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a b s t r a c t 

Clustering became relevant in the past as a solution for the scalability problems of ad hoc networking, 

but, the unsuccessful application of ad hoc solutions to real scenarios, such as the projects SURAN and 

PRNet, decreased the interest of research community on ad hoc communications, and subsequently, on 

clustering algorithms. Recently, however, clustering techniques have gained renewed interest due to the 

emergence of cooperative communications for cellular networking. Clustering is envisaged, in this sce- 

nario, as a technique to team up nodes to support efficient data aggregation for energy saving, scalability 

and privacy among other benefits. Moreover, research on 5G networks also envisages a connected soci- 

ety, where everything and everyone will be connected under the umbrella of Internet of Everything (IoE). 

This novel communication paradigm has fostered new research on clustering, which has yielded novel 

and more advanced algorithms and applications. This article surveys the State-of-the-Art in clustering 

techniques and provides detailed descriptions of the basics of clustering and the latest novel ideas. Open 

issues, technical challenges and directions for future research are also outlined. 

© 2016 Elsevier B.V. All rights reserved. 

1. Introduction 

Clustering, in telecommunication systems, appeared in the 

framework of ad hoc networking, which was proposed decades 

ago as a promising solution for infrastructure deprived networks, 

such as military battlefield communications, emergency commu- 

nication black-outs or to deploy fit for purpose wireless networks 

[1] . The idea of setting a network, on-demand, without implement- 

ing access points or base stations, was very appealing from both 

the utility and economic perspective. In ad hoc networking, the 

nodes communicate among themselves by transmitting and relay- 

ing the packets from source to destination, without a common hub 

that routes the packets or organizes the communication flow. This 

paradigm, however, requires complex routing mechanisms to opti- 

mize the route path selection and ensure a satisfactory packet de- 

livery ratio. This was indeed the bottleneck of ad hoc networking, 

since the unpredictable nature of this scenario, where nodes show 

up and vanish continuously, requires a continuous update of the 

routing information. This information can grow significantly in big 

networks, due to the countless route paths that routing algorithms 

must evaluate. Clustering was suggested in this framework to re- 

duce the routing complexity and provide scalability. The strategy of 
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clustering is teaming up nodes in virtual groups, with one leader 

per group, such that routing techniques consider these groups as 

sole entities, hence reducing the number of network sources, des- 

tinations and possible paths considerably, hence increasing its sta- 

bility. 

The research interest in clustering techniques went side by side 

with the concern of ad hoc networking, very prolific during two 

decades, producing research efforts in a variety of scenarios and 

technologies such as mobile wireless networks and sensor net- 

works. This interest however has been gradually declining due to 

the absence of implementation of ad hoc solutions in real sce- 

narios. With the sole exception of wireless sensor networks, ad 

hoc networking has been considered a liability problem, and the 

main projects on ad hoc solutions for military and emergency sit- 

uations have failed [2,3] . Clustering, originally designed for ad hoc 

networking, lost some relevance for research community. How- 

ever, the emergence of more advanced wireless devices such as 

smartphones, wearable technology and vehicular networks, pro- 

vided with higher processing capabilities and multi-standard wire- 

less interfaces, has catered a new scenario for clustering in the 

framework of cellular networks and cooperative communications. 

In this scenario, cooperation provides many benefits and only one 

requirement. The benefits include energy efficiency, scalability, ef- 

ficient location services, social networking and privacy preserving 

among others. The requirement is an efficient technique to estab- 

lish cooperative groups of nodes, i.e. clusters. 
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Energy saving can be accomplished by using different wireless 

standards for the short range and long range links, i.e. a low energy 

demanding wireless interface, such as Bluetooth, can be used in 

short range to aggregate traffic, whereas a higher range and higher 

energy demanding link will be used to relay this traffic. Cluster- 

ing is in this scenario envisaged to provide a stable cooperative 

framework between nodes [4] . Multi-standard wireless transmis- 

sion is not the only way to achieve energy efficiency, nodes can 

also transmit information, in short range links with high transmis- 

sion bit rates, to the relay nodes with better channel conditions, 

hence with the capability to transmit at high order modulation 

for longer periods, which effectively reduces the transmission time 

[5] . This strategy has been proposed in different scenarios, includ- 

ing wireless sensor networks [6] or mobile wireless networks [7] . 

Moreover, efficient location services [8] and mobile social network- 

ing [9] for MANETs can be supported by cooperative clustering. 

Vehicular networking also considers the approach of teaming 

up nodes for scalability [10] and privacy reasons [11] . Traffic mon- 

itoring applications require a continuous transmission of informa- 

tion updates from vehicles to a backend server, hence this informa- 

tion goes through the base station. According to current analysis 

of the state of the art, this continuous transmission of information 

can form a bottleneck in the LTE uplink connection. Data aggre- 

gation has been proposed in this scenario to reduce the number 

of uplink connections [10] . In short range, vehicles can transmit 

and aggregate traffic using the Dedicated Short Range Connectivity 

(DSRC, 802.11p) wireless interface, then the relay nodes transmit 

the aggregated traffic over the LTE uplink. Regarding privacy pre- 

serving for vehicular networks, it can also be provided by aggregat- 

ing nodes into clusters, since data aggregation hides the identities 

of the nodes forming the cluster (only the identity of the leader 

of the cluster is revealed) [11] . Internet connectivity is also envis- 

aged as a desirable commodity for VANETs, where again QoS in 

terms of jitter, delay, packet delivery ratio or connection duration 

are the most relevant metrics. These requirements have inspired 

several studies on the boundaries of the achievable QoS for VANETs 

[12] . Clustering, in this framework, can increase the QoS by provid- 

ing more connection reliability and increasing connectivity in low 

coverage scenarios. The Section 15 of this survey provides some 

examples of data aggregation algorithms in novel scenarios such 

as IoT, Smart City and VANETs. 

Clustering is also envisaged as a tool to provide connectivity in 

hybrid wireless networks [13] . In a hybrid wireless network, nodes 

self-organize into a hierarchical (clustered) ad hoc network, and 

uplink connections are provided by scattered nodes to ensure con- 

nectivity in case of network partitions and also to provide inter- 

net access. In this scenario, clustering can be used to select the 

nodes that establish the uplink connections, i.e. the clusterheads, 

that connect to the base station and provide a gateway for the 

cluster-members. 

Fig. 1 depicts a number of examples of the clustering appli- 

cations in these emerging scenarios. Smartphones, wearable de- 

vices and vehicular technology—cellular networks in general—apply 

clustering to coordinate the nodes into groups to support efficient 

cooperative communication strategies. These new scenarios have 

however yielded new requirements for clustering, that must adopt 

a multi-objective evaluation strategy for cluster formation, where 

nodes hardware capabilities, mobility patterns, channel availabil- 

ity, among others, must be taken into account to form clusters. 

Previously proposed algorithms were mainly based on the consid- 

eration of one only parameter such as the node identity, number 

of neighboring nodes, battery level, speed, etc. In the new scenar- 

ios, the network is populated with different technologies (vehicular 

networks, mobile networks, body area networks, sensor networks, 

etc.), a variety of hardware capabilities, and the nodes are highly 

mobile. These technologies are not isolated from each other and 

it is common to have different devices sharing the same scenario, 

hence novel clustering techniques must consider a heterogeneous 

network, where clusters are formed by nodes with different char- 

acteristics. 

This survey offers a retrospective walkthrough on clustering 

techniques, with detailed insights on the origins of clustering and 

the most relevant research effort s during the previous decades. We 

detail in this manuscript the main merits of previous proposals but 

also the main drawbacks, and the limitations of these algorithms 

to be applied in novel areas of wireless networking. The survey 

also addresses how the new scenarios of wireless networking have 

fostered a renewed research on clustering, and describes the most 

recent approaches. At the end, the survey also concludes with the 

learned lessons that can be drawn from surveying the state of the 

art in clustering. 

2. Organization of the survey 

This manuscript is organized as follows: Section 2 defines 

what is clustering, and provides a thorough explanation of its 

functionality and main objectives; Section 3 describes the clus- 

tering benefits, costs and design considerations; Section 4 de- 

scribes the most adopted metrics for clustering performance eval- 

uation; Section 5 provides a thorough walkthrough of the origins 

of clustering; From Sections 6 to 14 the manuscript lists the dif- 

ferent clustering categories and describes the most novel algo- 

rithms falling in each of these categories. The survey also pro- 

vides summary tables at the end of each section where readers 

can find a short description of the algorithms detailed in the text; 

Section 15 provides a short summary of data aggregation in clus- 

tered topologies; Section 16 provides the lessons learned by the 

authors of this manuscript; Section 17 describes the newest trends 

and future research directions; finally, Section 18 concludes this 

survey. 

Fig. 2 provides a schematic chart of the main approaches in the 

state-of-the-art of clustering described along this survey. This fig- 

ure depicts the main fields, respective sub-fields, and the newest 

trends of clustering, and includes some references falling in these 

research areas. In this schematic chart, the tagged squares repre- 

sent the main clustering categories, from which the respective sub- 

fields are extended representing the evolution of clustering tech- 

niques along the last two decades. Fields included in circles repre- 

sent future trends and new topics. 

3. What is clustering and how does it work? 

Clustering techniques are diverse, but there is a common trend 

followed by the majority of research effort s that was given by the 

first publications on clustering. This common approach is based 

on converting a flat network into a clustered network by assign- 

ing roles: clusterhead (leader of the cluster); cluster-member (node 

belonging to the cluster); and gateway (a cluster-member that be- 

longs to one cluster but connects two clusterheads). The common 

approach is to select the clusterheads first according to a prede- 

fined metric, then the rest of the nodes join one of the surround- 

ing clusterheads and finally the cluster-members that interconnect 

clusters become gateways. Fig. 3 depicts this procedure. 

The clustering formation process requires the transmission of 

control information. Nodes transmit information such as node 

identity, list of neighbors, mobility, battery level, etc. This informa- 

tion is required for the clusterhead selection and cluster formation 

process. The node identity and the list of neighbors is a common 

control information in all clustering algorithms; other metrics such 

as mobility or energy, however, are characteristics of some algo- 

rithms that target very specific scenarios, such as mobile networks 
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