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Abstract - Wireless sensor networks (WSN) consist of many sensor nodes deployed in a large area for sensing the events
occurring in that environment. The main source of energy consumption in sensor networks is the data collection process.
Data collection should be done with minimum energy expenditure, latency and packet collision. Overcoming these issues is
a challenging task in WSN. This paper presents a survey of various techniques used for data collection with minimum
energy consumption.

Index Terms — Wireless sensor network, Clustering, Data collection, Mobile sink

. INTRODUCTION

Wireless sensor network has wide range of application in military [1, 2], home/industries, health [3], environmental monitoring
[4, 5] etc. Sensor nodes which are deployed in large areas will continuously monitor the events, collect the sensed data and
forward it to a central base station for further processing. Here the main problem is the limited power supply of sensor nodes.
Sensor nodes are equipped with a battery, which are not replaceable in some cases. The main source of energy consumption in
sensor network is the data transfer process. When the number of data transmissions reduce, energy saving will be more. During
the data transfer process, nodes which are near the sink will face high traffic load compared to other nodes. This leads to quick
energy dissipation in these nodes, resulting in the formation of energy holes. An analytical model for the energy hole problem is
developed in [6]. So minimizing the energy consumption while maintaining the delay requirements, packet delivery ratio etc. is a
challenging task in WSN. Many methods are proposed to solve these problems.

1. WIRELESS SENSOR NETWORK: OVERVIEW

Wireless sensor networks consist of large number of sensor nodes distributed in an area for monitoring physical or environmental
phenomenon. Basic components of wireless sensor networks are shown in Figure 1. The power source is a battery having limited
power supply. Transmission and reception of data by the radio transceivers results in large amount of energy expenditure in the
network.
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Figure 1 Wireless Sensor Network Components
If the data transmission is done in energy efficient way then the network lifetime can be improved. For efficient data transmission,
wireless networks adopt much architecture such as layered architecture, cluster based and mobile sink based architectures to solve
these problems.
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I11. ENERGY EFFICIENT DATA COLLECTION TECHNIQUES

Data collection should be done in an energy efficient way for improving the lifetime of the sensor network. Various methods for
energy efficient data collection are proposed, which includes clustering, data reduction, collision free algorithms, mobile relay
and mobile sink based methods.

Clustering Based Methods

Clustering techniques are widely adopted in wireless sensor networks since it helps to achieve high energy efficiency by selecting
the best suitable cluster heads for data aggregation. In [7], a clustering based data collection protocol is proposed, which is called
as LEACH (Low Energy Adaptive Clustering Hierarchy). This protocol is designed in such a way so as to minimize the total
energy consumption by distributing the traffic load among different nodes at different times. This is achieved by selecting cluster
heads and randomly rotating these cluster heads to evenly distribute the traffic load among all sensors. LEACH selects cluster
heads in a random manner and does not require any control information from the base station or knowledge of the network for its
operation. ALEACH (Advanced low energy adaptive clustering hierarchy) [8] is an advanced version of LEACH in which nodes
make autonomous decisions without any central intervention. An algorithm for rotating cluster heads for balancing the traffic load
is also proposed here. In [9], a single level clustering algorithm is described where the sensors join to each cluster heads on
receiving the advertisement from the cluster heads. A hierarchical clustering algorithm is also proposed here where more than one
level of clustering is done. Here the sensors first sense the data and send it to their corresponding level 1 cluster heads. Level 1
cluster heads will aggregate this data and forward it to level 2 cluster heads and so on. This distributed algorithm helps to reduce
the node’s energy consumption and to improve the network lifetime more than that of LEACH. In [10], HEED (hybrid energy
efficient distributed clustering) protocol is proposed. This is a cluster based protocol in which cluster head selection is done based
on the residual energy of the sensor nodes and the nodes join to the cluster heads in such a way so as to minimize the total
communication cost. Cluster head selection is done with more number of iteration and it terminates with uniform cluster head
distribution across the network. HEED also considers node density, intracluster and intercluster transmission ranges. Appropriate
bounds for each of these parameters are also calculated and with these bounds HEED provides better connectivity for the
network. In [11], an energy efficient clustering scheme (EECS) is proposed. EECS is similar to LEACH protocol. EECS operates
in four phases which are node deployment phase, cluster formation, cluster head election and data transfer phase. Each phase is
completed with the help of control messages. EECS selects cluster heads based on residual energy and it achieves better cluster
distribution without iterations. Traffic load is balanced among cluster heads based on distance based load distribution techniques.
In the cluster head election process the most suitable cluster head is selected with little control overhead and a weighted function
is used to construct traffic balanced clusters. In [12], an energy efficient data collection scheme for wireless sensor network based
on graph theory is proposed. Here the sensor network is modeled as a graph G (V, E) where V is the set of sensor nodes and E is
the set of edges connecting these sensor nodes. Here the cluster heads are selected from the center of the graphs. A hierarchical
clustering scheme is used here for data collection. This scheme mainly focuses on the reduction of hop count for data transmission
and thereby improves the energy savings. In [13], Time controlled clustering algorithm (TCCA) is proposed which uses the
rotating cluster head election for reducing the network wide energy consumption. Operation of TCCA is done in two phases,
cluster setup phase and steady state phase. Data collection, aggregation and data transfer occurs in steady state phase. Residual
energy of nodes is also taken into account for cluster head election. TCCA differs from other protocols because here the cluster
formation is controlled by TTL (Time to Live) messages. Message time stamp.is used to measure the distance between the nodes
and cluster heads so as to control the cluster size for collision free data transmission.

In [14] a new clustering mechanism, Unequal Cluster based Routing (UCR) is proposed. Previous methods of clustering
mainly consist of two phases which are cluster head selection and rotation of cluster heads for distributing the energy among
sensor nodes. These methods don’t consider the hot spot problem where in-the cluster heads near the base station get disconnected
from the network due to the heavy traffic load. In UCR, the clusters near the base station is selected with small sizes so that the
energy consumption for inter cluster communication can be reduced and the hot spot problem can be minimized. In [15], a cluster
formation protocol is proposed to achieve energy efficiency in WSN during data collection without compromising the application
specific quality. Here, randomized, adaptive and self-configuring clusters are formed with the selection of cluster heads for the
aggregation of data coming from other nodes. The main advantage of this method is that it uses the compression of data in cluster
heads for reducing the amount of data to be transferred to the base station. The energy required to transmit the consolidated data is
found to be less than that of the energy required to send the whole data. Simulation results show that this protocol achieves an
order of magnitude increase in system lifetime. In [16], a cluster based routing protocol that supports mobility of sensor nodes is
proposed. This protocol efficiently assigns unused time slots for each node and so it is called as traffic adaptive and mobility
adaptive. Simulation results show that this protocol improves energy usage and decreases the packet delivery ratio. In [17], a
combined cluster based and tree based protocol is used to improve the reduction of power dissipation in a wireless sensor
network. This protocol operates in three phases which are clustering phase, constructing cluster based tree and data gathering
phase. Cluster head is selected from the center of each cluster and the minimum spanning trees are constructed for data
transmission in an energy efficient way. Every node transmits the gathered data to upper level nodes until it reaches the sink. This
method reduced the power consumption on avoiding direct communication between the sink and the sensor nodes moreover the
tree based structure reduced the communication overhead.

In [18], a clustering mechanism is proposed based on slepian wolf coding .To reduce the amount of data generated and
the number of data transmissions, a slepian wolf code based energy efficient clustering algorithm (SWEEC) is used here. Both the
correlation structure of generated data and the distance of each node from the sink are taken into account for the cluster head
selection process. So here a node which is closer to the sink will get higher priority while cluster head selection. Simulation
results show that the proposed SWEEC algorithm reduces the energy consumption compared with the other slepian wolf code
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based clustering algorithms [19,20]. In [21], an energy efficient cluster based protocol (EECP) is proposed. It has 3 rounds of
operations which are clustering phase, chain formation, and data gathering. Weight of each node, based on residual energy is
calculated to select the cluster heads and later the cluster head will create a chain connecting different nodes and also different
cluster heads for data transmission. The use of chain based routing offers the advantage of small distance transmission for each
node and thereby improves the energy consumption.

Collision Free Protocols for Data Collection

Most of the MAC (Medium Access Control) protocols use low duty cycling for energy conservation in wireless sensor networks.
MAC protocol with duty cycling can be classified into three categories which are TDMA schemes, contention based protocols
and hybrid protocols. Similar to the channel access used in TDMA schemes for channel access here also nodes turn on their
radios only during their allotted time slots so that unnecessary energy consumption can be avoided. Contention based protocols
integrate the channel access functions with the sleep wake up schemes for power management. Hybrid protocols switch between
TDMA and contention based protocols based on the level of contention.

In TDMA based protocols, time is divided into many slots and each time slot is assigned for node’s transmission and
reception. In [22, 23, 24] clustering is done and cluster head assigns the timeslots for each node. A low complexity time slot
allocation mechanism is proposed in [25] which is named as light weight medium access protocol (LMAC). Here the nodes select
the time slots randomly. Control messages and data units are send directly so that the energy needed for preamble transmission
can be saved. Drawback of LMAC is the fixed frame length. So in [26], adaptive information centric LMAC (AI-LMAC) is
proposed in which slots can be selected based on traffic needs. In [27] traffic adaptive MAC (TRAMA) is introduced. This
protocol helps to reduce collision during packet transmission and also allows nodes to switch to low power state whenever they
are not transmitting or receiving. TRAMA finds the traffic load of each node and avoids the assignment of timeslots to nodes
which have no data to send. FLAMA (Flow Aware Medium Access) [28] is related to TRAMA and it is mainly used for periodic
monitoring applications. This protocol mainly focuses on reducing the unnecessary traffic information exchange. Here a pull
based mechanism is used so that the data is transferred only when it is requested. In [29], a traffic adaptive periodic data
collection MAC (TA-PDC-MAC) is proposed to reduce the energy consumption of sensor nodes used in environmental
monitoring applications. Unlike the existing PDC-MAC protocol TA-PDC-MAC supports network with different data generation
rate. Here the sink node will compute the time schedule for each node and this staggered time schedule will help to reduce the
delay in the network and also saves energy needed for idle listening. In [30], TDMA scheduling with adaptive slot stealing and
parallelism (TDMA-ASAP) is proposed which uses parallel transmissions, slot stealing and adaptive sleeping between
transmissions for energy saving. TDMA-ASAP allows the network to adapt changing conditions but it is only applicable during
periods of light load. In [31], a TDMA based coloring algorithm is proposed which make use of the spatial reuse of the channel
for data transmission. An advanced version of this method which uses parallelism and allocates time slot in an energy efficient
way is proposed in [32]. Here a MAC protocol named as | queue MAC is introduced which make use of the queue length of each
node to understand the need of time slots and allocate it based on the queue length.

The most popular contention based MAC protocol is BMAC [33]. BMAC uses sleep/wakeup scheme based on low
power listening. Here the nodes periodically wake up for checking the channel for any activity. If any channel activity is detected
then it will remain active and transmit the data. In SMAC [34], nodes use sync packets for the coordination of sleep/wakeup
periods. TMAC [35] is an enhanced version of SMAC which is mainly designed for variable traffic load. Even though these
protocols are energy efficient it increases latency for data forwarding since a node has-to wait till the wakeup time for
transmission. In [36, 37] DMAC, an adaptive duty cycle protocol is proposed in which the node’s active periods along the
multihop paths are made adjacent to minimize the latency. In the existing SMAC protocol, power saving is achieved by
controlling active/sleep periods. This process requires the exchange of more control packets which causes unnecessary energy
expenditure. So in [38] preamble sampling is used instead of RTS/CTS packets for achieving energy saving. In [39], medium
reservation preamble based MAC [MRPM] is proposed which has two main advantages. First one is that it assigns a single time
frame for data and sync traffic which is a short listen period. Second one is that non transmitters can go to sleep mode during the
channel contention so energy can be saved. Contention window adaptive MAC protocols are proposed in [40, 41]. In [40], based
on the queue length of each node the contention window is selected and in [41], contention window is selected by evaluating the
network traffic load and competition among neighbors. In [42, 43], adaptive duty cycle SMAC is proposed. This protocol assigns
higher priority to the nodes having more packets to send in order to access the channel.

Hybrid MAC switches between TDMA and CSMA based on level of contention. Most interesting hybrid protocol is
ZMAC [44]. ZMAC switches between CSMA and TDMA based on the level of contention. Like CSMA, ZMAC achieves high
channel utilization and low latency at low contention and like TDMA high channel utilization at high contention. Synchronization
errors and slot assignment failures are low for ZMAC. In [45], a new hybrid MAC protocol that combines the energy efficiency
features of both TDMA based and contention based protocol is developed. This protocol allows more than one neighbor of a node
to send data packet to it in the same frame. Like SMAC this protocol uses short frame structure to improve the energy efficiency. In
[46], data aggregation MAC is proposed to avoid collision under high traffic load. Here the slot assignment is done based on
TDMA and then node goes to sleep mode for saving energy. When an emergency situation arises nodes change their behavior and
allow contention in TDMA slots. The data aggregation MAC outperforms others in all aspects.

Data Reduction Techniques

The Data reduction is the process of reducing the original data sensed by the sensor nodes to a small amount of data such that the
original data can be retrieved without any loss. Reduced data requires less amount of energy for transmission than that of the
original data. Data prediction techniques can be used to reduce the amount of data transmitted with the use of a prediction model
for sensing phenomenon. The queries can be answered by this model instead of sending the actual data and it can be done only if
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the model exactly represents the sensing phenomenon at a given instant. The model is valid only if the predicted value is
comparable with the actual data. Similar approaches are proposed in [47, 48]. The base model used here is probabilistic and
exploits the spatial and temporal correlation among the sensed data. In [49], an extension of [47] is proposed where a probabilistic
model is used to implement the data prediction.

To reduce the amount of data to be acquired from the transducers adaptive sampling can be done. Here the temporal
correlation among the data is exploited to reduce the data acquisition. Temporal correlation among the sensed data is used in [50]
for snow monitoring in avalanche forecast. Here the sampling frequency needed to reconstruct the original data is not known
priori so sometimes it will result in oversampling of the data. To overcome this problem in [51] an adaptive algorithm that
periodically estimates the sampling frequency is proposed. The sink will inform the estimated sampling rate to all other nodes. In
[52] sampling rate are derived from a Kalman filter. Here the adaptive sampling mechanism is coupled with bandwidth
reservation mechanism to ensure that the traffic does not exceed the network capacity. To reduce the number nodes that have to
report the data to the sink, spatial correlation is used in [53]. Correlation-based Collaborative MAC protocol (CC-MAC) is
proposed here to reduce the number of reporting nodes. Iterative Node Selection (INS) algorithm is used to find the correlation
radius and it will be broadcasted to all nodes. Based on these correlation radius one node will be selected as the representative
node for data transmission. Event MAC (EMAC) prevents the transmission of redundant information during the channel access
phase. A flood warning system based on adaptive sampling is proposed in [54].

Data compression is another way of data reduction for saving the energy needed for data transmission. Various
algorithms are proposed to compress the data so that only few bits are needed to be transmitted instead of actual data. In [55],
coding by ordering data compression scheme is proposed. Instead of sending individual data streams from the sensor nodes, only
an aggregated data stream is transmitted with the help of aggregator nodes. This reduces energy and packet collision since fewer
nodes are transmitting the information to the destination. In [56], PINCO (Pipelined In-Network Compression) is proposed where
the buffered sensor data is compressed using pipelined compression scheme. In [57, 58], distributed compression schemes are
used and the advantage of this scheme is that only the side information is required to code the actual source information. In [59],
an adaptive loss less compression algorithm is presented. This scheme dynamically adjusts to the change in the number of
sources. Additionally, this algorithm can be used in monitoring systems that have different types of data. ALDC is suitable for
both real-time application as well as delay sensitive applications. In [60, 61], compression is done based on correlation among the
data generated by nearby sensor nodes. These methods also consider the temporal effect of correlation among the data stream also
improving the performance.

In [62], the spatial correlation of data is exploited in WSN having multiple sinks. Based on the special correlated sensor
readings, an algorithm is proposed to select a subset of sensor nodes called sources to upload the data to the sinks. Selection of
sources is considered as a binary integer linear programming problem and two heuristic algorithms are developed to find the
approximate solution, which are the correlation first algorithm and distance first algorithm. Results show that this method reduces
the number of sources and improved the energy saving. In [63], spatial correlation among the sensor readings from adjacent nodes
is taken into account for improving the lifetime of the sensor network. An energy aware iterative sampling framework is proposed
here. To determine the data redundancy, inverse distance weighting interpolation method (IDW) is used. Based on the result of this
algorithm after a limited number of iteration, fewer nodes will be selected for data transfer and other nodes will go to sleep mode
while these nodes are transmitting. In [64], an algorithm using dual prediction and clustering is proposed. This algorithm operates
in two phases where in the first phase; the nodes will be partitioned into clusters based on the correlation metric. In the second
phase, nodes will send the data to the sink according to the schedule generated by the sink."A prediction algorithm predicts the
future values and if it is less than a particular threshold the data will not be send to the sink.

Mobility Based Approaches

Many protocols which are developed to improve the energy efficiency in wireless sensor networks are discussed above. None of
them introduced the concept of mobility for energy efficient data collection. Mobile elements can be used in the network for
collecting data from other nodes so that the energy consumption for data forwarding can be reduced. Mobile elements can be
mobile relays or mobile sinks. Mobile relays will collect data, store it and then forward it to the sink. Mobile sinks are the
destination or endpoints which can be used to collect data autonomously. In [ 65,66,67], the method proposed is the use of mobile
entities called MULEs (Mobile Ubiquitous LAN Extensions) to collect data sensed by the sensor nodes which are scattered in a
large farm. Three tier architecture for data collection is proposed here and an animal is used as the mobile relay. This MULE will
collect data from nodes, store it and transfer it to the wired access points. As the sensor node has to transmit only in a short range,
this method of data collection improves the energy saving. Key advantages of the MULE architecture are its robustness,
scalability and reliability. A drawback of these systems is the increased latency in data collection. The most famous approach in
mobile relay based communication method is the message ferrying (MF) technique. Ferries are special nodes in the network
which are selected for message relaying. In [68, 69], Message ferries are used and it will move around the network for delivering
messages to individual nodes. This process will lead to high data delivery latency, however the nodes can save energy with the
knowledge of ferry’s location. A power management framework is also proposed here in which the nodes can select suitable
power management modes based on ferries location. If the ferry is out of range a node can go for sleep mode. In searching mode a
node will listen to beacons and in communicating mode, a node will wake up to communicate with the ferry. In [70], also ferry
act as a relay for data transfer. Two variations of message ferrying is proposed here. First one is node initiated message ferrying
scheme (NIMF) and the other one is ferry initiated message ferrying scheme (FIMF). In NIMF scheme ferry moves through a
fixed path which is known by all other nodes. So the nodes will take movement to meet up with ferry for message transfer. In
FIMF, ferry will initiate the proactive movement for message transfer.

Mobile sink based data collection methods are proposed in [71, 72]. Here one or more mobile sinks move through the
network area for collecting the data generated by other nodes. Data collection in urban scenario is proposed in [73]. Here people
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act as mobile sink for collecting environmental data. These methods did not consider the high latency of data collection. To
reduce the latency in data collection, TSP (Travelling Salesman Problem) based data collection methods were proposed. Here the
main aim is to find a minimum distance path for the sink’s data collection. In [74], Traveling Sales man Problem with
Neighborhood (TSPN) algorithm is proposed to find a shortest travelling path for the mobile sink’s data collection. Here the sink
node has to visit only the neighborhood of sensor nodes for collecting data. An algorithm which requires the knowledge of sensor
location was used to find the optimal set of points for the mobile sink path. In [75], another TSP-based algorithm called label-
covering algorithm is proposed which considers WSN as a graph, where there are vertices at each sensors locations. Sink moves
through the edges where each edge is associated with a cost and a set of labels. Cost is the Euclidean distance between nodes and
the label set indicates the nodes whose transmission range intersect with the given edge. Mobile sink has to select the shortest
path whose label set consist of more number of sensor nodes. This label covering problem is NP-hard and an approximation
algorithm was used to solve it. This approach reduced the data collection delay together with energy consumption. For further
improvements in energy consumption and delay, in [76, 77], multiple mobile sinks are used for data collection along the shortest
path.

Direct data collection from all nodes is impractical in some cases with tight delay requirements. Sensor nodes suffer
from buffer overflow due to large delay. Rendezvous based approaches were proposed to address these problems. Here some
nodes will be selected as rendezvous points (RPs) and the sink only needs to visit this RPs for data collection. Other nodes will
forward their data to these RPs in an energy efficient way. In [78], two algorithms are developed here for RP selection, which are
RPCP (RP selection for constrained path) and RPUG (utility-based greedy heuristic). RPCP finds the optimum data collection
points for the mobile element moving in a constrained path and RPUG finds the best RPs based on utility. The drawback of
RPUG is that it does not balance the energy consumption rate of sensor nodes to improve the network lifetime. In [79], RDFT
(Rendezvous design for fixed track) and RDVT (Rendezvous design for variable track) algorithms are proposed for the selection
of RPs. First one is RDFT which is for mobile sink with a fixed track. RDFT finds the shortest tour for a mobile sink based on
MST (Minimum spanning tree). Cruskal algorithm is also used here for finding the optimum MST and sink tour. RDVT finds the
sink tour for variable track. A drawback of RD-VT is that traversing the SMT in preorder leads to the selection of RPs that result
in long data forwarding paths to sensor nodes. In [80, 81], a cluster based algorithm is proposed for rendezvous point based data
collection. Here the cluster heads will act as rendezvous points. Cluster heads are selected in such a way so as to minimize the
tour length of the mobile sink. In [82], an approximation algorithm named RPS-LB (rendezvous point selection with load
balancing) is used to find an optimal solution for the mobile sink’s trajectory planning.

In [83], the sensor network is partitioned into many clusters and the mobile sink will schedule the data collection based
on this partitioned structure. Mobile sink will collect data from the nodes according to their distance from the sinks current
position. In [84], zone division hierarchical multiple clustering approaches with multiple moving collectors is proposed. Here the
network is divided into different zones and from each zone a master node is selected based on the residual energy. A moving
collector is assigned in each zone for collecting data from master nodes for delivering it to the sink. This system prolongs the
network lifetime and reduces the data collection latency compared to the systems with no mobile collectors. In [85] the mobile
sink uses a biased random walk model to estimate its next position and a rendezvous point selection with splitting tree technique
is used to find the path to be followed by the mobile sink for data collection. Together with the optimal path selection, reliability
is provided with three techniques such as data encoding, communication and data decoding. Sensor node encode the data using
RS coding, transmit it to the mobile sink and the mobile sink will decode the messages to reconstruct the original one. All these
techniques helped to improve the energy efficiency as well as reliability. Weighted rendezvous planning is proposed in [86]. Here
RPs are selected based on its weight, that depend on its hop distance from the sink and the number of neighbors. Highest
weighted node will get higher priority during RP selection. WRP enables the sink to collect data within a given deadline besides
conserving the energy. WRP reduces energy consumption by 22% and increases network lifetime by 44%, as compared with
existing algorithms.

I\VV. CONCLUSION

This survey presents various techniques used for improving the energy efficiency of wireless sensor network. Data collection
process is the main source of energy consumption. Clustering, collision free protocols, data reduction techniques and mobility
based methods are well suited for solving these problems in wireless sensor network. Clustering divide the network into many parts
and cluster head will collect the data from other nodes in an energy efficient way. To reduce the collision of data packets and to
avoid unnecessary energy expenditure during the active period of sensor nodes, duty cycling based MAC protocols is proposed.
Data reduction techniques helped to reduce the amount of data to be transmitted so that the energy needed to transmit the original
data can be saved. Mobile nodes can roam around the network for collecting data so as to reduce the multihop transmission from
the nodes to the sink. Direct and rendezvous based approaches are proposed which consider both the packet delay and energy
consumption into account.
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