterns this can lead to severe scalability issues:

Let us for example consider the straightforward pull
approach where the sink floods the network with a
request message whenever it needs the location data of
a particular object. A sensor node that receives such
a request will answer with the location data for the
requested object. Clearly, such an approach does not
scale to frequent location requests in large networks.

An alternative straightforward approach is pushing
the location information to a central location registry.
The inquirer can then retrieve the data it needs directly
from the registry without flooding the network. Clearly,
the push approach does not scale either. In particular,
it is not suited for large networks with many highly
mobile objects: Whenever an object moves from the
vicinity of one sensor node to that of another sensor
node these nodes would have to send an update. Even
worse, many of the updates would be overwritten in1-4244-1455-5/07/$25.00 c© 2007 IEEE



the registry without having been read by the monitoring
application. But in our assumed scenario the publishing
nodes cannot know which data might be requested.
So they have to publish permanently all the data.
Increasing the intervals with which the sensor nodes
update the registry is no help because this would reduce
the timeliness of the data that happens to be requested.

Several variations of the basic push and pull ap-
proach have been studied (cf. sec. 2). Most notably,
geographic hash tables (GHT) avoid the problems of
traffic concentration at some centralized node. There, a
sensor node that detects an object entering or leaving its
vicinity sends an update to another sensor node whose
address is determined by hashing the detected object’s
unique ID to the geographic area covered by the WSN.
Thereby all the update events in the network are uni-
formly distributed over the network. Geographic routing
such as greedy perimeter stateless routing (GPSR) then
efficiently sends the update information to the node that
is closest to the position obtained from hashing.

However, GHTs are not suitable for our scenario:
A GHT with GPSR typically assumes a WSN where
all nodes are evenly spread over a 2-dimensional area
of fixed size. They cannot easily cope with irregular
network areas, largely varying node densities, or an
extension of the covered area (at a later stage during the
operation of the network). For example, a GHT using
a hash function that uniformly distributes data over
the network area may overload nodes in very sparsely
populated areas. Due to the particular properties of
GPSR they are ignorant of potential shortcuts in the
network topology, too.

Therefore, we propose to use a DHT-inspired routing
protocol such as SSR which provides key based routing.
Like with GHT, a sensor node that detects an object
entering or leaving its vicinity sends an update to
another sensor node. Unlike a GHT this sensor node
is determined by hashing the object’s unique ID to the
address space of the sensor network. Thereby all the
update events in the network are uniformly distributed
in the whole network regardless of the area’s shape,
actual size, and potential variations in the node density.
Furthermore, this approach can benefit from shortcuts
through the network, for example, wired W-LAN access
points.

This paper is structured as follows: In section 2, we
give a brief overview of relevant data dissemination and
object tracking protocols. section 3 details our proposal.
section 4 demonstrates the performance improvement
that is gained by adoption of the SSR protocol. Finally,
section 5 concludes this paper with an outlook to future
work.

2. Related Work

The main purpose of sensor networks is collection
or dissemination of sensed information. To this end, a
large number of sensor network protocols have been
proposed in recent years. Most of these protocols use
flooding techniques to disseminate the data itself, or
to build up the required control information for data
dissemination (similar to route discovery). One of the
first data dissemination protocols is SPIN [1]. It focuses
on efficient dissemination that delivers an individual
sensor’s observation to all the sensors in the network.
SPIN uses meta-data to avoid the transmission of re-
dundant data. Directed Diffusion [2], TAG [3], and
COUGAR [4] use a data-centric naming approach to
enable intelligent in-network data aggregation in order
to enhance energy efficiency and scalability. GRAB [5]
uses mesh forwarding to ensure a high data delivery
rate.

All the above mentioned protocols target efficient
data dissemination to stationary sinks. Protocols such as
TTDD [6], EDDA [7] and SAFE [8] address the case
of mobile sinks. TTDD constructs grid networks for
each data source. Sources disseminate data through grid
nodes to the mobile sinks. Disseminating the data along
the grid structure can increase path length by a factor of√

2. Moreover, maintaining a grid structure per source
causes considerable overhead. EDDA is an enhanced
TTDD protocol. In EDDA, sources that have the same
data type share a single grid structure to disseminate
data. Even though EDDA uses unicast instead of flood-
ing, which is used by TTDD, the construction and main-
tenance of a grid structure in large scale wireless sensor
networks still waste a considerable amount of network
resources. SAFE uses geographically limited flooding to
forward queries to the source. Using flooding in large
scale sensor networks causes high traffic load and in
turn leads to high power consumption.

The work mentioned above focuses on data dis-
semination in a certain destination region, but is not
necessarily well suited for object tracking within the
whole sensor domain.

While an optimized flooding algorithm could be used
in the sensor network, e.g., using the MPRs in OLSR [9]
to flood, the improvement compared to normal flooding
is limited. Especially for a large sensor network, any
form of flooding is a huge waste of resource.

To avoid flooding of queries in sensor networks,
Data-Centric Storage (DCS) was introduced in [10]. In
this approach, observations (sensed data) are stored in
selected nodes of the WSN, called data-centric nodes.
These nodes are responsible for storing and retrieving
sensed data. All sensor nodes as well as all sink nodes
are aware of the information of data-centric nodes.
Therefore, flooding is not necessary for sending or



querying data.
One of the first approaches that uses a Data-Centric

Storage mechanism is the Geographic Hash Table
(GHT) [11]. In a GHT, observations are mapped to
the locations of data centric nodes in the monitoring
area. Sensors will use the GHT to get the location
of the nearest data centric node, where the sensed
information will be sent to. A sink node interested in
some specific data uses the GHT to get the location of
the corresponding data centric node that has the required
information, and then the sink node will send a query
directly to that node to retrieve the data.

GHTs combine geographic routing with ideas from
distributed hash tables (DHT) in a manner similar to
content addressable networks (CAN) [12]. One of the
key advantages of geographic routing is that the nodes
do not have to maintain routes but only need to know
their physical locations and the physical locations of
their neighbors. Packets are then greedily forwarded
in the direction of the destination’s physical location.
An example of geographic routing protocols is Greedy
Perimeter Stateless Routing (GPSR) [13].

For practical purposes, geographic routing requires a
location service for mapping the location-independent
address of a node to its current geographic coordinate
(e.g., Grid Location Service [14]). Furthermore, greedy
geographic routing may require planarization of the
underlying network graph for efficient recovery from
dead-ends. Location service and planarization not only
create overhead, but are also unsuitable for our scenario
where potentially additional wired links provide high-
speed shortcuts.

For these reasons, as well as the problem of GHTs to
cope with uneven node distribution, we propose to mod-
ify the GHT approach by using DHT-inspired routing
at the network layer. This allows to tightly integrate the
data storage and retrieval with the underlying routing
protocol.

First ideas about using DHTs (or more cor-
rectly structured peer-to-peer protocols) for routing in
MANETs have been proposed independently by several
groups. DPSR [15] is a cross-layer approach for using
the structured peer-to-peer overlay Pastry [16] as a
network-layer routing protocol. It integrates Pastry with
dynamic source routing (DSR). DPSR addresses nodes
by fixed identifiers. The Ekta protocol [17] enhances
DPSR with an indirect routing primitive. Both protocols
use flooding to discover routes.

Scalable source routing (SSR) [18] [19] combines
source routing with the Chord overlay [20]. It equips
nodes with a small, limited size cache that holds source
routes which can then be used in a Chord-like man-
ner. SSR uses an iterative mechanism to bootstrap the
caches and thereby avoids flooding. Recently, a similar
approach has been proposed: Virtual ring routing (VRR)

[21]. Contrary to SSR it does not use source routes but
builds state along the paths. Thereby VRR trades off
header size and state in the nodes along the paths.

All the latter approaches provide indirect routing. As
GHTs have demonstrated, this can serve as a basis for
efficient object tracking systems. We describe indirect
routing and in particular SSR in more detail in the next
section.

3. Scalable Source Routing

3.1. Indirect Routing

Indirect routing decouples packet addresses from
the network nodes. Nodes send packets to abstract
destinations that the routing protocol maps to a concrete
node. This level of indirection enables data-centric
communication where packet addresses identify data
objects instead of nodes.

Structured P2P networks like Chord enable indirect
routing through an overlay at the application layer. The
protocols assume a network-layer routing protocol to
provide connectivity among the overlay nodes.

Chord creates a virtual address space that is coopera-
tively managed by all nodes participating in the overlay
network. A node A manages all data objects whose
addresses fall between A’s address and the address
of the node B whose address is the smallest of all
nodes with addresses larger than A’s. Node B is called
A’s successor and consequently, node A is node B’s
predecessor.

For correct routing in the overlay it is both a
sufficient and a necessary condition that each node
knows its correct successor. Thus, the structure of the
overlay is a ring that is formed by the nodes and
their pointers to the respective successors. Nodes route
packets by forwarding them in increasing direction of
the address space until the distance between the address
of the current node and the address of the data object
cannot be minimized any further. If the network is
inconsistent—i.e., if some nodes do not know their
correct successors—requests for data objects may get
delivered to nodes that have no knowledge of the
requested objects.

Besides the successor, Chord nodes store the ad-
dresses of O(log n) additional nodes at exponentially
spaced distances to reduce the average request path
length from O(n) to O(log n), where n is the size of
the network. By choosing physically close nodes for the
additional state, the total physical lookup path length
is a constant factor longer than the shortest possible
length [22].



3.2. DHT-Inspired Network Routing

Scalable source routing (SSR) provides indirect rout-
ing at the network layer. It integrates source routing
with Chord-like routing in an address space that has the
structure of a virtual ring. Nodes have unique addresses
such as MAC addresses. Preferably these addresses are
uniformly distributed over the address space. In case
of MAC addresses this can be achieved by hashing the
MAC address into the SSR address space.

In contrast to well-known link-state and distance-
vector routing protocols, SSR does not maintain state
information for all destinations in the network. A node’s
forwarding information base (FIB) must only contain
the node’s physical neighbors and source routes to the
node’s virtual neighbors in the address space. Physical
neighbors are discovered by a link layer mechanism or
hello beacons. Source routes to virtual neighbors are
constructed by an iterative mechanism (see below). All
remaining space in the FIB can be used for opportunis-
tically cached information. We call the FIB route cache
because it stores source routes using a least-recently-
used (LRU) policy. One can think of the route cache to
be organized as a tree of nodes so that the respective
node (the root node) can retrieve a source route to
any of the cached nodes. Typically a small route cache
containing only 256 entries suffices even for very large
networks of several 100 000s of nodes.

SSR uses two distance metrics for its forwarding
decisions: The physical distance of two nodes A and
B in hops, that is the length of a source route between
A and B; and the virtual distance of two nodes, that is
the absolute value of the numerical difference between
the nodes’ addresses. Other physical metrics such as
latency, throughput, or monetary cost are also possible,
but not discussed in this brief overview here.

SSR packets contain a source address, a destination
address, and a source route. The included source route
does not have to span the entire path from the source
to the packet’s destination. It could end at some inter-
mediate destination. In that case, this intermediate node
(i.e., the last node contained in the source route) tries
to append a source route from its local cache. It will
append the source route to the packet’s final destination,
if it has cached it. Otherwise it appends a source route
to another intermediate node.

Assume an intermediate node Ik or the packet’s
source S = I0 has to choose the next intermediate node
Ik+1. It does this so that

• Ik+1 is virtually closer to the packet’s final desti-
nation D than Ik, and

• Ik+1 is physically closest to Ik among all its
cached nodes satisfying the first condition, and

• Ik+1 is virtually closest to D if the selection has
not yet yielded a unique Ik+1.

Fig. 1. Illustration of the routing process

This process of forwarding along the source route
and appending a new source route is continued until
the packet has reached its final destination. Note that
by construction this process is guaranteed to succeed
at the node that is virtually closest to the destination
address because in a consistent network nodes will have
a source route to their virtual neighbors.

Figure 1 illustrates this with an example. Assume
node 1 wants to send a packet to node 42. The packet
is first forwarded to node 17 because that node is
physically closest to node 1. Node 17 is preferred over
node 13 since 17 is virtually closer to 42 than 13 is. For
the same reasons, node 17 forwards the packet to node
32. Node 32 forwards the packet to its successor, node
39, which in turn forwards the packet its successor that
coincides with the destination, node 42.

The forwarding process corresponds to appending a
source route. To this end, there is an appending flag
in the SSR packet header. The receiver node 42 knows
that node 1 doesn’t have a direct route to it via this
flag, and sends a route update message to node 1. This
causes node 1 to send the packet directly to it the next
time, resulting in a 6-hop route, just 1 hop longer than
the optimal route.

Clearly, consistent operation requires all nodes to
have source routes to their virtual neighbors. These can
always be obtained by an iterative mechanism even
when all nodes bootstrap simultaneously. We briefly
summarize this mechanism [23] here. Unlike many
other ad-hoc routing protocols such as ad-hoc on de-
mand vector routing (AODV) or beacon vector routing
(BVR) SSR’s mechanism does not require any flooding.
It is thus also suited for large networks.

Upon bootstrapping, a node N discovers its physical
neighbors Pi. If {P} is not empty, at least one of these
neighbors will bear an address Pi < N (assumed left
virtual neighbor), or at least one will bear an address
P ′

i > N (assumed right virtual neighbor). If @Pk such
that Pi < Pk < N , Pi is an assumed direct left
neighbor.

Assume without loss of generality that Pi is an
assumed direct left neighbor of N . Then N sends Pi a
message indicating N ’s presence and the assumed direct



neighborship. If Pi happens to know (a source route to)
another node N ′ so that Pi < N ′ < N it replies with a
message indicating N ′’s presence to N . This message
also contains a corresponding source route so that N
can enter N ′ into its cache.

This procedure is continued until no new nodes
are discovered. It can be shown that in static, reliable
networks this algorithm is guaranteed to converge into
the globally correct state. In dynamic networks or in
presence of packet loss (partial) convergence is still
(highly) likely when the neighborship indications are
always piggy backed onto the payload traffic in the
network.

Theoretical arguments indicate that this iterative pro-
cess converges in O(log N) in almost every random
graph [24]. This is supported by simulation results.
Note further that once the network is operational, newly
joining nodes can be integrated in O(1) by sending
an integration request to the node that has so far been
responsible for the joining node’s address.

Summarizing this brief introduction into SSR we
can conclude that SSR is a suitable indirect routing
mechanism to form the basis for our object tracking
scenario: It provides key based routing directly in the
network layer. Nodes do not need to hold large FIB’s,
small route caches suffice. SSR does not assume any
topology in the network so that unlike geographic hash
tables our SSR-based approach can operate in arbitrarily
shaped areas with regionally varying node density. If
available, it can also benefit from additional network
links overlaid over the WSN.

4. Performance Evaluation

In this section, we compare the performance of a
location tracking mechanism based on SSR with the
performance of a flooding based query scheme and that
of sending periodic updates to a central node.

4.1. Scenarios

For our scenario we investigate a sparse regular
network. This is the usual scenario for such evaluations
because it allows to cover a large sensor network
area with few sensing devices and also reduces mutual
interference between nodes. We chose the OMNET [25]
simulation framework for the performance evaluation
because of its good scalability, which allows simulation
of large networks. We have further built wrappers for
the 802.11 MAC and AODV-UU [26] modules from ns-
2 and integrated them into OMNET. For this reason, our
simulation results are comparable to simulations with
ns-2, the most widely used network simulator.

We use a grid network topology, where each node
has 4 physical neighbors in its receive range and 4

additional neighbors in its interference range (except
for nodes at the border of the network). Specifically,
the distance between two neighbor nodes is 50 meters.
Transmit power is set such that the receive range (or
transmit range) is approximately 55 meters, and the
interference range (or carrier sense range) is 75 meters
(i.e., slightly larger than 50

√
2). Nodes communicate

via an 802.11 MAC protocol.1

In all experiments, there is one data sink through
which the requests are sent. In each simulation run it
is randomly chosen among the nodes. Mobile objects
move within the network area and the actual appearance
of objects within the sensing range of a sensor node will
be detected as an event by that node. Such events are
reported either proactively by routing the information
to a data collection node (update case), or the data
remains at the node where the event occurred and
tracking an object then requires flooding the network
to find the most recent event pertaining to a specific
object (request case). These simple mechanisms are
compared against using SSR to distribute the objects’
information to nodes that match the hash of the object’s
identifier (i.e., the object’s virtual SSR address), which
is a combination of the request and update case.2

The requirements for the timeliness and accuracy of
the location information, as well as distribution and rate
of requests for objects largely depend on the specific
application (as for example in wild-life tracking vs.
battlefield scenarios). We therefore investigate various
different request rates and analyze the age of the ob-
tained information. A single request packet can be used
to query for the location of several objects. Similarly,
some application may want to recover the history of the
past locations of an object, in which case not the most
recent event for that object, but all events for that object
(for a given time period) should be sent back. Thus, in
the request case, a single flooding can cause multiple
replies to be sent back to the sink. The number of reply
packets triggered by one request packet is called reply
rate.

In the update case, updates are sent to the sink in
individual packets. Routes are set up using AODV-UU,
whose active route timeout is set large enough to avoid
unnecessary route discovery. An update packet is gener-
ated and sent to the sink as soon as the sensor detects the
occurrence of any object detection event. Since the sink
receives all the information of objects detected by every

1We use the usual simple unit disc graph model, where a packet
received from within the receive range does not have bit errors, while
a packet from outside the receive range but inside interference range
is always corrupted. Packets from nodes farther than the interference
range are not detected.

2We note that a GHT can also obtain good performance in such
a 2D-grid scenario. However, due to the shortcomings of GHTs as
stated in sec. 1 and sec. 2, e.g., GHT being infeasible for irregularly
shaped areas or variation of the node density, we omit a comparison
with a GHT.



sensor, no request packets are required. The number
of update packets generated in the network per second
is called update rate. Similar to the request rate, the
update rate may vary heavily in the different scenarios
depending on node density as well as the mobility of
tracked objects. Given that we assume random object
mobility, it is safe to assume that detection events occur
uniformly distributed over time and space.

In the SSR case, both request packets and update
packets exist. Update packets will be delivered to the
responsible node of the detected object. Each object
in the network has a responsible node to store the
object’s information, and to provide this information
when requested. In contrast to the request case above,
request packets are not flooded but sent directly to the
responsible node.

4.2. Metrics

For the performance comparison of the different
approaches, the following metrics are used:

• Success rate R (request, reply / update): for the re-
quest case and SSR, the success rates corresponds
to the percentage of replies that arrive back at the
inquirer. This implies, that the request reached at
least one node that stored the required information,
and that the reply packet was not lost along the
return path. For the update case, the success rate
corresponds to the percentage of updates that arrive
at the central sink node.

• Delay D (request, reply / update): for the request
case and SSR, this is the delay between sending the
request and receiving the reply (i.e., approximately
twice the average packet delay of an end-to-end
path). For the update case, this is the delay between
the transmission of the update (when the event
occurred) and its arrival at the central sink node.

If information that is distributed over the network
is requested by a user, two factors are important: 1)
the availability of the information, which is represented
by the success rate and 2) the time needed to get
the answer, which is influenced by the delay. In the
following experiments, we will study success rate and
delay for each scenario. To facilitate the performance
comparison of the protocols, we say that the network is
saturated if the delivery ratio is less than 90% and the
delivery delay is larger than 300 ms.

4.3. Request Flooding Case

In the request flooding scenario, the inquirer sends
the request packets to all of its physical neighbors,
who will forward the request further to their neighbors.
Here, we vary not only the request rate but also the
reply rate (i.e., the number of replies sent back for a

single request). From Fig. 2(a), we can observe that the
success rate decreases below 90% at a request rate of 8
when the reply rate is below 20. For higher reply rates,
the inquiry success rate drops earlier at a request rate
of 5.

Fig. 2(d) depicts the reply delay of flooding under
different scenarios. When the reply rate is low, the reply
delay is below or around 100 ms and thus well below
our margin of 300 ms. For a reply rate of 40, the delay
satisfies the unsaturated condition only at request rates
below 6.

In the simulation of the request flooding case with
400 nodes (not depicted in the graphs), we find that the
performance results are very similar to the result in 100
nodes. The difference of the curves is negligible. The
traffic “density” per area only depends on the request
rate, no matter how large the network is (assuming a
constant node density). Thus, in the 400 node case, we
mainly see a slight increase in the reply delay due to
the increase in path length.

4.4. Update Case

The update case is a very common approach for sen-
sor data collection scenarios. Each node sends an update
packet to the sink when a new event is detected, or
several events are detected in an interval. Such updates
ensure that the information is fresh, and the request
rate has basically no impact on the performance, since
it only applies to the central sink. In this experiment,
we use AODV as routing protocol for the nodes to send
updates to the sink.

When events occur very frequently, the paths to
the sink may be overloaded by the large amount of
update packets. However, many of them may be not
even needed. The network capacity around the sink is
eventually the bottleneck, where many of the update
packets will be dropped.

As shown in Fig. 3(a), when the update rate is above
225 packets/second, the update success rate will drop to
90% in the 100 node scenario. In case of 400 nodes, the
update rate is limited to 175 packets/second to achieve
an update success rate above 90%. Fig. 3(c) shows that
in these two scenarios of 100 nodes and 400 nodes, the
delay exceeds 300 ms when the update rate is higher
than 225 and 200 packets/second respectively.

From Fig. 3(a), we observe that when the net-
work size increases from 100 nodes to 400 nodes, the
permitted update rate decreases. To keep the update
success rate above 90%, the permitted update rate is
reduced from 225 to 200 packets/second. The reason for
this is that the AODV protocol needs to deliver more
RREQs (route request messages) to find the route from
sensors to the sink. These additional flooding messages
exacerbate the traffic concentration at the sink node
(which is the only bottleneck in the update case).
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(a) Request flooding (100 nodes)
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(c) SSR(400 nodes)
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Fig. 2. Performance comparison between SSR and flooding with 100 nodes and 400 nodes

4.5. SSR Case

For the SSR case, the update packets are distributed
over the whole network, which avoids this traffic con-
centration around the sink. Information is only delivered
to the sink upon a request.

To ensure an even distribution of updates, we give
each node a fixed address, and select a hash function
that maps all the objects’ IDs uniformly to these node
addresses. For the simulations we proceed as follows:
the node addresses and the object IDs are selected
uniformly at random from the same range, and the hash
function maps the object ID to the node, whose address
is the closest to its ID. However, any hash function that
distributes object IDs sufficiently uniformly is suitable.
In SSR, nodes can have arbitrary addresses, which
makes the selection of a suitable hash function easier
than with a GHT, where the hash function might have
to account for specific properties of the underlying
topology. This provides flexibility to add new sensors to
the network, or to remove some defective sensor without
having to modify the hash function.

For ease of presentation we only consider a reply rate
of 1. Since the information about one object will always
be stored on the same sensor node, multiple replies
would only be necessary to obtain a longer history of
object movements, or to continuously track the object’s
position for a certain period of time. Of course, queries
for different objects have to be sent separately to the
corresponding nodes.

We first discuss SSR in comparison to flooding of
requests. As shown in Fig. 2(b) and Fig. 2(e), when the

update rate is less than 250 packets/second, the inquiry
success rate is always larger than 90%, and the delay
is mostly less than 300ms, despite the increment of
the request rate. If the update rate is larger than 250,
the network is considered saturated either because of
a low success rate or too high delay. In the 100 node
scenario, the delay of SSR can even exceed the delay
for flooding in case of extremely high update rates.
For 400 nodes, Fig. 2(c) and Fig. 2(f) show that the
network is not saturated even with a high update rate of
400 packets/second, w.r.t. both success rate and delay.
Again, performance is higher due the better distribution
of traffic load. (Note: Although the average path length
in the 400-node scenario is doubled, the node number
is however quadrupled; therefore, the traffic per node is
actually halved and media contention is consequently
reduced.)

We now investigate SSR for different update rates
and compare it to the AODV-based update case. Fig. 3
shows success rate and delay for this case. As expected,
the results for SSR are similar to those observed in the
request case: approximately 250 updates/second with
100 nodes and 400 updates/second with 400 nodes can
be supported. Again, we can see an improvement in
performance for the 400 node scenario. The delay is
smaller than that of the 100 node network in case of
a high update rate, as shown in Fig. 3(d). The lower
concentration of traffic outweighs the increase in path
length. In contrast, the update delay in the 400 node
network is larger than that in the 100 node network for
small update rates. Here, the traffic load does not play
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Fig. 3. Performance comparison between SSR and the update case with 100 and 400 nodes

a significant role and the delay reduction due to the
shorter routes in the 100 node network is visible.

Because request packets, reply packets, and update
packets in SSR are all unicast packets, and one or
both communication end points for these packets are
random, the end-to-end delay for these packets is rel-
atively similar. Since request packets originate at the
sink and reply packets are delivered only to the sink,
the traffic concentration (and packet lose rate) can be
slightly higher in that area, but this difference is almost
negligible.

4.6. Bootstrapping and Resistance to
Churn

We also simulated node failures on a 100 node grid
network with SSR. In this scenario, a fraction f of the
nodes will fail at a random time instant during the 10
minutes of simulated time. As is shown in Fig. 4, the
packet delivery ratio decreases as the node failure rate
increases. We observe that even at the high node failure
rates (20%), the delivery ratio of the overall network is
still satisfactory (86%). Since SSR is a DHT-inspired
routing protocol, the packets delivered to the failed node
will actually arrive on its virtual neighbor, and if we
allow the virtual neighbor to respond these packets,
the request delivery ratio is even higher (more than
96%). This property demonstrates the stability of the
SSR network.

4.7. Summary of Results

Request flooding: Since in the flooding case, sen-
sors store the information only locally, it supports an
unlimited update rate. The request rate should be less
than 9 packets/second, under the assumption that the
number of reply packets required by the application is
not very high (below 20).

Updates: All the information is stored at the sink,
supporting an unlimited request rate. Updating works
well (according to our criteria of 90% success rate and
less than 300 ms delay) when the update rate is less
than 200 updates/second with 100 nodes. This limit
decreases with an increase in network size.

SSR: The performance of SSR for object tracking
is determined by the specific combination of update
rate and request rate. It outperforms request flooding for
update rates smaller than 250 (or 400) and the update
case for all request rates we investigated (max. 40). Fur-
thermore, the maximum supported update rate increases
when the network size increases, hence adapting SSR
in object tracking is a scalable solution.

5. Conclusions

In this paper, we studied the suitability of indirect
routing for object tracking sensor applications, using the
example of SSR. It performs much better than flooding
of requests for objects or routing of updates to a central
entity for reasonable (intermediate) update and request
rates. This is possible without some of the disadvantages
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of GHTs, which otherwise have properties similar to our
solution. In particular, we are more flexible with regard
to the network topologies that are well supported by the
protocol.

A particularly intriguing feature of SSR is the fact
that it directly supports information storage through key
based routing. This is likely to result in a more efficient
architecture than having the P2P storage mechanism and
wireless routing protocol as separate modules.

SSR was shown to be a highly scalable routing
solution [19]. Together with the desirable property of
distributing update traffic very evenly in a large net-
work, this allows object tracking even for very large
sensor deployments. In the simulations we investigated
networks of up to 400 nodes and observed that the larger
network even outperformed the smaller one. Moreover,
since SSR is a self-organizing protocol, it can recover
from node or route failures in a short period of time,
which results in a stable overall network.
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