nodal mobility. (1) Network with Static Sensors. The brst between sensor and sink, and thus inefpcient. In addition,
type of DTN-based sensor networks are static. Due tosaveral erasure coding based data forwarding schemes have
limited transmission range and battery power, the sensors been proposed in [15], [16], in order to address the tradeoff
loosely connected to each other and may be isolated from thetween delivery ratio/delay and overhead.

network frequently. For example, the Ad hoc Seismic Array DTN technology has also been employed in mobile ad
developed at the Center for Embedded Networked Sensimgc networks. A Context-Aware Routing (CAR) algorithm is
(CENS) employs seismic stations (i.e., sensors) with largeoposed in [17] to provide asynchronous communication in
storage space and enables store and forward of bundles vpifintially-connected mobile ad hoc networks. In [18], the au-
custody transfer between intermediate hops [6]. In [7], wirele#isors consider highly mobile nodes that are interconnected via
sensor networks are deployed for habitat monitoring, whengreless links. Such a network can be used as a transit network
the sensor network is accessible and controllable by the usersonnect other disjoint ad-hoc networks. Five opportunistic
through the Internet. The SeNDT (Sensor Networking witforwarding schemes are studied and compared therein. Ref.
Delay Tolerance) project targets at developing a proof-oft9] proposes a Message Ferrying (MF) approach for sparse
concept sensor network for lake water quality monitoringnobile ad hoc networks, where network partitions can last
where the radio connecting sensors are mostly turned off far a signibcant period. The basic idea is to introduce deter-
save power, thus forming a loosely connected DTN networkinistic nodal movement and exploit such non-randomness to
[8]. DTN/SN focuses on the deployment of sensor networkelp data delivery. In PROPHET [20], each node maintains a
that are inter-operable with the Internet protocols [9]. Ref. [1@elivery predictability vector, which indicates its likelihood to
proposes to employ the DTN architecture to mitigate commmeet other nodes. The messages can then be forwarded from
nication interruptions and provide reliable data communicatighe low-predictability nodes to the high-predictability nodes.
across heterogeneous, failure-prone networks. N&jwork This simple approach may result in high overhead due to the
with Managed Mobile Nodes. In the second category, mobility maintenance of delivery predictability vector and the excessive
is introduced to a few special nodes to improve networkessage copies generated during forwarding. Ref. [21] studies
connectivity. For example, the Data Mule approach is propost#te human mobility patterns. It reveals that some nodes are
in [11] to collect sensor data in sparse sensor networks, whemere likely to meet with each other so that the network may be
a mobile entity called data mule receives data from the nearbgtter described by a community model. Ref. [22] studies the
sensors, temporarily store them, and drops off the data to 8wriological movement pattern of mobile users and proposes
access points. This approach can substantially save the energeries of sociological orbit based routing protocols.
consumption of the sensors as they only transmit over a short
range, and at the same time enhance the serving range of the
sensor network. (3)letwork with Mobile Sensors. While all of We brst study two basic approaches and analyze their
the above delay-tolerant sensor networks center at static serggformance. Without loss of generality, we consider a net-
nodes, ZebraNet [12] employs the mobile sensors to suppadrk that consists oN sensors and sink nodes uniformly
wildlife tracking for biology research. The ZebraNet projectiistributed in an area of 4 1. We assume that a sensor or
targets at building a position-aware and power-aware wirelessink has a bxed radio transmission range, forming a radio
communication system. A history-based approach is proposesierage area denoted lay(a 1). We debne thaervice

for routing, where the routing decision is made according trea of a sink node to be its radio coverage area (ag.,The

the nodeOs past success rate of transmitting data packetst#b service area of all sink nodes in the network is denoted
the base station directly. When a sensor meets another serispiy (A< 1). Clearly,A= 1S (1S a)". Given the very short

the former transmits data packets to the latter if the lattesidio transmission range and the small number of sinks, the
has a higher success rate. This simple approach, howeypegbability that two or more sinks share an overlapped service
doesnOt guarantee any desired data delivery ratio. The Shared is low. ThuA= 1S (1S a)" na.

Wireless Info-Station (SWIM) system is proposed in [13], [14 . i o

for gathering biological information of radio-tagged whaled Basic Approach I: Direct Transmission

It is assumed in SWIM that the sensor nodes move randomlyThe Basic Approach | is a direct transmission scheme,
and thus every node has the same chance to meet the sinkvl#ere a sensor transmits directly to the sink nodes only. More
sensor node distributes a number of copies of a data packespecibcally, assume that the generated data message is inserted
other nodes so as to reach the desired data delivery probabiiityo a Prst come brst serve (FCFS) queue. Whenever the sensor
In many practical applications, however, different nodes mageets a sink, it transmits the data messages in its queue to the
have different probabilities to reach the sink, and thus SWIkInk. A sensor does not receive or transmit any data messages
may not work efbciently. Worst yet, some nodes may nevef other sensors.

meet the sink, resulting in failure of data delivery in SWIM. The sensors are usually activated and deactivated peri-
The pioneering work of ZebraNet and SWIM has motivateddically. For analytic tractability, we assume the sensorOs
our research on mobile sensor networks. At the same tinagtivation period to be an exponentially distributed random
we observe that the data transmission schemes employedidriable with a mean of . The sensor performs sensing and
ZebraNet and SWIM are based on direct contact probabiligyenerates one data message upon waking up in each period.

IIl. STUDIES OFTWO BASIC APPROACHES
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