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Abstract

A wireless sensor network (WSN) is a large-scale ad hoc
multi-hop network deployed (usually, at random) in a region
of interest for surveillance purpose. One of its fundamen-
tal tasks is to gather sensor readings from the sensory field
at data sinks. Research has shown that sensors near a sink
deplete their battery power faster than those far apart due
to the heavy overhead of relaying messages. Non-uniform
energy consumption causes degraded network performance
and shortened network lifetime. In this paper, we address
the problem of energy-efficient data collection by mobile ac-
tuators in delay-tolerant WSN. We present a taxonomy and
a comprehensive survey of state of the art on the topic.

1 Introduction

Wireless sensors are battery-powered sensing devices
that are able to communicate through radio frequency. Of-
tentimes, they are densely dropped at random in a large re-
gion of interest for object monitoring and target tracking.
Once deployed, they self-configurate into a connected wire-
less network and operate completely on their own. To min-
imize deployment budget, sensors are intentionally made
low in cost. They have very limited resources such as en-
ergy, memory, computation and communication capabili-
ties. Yet, they are expected to operate for long-term use.
Therefore, energy efficiency is of paramount importance in
such a wireless sensor network (WSN).

In WSN, sensor readings are transmitted to one or more
pre-defined data sinks for analysis and processing. The
main sensor-to-sink communication pattern is multi-hop
message relay, as most of sensors are out of the range of the
sink. Research [18, 20] has shown that, the closer to a sink a
sensor is, the faster its battery exhausts. It is because, com-
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pared with sensors far apart from a sink, nearby sensors are
shared by more data communication paths to the sink and
have heavier message relay load. According to [17, 30], by
the time when the one-hop neighboring sensors of a sink de-
plete their battery power, those farther away may still have
more than 90% of their initial energy.

Uneven energy depletion leads to degraded network per-
formance and shortened network lifetime. If sensors around
a sink all run of energy, the sink will be isolated from
the network; if all sinks are isolated, then entire network
fails. Since periodical manual replacement/recharge of sen-
sor batteries is often infeasible due to operational factors,
it is desired to minimize and balance energy usage among
sensors for network lifetime elongation purpose.

Power-aware routing [4, 23, 24] have been studied to
avoid energy-scarce sensors and achieve network lifetime
improvement. As indicated in [14, 20, 24], proper use of
multi-level transmission radii can also help save message
relay and balance energy consumption. It was as well sug-
gested to use non-uniform node distribution (i.e., the closer
an area is to a sink, the higher node density it has) to
mitigate message relay load and increase network lifetime
[17, 25, 31]. The first two approaches have limited effec-
tiveness since sensors around a sink are very likely to be
critical to sink connectivity and can not be skipped, while
the third approach reduces network sensing coverage, which
is the functional basis of any sensor network.

Recently, it was noticed that mobile date-collection actu-
ators (also called mobile sinks [3, 8, 19, 29], mobile routers
[11], mobile elements [7, 32], or data MULEs [22, 27])
can be used to improve network lifetime without bring-
ing above-mentioned negative impacts on the network. In
this paper, we draw attention to this research subject with
a particular interest in delay-tolerant WSN. We present a
taxonomy in Section 2 and review the literature in Sec-
tion 3 and 4. Finally, we conclude the paper in Section 5.
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2 Energy efficiency by actuator mobility

Actuator mobility may be classified as uncontrollable or
controllable in general. The former is usually obtained by
attaching an actuator node on some mobile entity such as
animal or shuttle bus, which already exists in the deploy-
ment environment and is out of control of the network. The
latter is achieved by intentionally adding a mobile entity
e.g., mobile robot or unmanned aerial vehicle, into the net-
work to carry the actuator node. In this case, the mobile en-
tity is an integral part of the network and can be fully con-
trolled by the network. Both uncontrollable mobility and
controllable mobility can be exploited for energy efficiency.

In delay-tolerant WSN for applications like habitat mon-
itoring and water quality monitoring, energy saving em-
braces a lot of possibilities. To maximize energy saving,
direct-contact data collection is the best option. In this ap-
proach, a mobile actuator visits (possibly at slow speed)
data sources and obtains data directly from them by one-
hop communication. It will physically carry collected data
to sink nodes if it itself is not sink. Because sensors do not
need to forward messages for each other, this approach min-
imizes energy usage among sensors for communication at
most. Its main concern is computation of best actuator tour
that covers all data sources and minimizes travel distance.

Direct-contact data collection has great advantage in en-
ergy saving. But it generates large data collection delay
because of the actuator’s low moving speed. Under this
circumstance, rendezvous-based data collection is brought
into attention to achieve trade off of energy consumption
and time delay. In this approach, data sources send data to a
subset of sensors called rendezvous points (RPs) by multi-
hop communication; an actuator moves around in the net-
work and retrieves data from encountered RPs. The use of
RPs enables the actuator to collect a large volume of data at
a time without traveling a long distance and thus decreases
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Figure 1. A taxonomy
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data collection latency. A solution algorithm focuses mainly
on how to select best RPs under different constraints.

Figure 1 depicts a taxonomy of mobile-actuator-based
data collection methods. At the top level of the taxon-
omy are direct-contact and rendezvous-based approaches.
The former is divided into four groups according to their
employed actuator tours; the latter is partitioned into three
classes by their employed RP selection methods.

3 Direct-contact data collection

3.1 Stochastic data collection trajectory

Shah et al. [22] considered stochastic actuator mobility
and proposed a simple data collection algorithm. In the pro-
posal, sensors buffer their measurements locally and wait
for the arrival of an actuator. Each actuator moves randomly
and collects data from encountered sensors. Because actua-
tor trajectory is random, there is not performance guarantee
on data collection delay.

In the case of stochastic actuator mobility, energy con-
sumption at sensor side is only due to actuator discovery
and subsequent data transfer. Assume that an actuator pe-
riodically broadcasts a beacon message while moving. It is
very expensive to detect actuator arrival by keeping listen-
ing to the beacon message. Chakrabarti et al. [5] shew that,
if actuators (e.g., shuttle buses) move along regular path,
then sensors can predict their arrival after being allowed a
learning curve for their movement pattern.

According to [1], message loss probability decreases
with increased sensor-to-actuator distance. If a sensor trans-
mits as soon as it discovers an actuator, data may not be de-
livered or may be delivered with many retrials, wasting en-
ergy. Suppose the actuator passes by sensors along straight
line. Anastasi et al. [2] proposed to start data transfer only
in the time interval with minimum message loss probability,
which is exactly around the minimum-distance point.

3.2 Map exploration for data collection

Li and Stojmenovic [16] considered controllable actua-
tor mobility and presented a map exploration method for
data collection in a bounded environment. The actuator is
assumed to have a communication radius not smaller than
sensor communication radius r.. It is able to detect obsta-
cles and boundaries of the environment. It does not know
the locations of sensors, and aims to explore the entire en-
vironment and obtain data from encountered sensors.

To reduce search space, actuator trajectory is restricted
to a virtual graph enclosed by the environment boundaries.
The graph is constructed in such a way that the aggregation
of all the discs of radius r. centered at each vertex covers
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Figure 2. Snake-like traversal

the entire environment. Boundary effect is ignored for sim-
plicity. A square grid tessellation of edge length v/2r, or
an equilateral triangle tessellation of edge length /37, is
suggested. By exploring such a graph, the actuator is guar-
anteed to be able to visit the communication range of every
sensor and collect data from it. The actuator has sufficient
memory to store the virtual graph. Now the data collection
problem is converted to graph traversal problem. One sug-
gested solution by the authors is depth first traversal (DFT)
[28]. They also proposed two new traversal methods, snake-
like traversal and boundary traversal.

In snake-like traversal, the four geographic directions,
i.e., North, West, South, and East, are assigned distinct
ranks, and the actuator moves step by step toward local open
direction with highest rank. At each movement step, it trav-
els a proper distance so that it stops exactly at a vertex in
the virtual graph. At each visited vertex, it discovers nearby
sensors and collects data from them. If the actuator’s move-
ment is obstructed (by an obstacle, or environment bound-
ary, or visited vertex) at a step, it chooses to move to the
direction of next highest rank. In the case of dead-end,
i.e., when no obstructed direction exists, the actuator moves
back to most recently visited vertex that is adjacent to an
unvisited vertex, and resume exploration from there. In the
course of backward movement, it travels along a shortest
path composed of visited vertices in the graph so as to avoid
obstacles.

Figure 2 illustrates the snake-like graph traversal method
over a square grid tessellation that is constructed within an
bounded area in potato shape. The area contains two obsta-
cles, shown as rectangular blocks in the figure. The actuator
starts from position S and travels in the order of preference
West > East > North > South. Its trajectory is marked
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Figure 3. Boundary traversal

by arrowed lines; its current position is indicated by a small
triangle. The four sub-figures show the four dead-end situ-
ations during the actuator’s course of graph traversal. Bro-
ken arrowed lines show which vertex and along which path
it moves back to in those situations. In Fig. 2(d), the actu-
ator stops moving or starts another round of traversal since
all vertices have been visited.

Boundary traversal simulates the process of potato peel-
ing. The actuator first moves toward an arbitrary direction
until it hits the boundary of the environment; then it travels
along the boundary of the unknown part of the environment
in one direction, i.e., either clockwise or counter-clockwise.
Every time when the actuator makes a circle along the un-
known area, a layer of unvisited vertices are “peeled” off.
As the number of unvisited vertices keeps decreasing, the
traversal process eventually terminates. The same recov-
ery technique for dead-end situation is used as in snake-like
traversal. Figure 3 illustrates this traversal method.

3.3 TSP tour for data collection

With controllable actuator mobility and knowledge of
sensor locations, data collection delay can be reduced by
properly selecting actuator trajectory. It is not difficult to
conclude optimal actuator mobility scheduling is generally
equivalent to the NP-complete Traveling Salesman Problem
(TSP) [13]. Informally, the TSP problem is: given a number
of cities (i.e., sensors), find the shortest tour that visits each
city exactly once and returns to the starting city.

For data collection purpose, it is sufficient that an actu-
ator visits the communication range (modeled as disc) of
a sensor instead of the sensor itself. From this considera-
tion, Nesamony et al. [19] formulated the actuator traveling



problem as a variant of TSP, known as Traveling Salesman
with Neighborhood (TSPN), where an actuator is required
to pass through the neighborhood of each sensor exactly
once. The authors presented an algorithm for finding the
best possible actuator tour. This algorithm first determines
the visiting order of the communication discs (ranges) of
sensors. In this process, some ordering constrains may ap-
ply. If there is not any constraint, then the most intuitive
way is to order the discs based on the TSP order of their rep-
resentative points. The representative point of a disc could
be selected respect to the geometric information of the disc
in the entire field. Then the algorithm computes a point set
as TSP input. The point set initially contains the starting
point of the actuator and the representative point from each
disc. The points in this set are updated in TSP order. Each
point is updated according to some policies with respect to
its two neighboring points, and the updated point is used
immediately for updating the next point. The actuator tour
defined by the new point set is guaranteed to have smaller
length than the old one. The point set is updated iteratively
in this way until the length of the tour stabilizes.

Sensors have different storage capacities. They need to
be visited according to their buffer limitation to avoid data
loss. Gu et al. [7] addressed the impact of sensor buffer
limitation on the TSP for actuator mobility and presented
a partitioning-based scheduling (PBS) algorithm. In this
algorithm, sensors are partitioned into groups, called bins,
By, By, - - -. The buffer overflow times of sensors in B; are
in the same range; the range of buffer overflow times for
bin B, is twice that of bin B;. Each bin is further geo-
graphically partitioned into sub-bins such that the sensors
in the same sub-bin are close to each other. The actuator
travels along a super-cycle composed of visit cycles of bins.
Each visit cycle includes exactly one sub-bin from each bin
in order, and it starts from the sensor with minimum buffer
overflow time in a sub-bin of B;. In each visit cycle, a sub-
bin in B; is followed by a closest sub-bin in B;;;. The
actuator mobility scheduling is then reduced to the classic
TSP problem in each sub-bin.

In the authors’ continuous work [6], an improved ver-
sion of PBS was presented to handle messages with dif-
ferent delivery deadline. Urgent messages do not wait for
actuator’s arrival; they are immediately relayed to nearby
sensors within a pre-determined number of hops that are
visited more frequently by the actuator. An iterative buffer
overflow time reduction phase is used to ensure all nodes to
be covered by the actuator tour without buffer overflow or
delivery deadline violation.

3.4 Label-covering tour for data collection

Sugihara and Gupta [26, 27] addressed actuator path se-
lection for minimizing data collection delay. They relaxed
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the requirement for exact one-time visit of the actuator to
each sensor’s communication range. The intuition is that,
the actuator’s travel time could be long if the length of the
intersection of its path and the communication range of each
sensor is short. Exact one-time visit may not always be a
winning strategy. On the contrary, multi-visits together with
proper speed control may yield a better solution.

The authors simplified the path selection problem by re-
ducing search space to a complete geographic graph, where
there are vertices at sensors’ locations. The actuator moves
in this graph along edges from vertex to vertex. Each edge
is associated with a cost and a set of labels. Cost is defined
as Euclidean length of the edge; the label set represents the
set of sensors whose communication ranges intersect with
this edge. The objective is to find a shortest (minimum-cost)
tour whose associated label set covers all sensors.

The authors proved that the shortest label-covering tour
problem is NP-hard, and presented an approximation algo-
rithm to solve it. The algorithm finds a TSP tour by any TSP
solver. Then, by dynamic programming, it finds the shortest
label-covering tour that can be obtained by applying short-
cutting to the TSP tour.

4 Rendezvous-based data collection
4.1 RP selection along fixed track

Kansal et al. [11] proposed to use a straight-line actuator
path for data collection. There is a single actuator in the net-
work. It moves along a straight line and broadcasts a beacon
while moving. A receiver node rebroadcasts the beacon if
and only if the beacon comes along a shortest path it has
seen. Then a number of minimum hop reporting trees are
established along the actuator path. This tree construction
process takes place only once.

The root of each reporting tree is a RP. Each sensor sends
it measurements along an upward path to the root of its re-
siding trees. When the actuator arrives in its neighborhood,
a RP sends its own data together with the data received from
its tree members to the actuator. Two motion control algo-
rithms were presented to adjust the speed of the actuator to
avoid data loss.

The authors considered multi-actuator scenarios in their
continuous work [10]. The sensory field is divided into
equal-sized areas, each with a single actuator. The single
actuator algorithm is run in each area. A load balancing
algorithm is executed by an elected actuator to ensure that
each actuator path be assigned the same number of sensors.

Xing et al. [32] considered the case that an actuator
moves along a fixed track of arbitrary shape. They assumed
that data aggregation is applied at sensor nodes and that the
total energy consumption for message transmission along a



multi-hop path is proportional to the Euclidean distance be-
tween sender and receiver. The objective is to select RPs
along the actuator track such that the total length of edges
that connect sources to RPs is minimized.

They presented a Minimum Spanning Tree (MST) [12]
based algorithm. In this algorithm, an optimal set of MSTs
that connect all sources to the actuator track is constructed
in the Euclidean domain. The set is optimal in that the total
length sum of its member MSTs is minimal. Note that each
individual MST is rooted at a point on the track, and it does
not always span all data sources. Since the MST set are
approximations of the optimal reporting trees in practice for
data gathering, the roots of the MSTs are taken as RPs.

4.2 RP selection along reporting tree

Xing et al. [33] studied RP selection along a geometric
tree that approximates the reporting tree (rooted at a static
base station) of data sources. RPs must be properly selected
so that, the length of the actuator tour is not larger than
the maximum distance that the actuator can travel within
a given data collection deadline. Both constrained and un-
constrained actuator mobility are considered.

A greedy algorithm was presented for actuator mobil-
ity constrained on the tree. Each tree edge is assigned a
weight, equal to the number of sources in the subtree rooted
at its upper end (the end toward the root). A sub-tree of to-
tal weight equal to half of the maximum travel distance is
constructed by greedily selecting edges of maximum weight
from the tree. A partial tree edge may be selected at last to
ensure exact total weight. The actuator tour is then deter-
mined by pre-order traversal of this sub-tree.

In the case that the actuator can move freely, the authors
presented a greedy heuristic algorithm. This algorithm adds
virtual nodes to the tree such that every tree edge is not
longer than a pre-defined value. It iteratively selects as RPs
the nodes with greatest utility, i.e., the nodes that will lead
to greatest ratio of energy saving to length increase of the
TSP tour of existing RPs. As new RPs are selected, already
selected RPs whose utility becomes zero are removed. The
selection process terminates when the maximum tour length
is reached, or when all data sources are included.

Xing et al. [32] studied the trade off of energy con-
sumption and communication delay by jointly optimizing
the selection of RPs, actuator trajectory, and data transmis-
sion routes. They presented a heuristic algorithm based on
Steiner Minimum Tree (SMT) [9]. A SMT of data sources
is constructed with an arbitrary data source as root. It has
minimum length and thus energy optimal for data commu-
nication. In this tree, internal nodes are either existing data
sources or Steiner points. Steiner points are added points
for decreasing the total length of connection. As SMT is
a lower bound of the optimal TSP tour of the sources, the
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algorithm selects RPs along it by a pre-order tree walk up
to half of the maximum distance that the actuator can travel
within a given data collection deadline.

4.3 RP selection by clustering

Rao and Biswas [21] presented a generic data collec-
tion framework without location information. In this frame-
work, a minimum k-hop dominating set is constructed.
Nodes in the dominating set are called navigation agents
(NA). Two adjacent NAs are at least £ + 1 and at most
2k + 1 hops away from each other. Each NA constructs
a minimum hop tree rooted at itself and spanning up to a
depth of 2k 4+ 1 hops. During tree construction, it identi-
fies adjacent NAs and meanwhile constructs shortest paths
to them. The nodes along such a shortest path are called
intermediate navigators (IN). They are used to navigate the
actuator to move between NAs.

NAs and INs constitute a connected overlay graph. An
existing distributed TSP algorithm is adopted to find an ac-
tuator tour of NAs over the overlay graph. This algorithm
enables each NA to know its next NA in the tour. Then the
actuator starts to move from an arbitrary location to discover
a local NA by listening to a hello message. Once the first
NA is discovered, it moves toward the NA according to the
received signal’s Direction of Arrival (DOA). Afterwards,
it travels along the actuator tour by following the DOA of
signal of intermediate nodes. The immediate neighbors of
a NA, called designated gateways (DG), are rendezvous
points. Sources send data toward the actuator tour using
NA-rooted trees. Data stops at the closest DG on its way.
Along its TSP tour, the actuator retrieves data from encoun-
ters NAs and their DGs.

5 Conclusions

A more detailed elaboration on the surveyed algorithms
in this paper can be found in [15]. These algorithms use dif-
ferent actuator mobility strategies and tackle the problem
from different aspects. Almost all of them are centralized
algorithms requiring full knowledge of the network. They
do not scale well and have very limited applicability in prac-
tice, because WSN are usually deployed at random and full
of dynamics (e.g., node failure and topological change). Fu-
ture research is expected to focus on practical solutions that
operate in decentralized or localized manner.

In current rendezvous-based data collection approaches,
rendezvous points (RPs) stay unchanged once selected. Due
to message relay overhead, uneven energy depletion will
appear around RPs as the network evolves, offsetting the
effectiveness of the algorithm for network lifetime elonga-
tion. Developing algorithms with dynamic RP selection will
be an interesting future research direction.
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