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21.000 million devices will be connected to the Internet by
2021, and 16.000 of them will be part of the Internet of Things
(IoT). The usage of manifold connected sensors (temperature,
humidity, pressure, vibration, air quality, etc.) in different
fields (plants, animals, geological phenomena, cities, homes,
etc.) will enable the collection of a vast amount of data
subsequently transformed into information and knowledge.
However, such a knowledge creation process cannot be
handled in a totally centralized way and must be combined
with distributed computing so that information transmitted
is reduced by sharing the processing load among devices.
In traditional distributed computing, shared processing is
enabled by additional hardware architectures that have to
satisfy higher processing capabilities while ensuring lower
power consumption.
The distinct characteristics of IoT technologies require a
more intricate trade-off communication versus computation.
In particular, a large number of sensors and QoS strict
requirements demand new distributed techniques. As the
sensor volume grows, infrastructures for IoT distributed
computing must include nodes close to the edge that facilitate
data analysis for a cluster of sensors. They must also perform
edge analytics to reduce the data sent to the core from
high-frequency readings and decrease the bandwidth needed.
Finally, they must guarantee that customer experience is not
compromised, which requires new robust techniques with
strict QoS and latency requirements. The emerging paradigm
of fog computing enables us to meet these requirements by
moving storage and compute services to the network edge or

even to the end devices (e.g., to a data hub or to a smart access
point).
This special issue aims to be a compendium of the
latest development on IoT related to new abstraction or
multiagent approaches to distribute tasks among edges and
Cloud; new techniques and communication standards for
sharing information to increase spectrum efficiency while
keeping data consistency and availability; and new metadata, policies, and hardware/software capabilities to aid fogorchestration in distributed databases.
The paper “Distributed Measurement Data Gathering
about Moving Objects” presents techniques for the acquisition of data related to moving objects that reduces the
resources consumed by communication tasks. The methods
proposed use Fog computing and automated prediction and
result in improved network traffic. These methods can enable
efficient Internet of Things composed of moving vehicles with
strict communication requirements.
The paper “MeReg: Managing Energy-SLA Tradeoff for
Green Mobile Cloud Computing” proposes an adaptive
heuristics energy-aware algorithm, which creates an upper
CPU utilization threshold using recent CPU utilization history to detect overloaded hosts and dynamic VM selection
algorithms to consolidate the VMs from overloaded or
underloaded host. The algorithm tries to minimize total
energy consumption and maximize Quality of Service,
including the reduction of service level agreement (SLA) violations. The proposed solution contributes to reduce electrical
energy consumption, which affects businesses using mobile
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cloud computing (MCC) as well as the environment through
car-bon dioxide (CO2) emissions.
The paper “Distributed Image Compression Architecture
over Wireless Multimedia Sensor Networks” describes techniques that improve the energy consumption for networks
that obtain image signals. Specifically, the paper proposes
techniques for distributed compression of images, optimal
camera coverage design, and routing schemes for reduced
transmission energy. The techniques proposed are of particular interest for emerging multimedia sensor networks
since both the transmission of original multimedia signals
and centralized compression require unaffordable energy
consumption.
The paper “An Adaptive Joint Sparsity Recovery for
Compressive Sensing Based EEG System” proposes a scheme
to reduce the energy consumption associated with the transmission of data in IoT devices such as a wearable electroencephalogram (EEG). This scheme is based on Compressive
Sensing (CS) EEG signal compression and recovery. The
scheme exploits the joint sparsity of multichannel EEG signals and improves the reconstruction quality and efficiency
of the system.
The paper “Using Emotions in Intelligent Virtual Environments: The EJaCalIVE Framework” proposes a framework for the creation of emotional virtual environments
that incorporate agents, eHealth related devices, human
actors, and emotions projecting them virtually and managing
the interaction between all the elements. This framework
allows the design and programming of intelligent virtual
environments, as well as the simulation and detection of
human emotions. The framework is also validated in a case
study that simulates a residence for the elderly which enable
the training of an assistance robot.
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This paper describes approaches to gathering measurement data about moving objects in networks with low bandwidth. The first
approach uses Fog computing conception and suggests moving assessing the quality of the measurement data into measuring points.
The second approach uses prediction of telemetry quality by mining models. In addition, the paper presents implementation of these
approaches based on actor model. As a result, it became possible not only to load balancing among edge and cloud nodes, but also
to significantly reduce the network traffic, which in turn brings the possibility of decreasing the requirements for communication
channels bandwidth and of using wireless networks for gathering measurement data about moving objects.

1. Introduction
The task of measurement data gathering from moving objects
(MOs) is a very relevant one. The following examples are
given to illustrate this:
(i) In the transportation industry, telemetry provides
meaningful information about driver’s performance
by collecting data from a vehicle, leading to higher
fuel consumption efficiency through driver’s feedback, which includes in-cab coaching.
(ii) Space science measurements are used by manned or
unmanned spacecraft for data transmission.
(iii) Rocketry measurement equipment forms an integral
part of the rocket range assets used to monitor the
position and health of a vehicle launch.
(iv) Today nearly every type of aircraft, missiles, or
spacecraft carries a wireless telemetry system as it is
tested. Aeronautical mobile telemetry is used for the
safety of pilots and persons on the ground during
flight tests. Telemetry from an on-board flight test
instrumentation system is the primary source of realtime measurement and status information transmitted during the testing of manned and unmanned
aircraft.

(v) Motor racing measurement is a key factor in modern
motor racing, allowing race engineers to interpret
data collected during a test or a race and use it to
properly tune a car for optimum performance.
This task has become even more relevant with development of the unmanned vehicles industry. Measurements
(speed, fuel availability, temperature, etc.) transferred from
the vehicle to the control point using telemetry channels are
used for unmanned vehicle management.
Measurement data gathering about MO involves the
use of measuring points (MPs) located along the route of
the movement of the MO. Each of them measures various
parameters of the objects’ performance. Among them we can
distinguish the following kinematic parameters: coordinates
(𝑥, 𝑦, 𝑧) and the velocity vector (V𝑥, V𝑦, V𝑧); parameters transferred through the telemetry channel: temperature, vibration,
fuel level, and so on. Measurements can be obtained by different measuring systems (MSs): radar, lidar, optics, telemetry,
navigation, and so on.
All measurement data that have been received from MSs
are continuously transferred to the measurements processing
center (MPC) (Figure 1). At the MPC, the measurement data
are combined into a main stream of measurements. This
stream can be used to identify potential hazardous situations
with MO and make decisions to manage them. In addition,
tuning of MS can be performed based on the results of
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Figure 1: Gathering of measurement data from moving objects.

measurement processing (e.g., aiming of radar antennas and
camera lenses) using current and predicted parameters of
MO (its location, speed, etc.). A MPC can be created based
on cloud computing technology.
Typically, during measurements, all MSs work in the
measurement mode, regardless of the presence of the object
in their detection zones. It is necessary that measurements
of an object are taken as soon as it enters the MS detection
zone. However the detection zones are different for each MP
and they may have significant intersections (Figure 1). As a
consequence, the MPC receives duplicate data of different
quality (𝑄) from all MPs throughout the period of measurement. Thus, the collected data have a significant percent of
duplicated measurements and noise.
Thus the following problems of measurement data gathering and processing arise during measurement:
(i) Geographical isolation of MPs from each other and
from the MPC
(ii) Duplication of data received from different MPs, as
their detection zones intersect
(iii) Need to control both MSs and MO itself, requiring
real-time analysis of the collected data
(iv) Using wireless networks with limited bandwidth
(satellite, radio relay, cellular, etc.).
More recently, wireless networks, including cell phone
networks, wireless local area networks (WLANs), wireless
sensor networks, satellite communication networks, and

terrestrial microwave networks, have increasingly been used
for data gathering, including telemetry [1]. This is explained
by convenience of their use: no need for cable installation,
ease of connection, and so on. However, one of the principal
disadvantages of networks of this type is limited bandwidth.
This paper proposes to use dynamic management of
measurement data streams in order to decrease network
traffic by transferring only necessary measurements. It allows
reducing the volume of transferred data and decreasing
bandwidth requirements for communication channels.

2. Related Work
The problem of remote data (telemetry) gathering is not
new. First data-transmission circuits go live between the
Russian Tsar’s Winter Palace and army headquarters in 1845.
At the end of the last century and at the beginning of this
century, the concept of Machine to Machine communications
(M2M) became widespread. M2M technology continues
where telemetry left off: wireless telemetry systems today cost
substantially less compared to what they did 10 to 15 years ago.
Applications that were previously not economically feasible
are now cost effective. M2M brings discipline to telemetry
through open standards and protocols.
At the present time, we can observe rapid growth in the
number of the Internet of Things (IoT) devices. The basic idea
of IoT is to connect all things (devices) in the world to the
Internet. According to Gartner, Inc. (a technology research
and advisory corporation), there will be nearly 26 billion
devices on the Internet of Things by 2020 [2].
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The basic architecture of IoT which is widely used to
explain the approaches of IoT has three layers [3]:
(i) The perception layer is the bottom layer which can be
regarded as the hardware or physical layer which does
the data collection.
(ii) The network layer (the middle layer) is responsible for
connecting the perception layer and the application
layer so that data can be passed between them.
(iii) The application layer usually plays the role of providing services or applications that integrate or analyze
the data received from the other two layers.
Some researchers [4] propose to extend the layers. They
add new layers:
(i) Access gateway layer takes care of message routing,
publishing, and subscribing and also performs cross
platform communication, if required.
(ii) Middleware layer acts as an interface between the
hardware layer at the bottom and the application layer
at the top and is responsible for critical functions such
as device management and information management
and also takes care of issues like data filtering, data
aggregation, semantic analysis, access control, and
information discovery.
The data processing and analysis services for IoT are
deployed on the top layers and divide them into the following
sublayers [5, 6]:
(i) Data gathering layer manages collected data: object
identification, data abstraction, compression, parsing,
and merging; various data are saved in the corresponding database or data warehouse.
(ii) Data processing layer executes data preprocessing and
filtering of observed events and allows us to aggregate,
organize, and analyze data according to events.
Usually, for implementation of the application and middleware layers, cloud computing technologies are used [6].
A cloud provides scalable storage, computation time, and
other tools to build application services. It can be also used
to process telemetry gathering from objects.
Similar architecture is also applied for measurement
data gathering about moving objects. For example, space
situational awareness (SSA) program in European space
agency (ESA) and the Egyptian space program use cloud
computing for telemetry processing [7]. It enables software
and hardware decoupling and makes flexible telemetry data
analysis possible. The large amount of available computational resources facilitates a shift in approaches to software
development, deployment, and operations. This approach
was also used in the Cloud-Based Ground System for space
telemetry processing [8].
In this case, the network layer is responsible for connecting the IoT devices (such as sensors, radar, cameras, and other
measuring systems) and a cloud. It creates very large network
traffic. Solution of this problem can be Fog computing [9].

3
The fog extends the cloud to be closer to the sources that
produce and act on IoT data.
Fog computing either completely solves or decreases the
influence of common problems in distributed systems:
(i) Big delays in the network
(ii) Scaling data sources
(iii) Problems related to endpoints mobility
(iv) High cost of the broadband
(v) Wide geographical spread of the systems.
Despite Fog computing becoming popular, there are no
ready solutions for its implementation. This can be explained
by the fact that such concept is very young and has a high level
of abstraction. The paper describes approaches to measurements data gathering based on Fog computing technology.
These approaches suggest moving part of computations closer
to MPs. It allows redistributing the computational load and
reducing network traffic that it is very important to use
wireless networks for measurements data gathering.

3. Generic Approach to Telemetry Gathering
3.1. Formal Representation of a Measurement Data Gathering
System from Moving Object. The entire measurements data
gathering system can be represented formally as a set:
GS = ⟨mo, mpc, MP⟩ ,

(1)

where
(i) mo is a controlled moving object;
(ii) mpc is a MPC; MP is a set of MPs.
The state of any MO is characterized by a set of parameters:
𝑆mo = 𝑆𝑘 mo ∪ 𝑆𝑡 mo
= {𝑥, 𝑦, 𝑧, V𝑥, V𝑦, V𝑧} ∪ {𝑝1 , 𝑝2 , . . . , 𝑝𝑘 , . . . , 𝑝𝑢 } ,

(2)

where
(i) 𝑆𝑘 mo are kinematic parameters: coordinates (𝑥, 𝑦, 𝑧)
and the velocity vector (V𝑥, V𝑦, V𝑧);
(ii) 𝑆𝑡 mo are parameters 𝑝𝑘 , 𝑘 = 1 ⋅ ⋅ ⋅ 𝑢, transferred
through the telemetry channel: temperature, vibration, fuel level, etc.
The MP is a set of MPs:
MP = {mp1 , mp2 , . . . , mp𝑟 , . . . , mp𝑚 } .

(3)

Each MP mp𝑟 includes MSs that measure kinematic
parameters of MO and MSs receiving telemetry data from
MO. Therefore, a vector of MO parameters is formed at each
measuring point mp𝑟 at each time instant 𝑡𝑗 :
𝑠𝑟 (𝑡) = 𝑠𝑘 𝑟 (𝑡) ∪ 𝑠𝑡 𝑟 (𝑡)
= {𝑥𝑟 (𝑡) , 𝑦𝑟 (𝑡) , 𝑧𝑟 (𝑡) , V𝑥𝑟 (𝑡) , V𝑦𝑟 (𝑡) , V𝑧𝑟 (𝑡)}
∪ {𝑝𝑟.1 (𝑡) , . . . , 𝑝𝑟.𝑘 (𝑡) , . . . , 𝑝𝑟.𝑢 (𝑡)} ,
where

(4)
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Figure 2: Diagram of the approach with full measurement data gathering (FG).

(i) 𝑠𝑘 𝑟 (𝑡𝑗 ) is a vector of kinematic parameters obtained at
time 𝑡𝑗 at the point mp𝑟 ;
(ii) 𝑠𝑡 𝑟 (𝑡𝑗 ) is a telemetry frame containing a set of parameters of the object MO obtained at time 𝑡𝑗 by telemetry
at the point mp𝑟 .
For each telemetry frame 𝑠𝑡 𝑟 (𝑡𝑗 ), it is possible to measure
its quality 𝑞𝑟 (𝑡𝑗 ), characterizing the integrity and reliability
of the received data. The quality of telemetry frame can be
estimated in many ways and is not considered in this paper
(verification of built-in markers (e.g., Reed-Solomon codes)
for each frame can serve as an example of estimation of
telemetry data quality).
The main purpose of a measuring system is to produce
a main stream containing the best measurements of all
parameters of a MO at each time instant of the measurement:
𝑠mo = {𝑠mo (𝑡1 ) , 𝑠mo (𝑡2 ) , . . . , 𝑠mo (𝑡𝑗 ) , . . . , 𝑠mo (𝑡𝑤 )} , (5)
where 𝑠mo (𝑡𝑗 ) is the set of the best values of MO parameters
at time 𝑡𝑗 .
Thus, the generic approach with full measurement data
gathering (FG) involves the following procedure performed
at each time instant 𝑡𝑗 (Figure 2):
(1) Obtaining measurements data 𝑠𝑟 (𝑡𝑗 ) on each MP
mp𝑟 𝑟 = 1 ⋅ ⋅ ⋅ 𝑚
(2) Transferring measurements data 𝑠𝑟 (𝑡𝑗 ) from each MP
mp𝑟 𝑟 = 1 ⋅ ⋅ ⋅ 𝑚 into the MPC
(3) Assessing the quality of the telemetry frame 𝑞𝑟 (𝑡𝑗 )
received from each MP
(4) Selecting the best telemetry frame 𝑠mo (𝑡𝑗 )
(5) Aggregating the main stream 𝑠mo .

The runtime of a data transfer operation is determined
(based on Hockney’s model [10]) by the volume of the data
V, the latency 𝛼, and the bandwidth 𝛽 of a communication
channel:
V (𝑑)
,
𝑡transf (𝑑) = 𝛼 +
(6)
𝛽
where V(𝑑) is volume of data 𝑑.
The total time for the formation of the main stream 𝑇FG
(from 𝑡start to 𝑡end ) at each instant time 𝑡𝑗 can be calculated
using the following formula:
𝑚

𝑚

𝑟=1

𝑟=1

𝑚

𝑇FG = max (𝑡obtain ) + max (𝑡transf (𝑠𝑟 (𝑡𝑗 ))) + ∑𝑡asses
𝑟=1

(7)

+ 𝑡select + 𝑡aggregate .
Network traffic for a data-transmission operation is
determined by the amount of transferred data. Therefore,
network traffic 𝑉FG at each instant time 𝑡𝑗 is determined by
the following formula:
𝑚

𝑉FG (𝑡𝑗 ) = ∑V (𝑠𝑟 (𝑡𝑗 )) .

(8)

𝑟=1

The quality of the best telemetry frame 𝑄(𝑡𝑗 ) at each
instant time 𝑡𝑗 is determined by the maximum quality among
frames gathering from all MPs:
𝑚

𝑄FG (𝑡𝑗 ) = max (𝑞𝑟 (𝑡𝑗 )) .
𝑟=1

(9)

The advantage of the FG approach is the highest possible
quality of telemetry because it gathers telemetry from all MPs
and selects the best frames from them. The disadvantages of
this approach are as follows:
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Figure 3: Diagram of the approach with a distributed quality assessment (DQA).

(i) High network traffic 𝑉FG between MP and the MPC
due to the need to transfer all measurements from MP,
even those that will not eventually be included in the
main measurement stream
(ii) A large number of calculations in the MPC associated
with the quality evaluation of the incoming streams
from each mp𝑟 ∈ MP, selection of the best stream,
and their aggregation into the main stream.
The situation becomes even more difficult if there are several
MOs and measurement streams multiply depending on the
number of MOs.
3.2. Gathering with a Distributed Quality Assessment. In
order to reduce network traffic during measurements data
gathering, it is proposed to transfer only the telemetry frame
that will eventually be included into the main stream. To
achieve this, the telemetry frame quality must be assessed
at the MP and transferred to the MPC. The MPC collects
assessments of quality and selects the best one. The best
telemetry frame is requested from the corresponding MP and
sent to the MPC to be included into the main stream.
Thus, the following procedure is performed at each time
instant 𝑡𝑗 (Figure 3):
(1) Obtaining measurements data 𝑠𝑟 (𝑡𝑗 ) on each MP
mp𝑟 𝑟 = 1 ⋅ ⋅ ⋅ 𝑚

(2) Assessing the quality of the telemetry frame 𝑞𝑟 (𝑡𝑗 ) on
each MP mp𝑟 𝑟 = 1 ⋅ ⋅ ⋅ 𝑚
(3) Transferring the quality of the telemetry frame 𝑞𝑟 (𝑡𝑗 )
from each MP mp𝑟 𝑟 = 1 ⋅ ⋅ ⋅ 𝑚 into the MPC
(4) Selecting the best telemetry frame
(5) Transferring the command “𝑠” to the selected MP mp𝑏
to transfer the telemetry frame
(6) Transferring the best telemetry frame 𝑠𝑏 (𝑡𝑗 ) from MP
mp𝑏 to the MPC
(7) Aggregating the main stream 𝑠mo .
The total time for the formation of the main stream 𝑇DQA
at each instant time 𝑡𝑗 can be calculated using the following
formula:
𝑚

𝑚

𝑟=1

𝑟=1

𝑇DQA = max (𝑡obtain ) + max (𝑡asses )
𝑚

+ max (𝑡transf (V (𝑞𝑟 (𝑡𝑗 )))) + 𝑡select
𝑟=1

(10)

+ 𝑡transf (V (“𝑠”)) + 𝑡transf (V (𝑠𝑟 (𝑡𝑗 )))
+ 𝑡aggregate .
Network traffic for data-transmission operations is determined by the amount of data transferred. Therefore, network
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traffic 𝑉DQA at each instant time 𝑡𝑗 is determined by the
following formula:
𝑚

𝑉DQA (𝑡𝑗 ) = ∑V (𝑞𝑟 (𝑡𝑗 )) + V (“𝑠”) + V (𝑠𝑟 (𝑡𝑗 )) .

(11)

𝑟=1

The quality of the best telemetry frame 𝑄(𝑡𝑗 ) at each
instant time 𝑡𝑗 is also determined by the maximum quality
of the snapshots collected from all measuring points:
𝑚

𝑄DQA (𝑡𝑗 ) = max (𝑞 (𝑠𝑟𝑡 (𝑡𝑗 ))) .
𝑟=1

(12)

This approach makes it possible to decrease network
traffic significantly, because
𝑚

𝑚

𝑟=1

𝑟=1

∑V (𝑞𝑟 (𝑡𝑗 )) + V (“𝑠”) + V (𝑠𝑟 (𝑡𝑗 )) ≪ ∑V (𝑠𝑟 (𝑡𝑗 )) . (13)

In addition, calculations required to assess the quality of
telemetry frame are performed on each MP, which significantly decreased the load at the MPC.
The disadvantage of approach with a distributed quality
assessment (DQA) is a possible increase in the main stream
formation time after the moment of measurement, because
additional functions are executed:
𝑚

𝑚

max (𝑡transf (𝑠𝑟 (𝑡𝑗 ))) + ∑𝑡asses
𝑟=1

𝑟=1

𝑚

𝑚

𝑟=1

𝑟=1

< max (𝑡asses ) + max (𝑡transf (V (𝑞𝑟𝑡 (𝑡𝑗 ))))

(14)

3.3. Gathering with Quality Assessment Prediction. In order
to reduce the main stream formation time, it is suggested
to predict quality of telemetry frame at each time instant
𝑞(𝑠𝑡 𝑟 (𝑡𝑗 )). By predicting the change in the quality of the
telemetry, it is possible to preemptively determine the time
instants when it is necessary to transfer a frame to be included
in the main stream.
The main problem is to calculate 𝑞(𝑠𝑡 𝑟 (𝑡𝑗+𝑛 )) for a period
of time 𝑛 sufficient for MS switching. Such prediction can be
achieved by applying mining models, obtained through the
use of data mining algorithms, including those used for time
series analysis (logical regression, etc.).
In this case, quality value 𝑞(𝑡𝑗+𝑛 ) will be approximated for
the following period. However, to improve the accuracy of the
prediction, not only the existing values, but also additional
attributes that affect the quality of the telemetry can be used.
In this case, it is possible to produce the following vector that
would characterize the quality of telemetry frame 𝑠𝑡 𝑟 (𝑡𝑗 ) at
time instant 𝑡𝑗 from MP mp𝑟 :

𝑞 (𝑠𝑡 𝑟 (𝑡𝑗 )) , 𝑞 (𝑠𝑡 𝑟 (𝑡𝑗+𝑛 ))} .

𝑋𝑟 = {𝑥𝑟 (𝑡0 ) , 𝑥𝑟 (𝑡1 ) , . . . , 𝑥𝑟 (𝑡𝑗 ) , . . . , 𝑥𝑟 (𝑡𝑗+𝑛 ) , . . . ,
𝑥𝑟 (𝑡𝑤 )} .

(16)

A mining model can be constructed by data mining
algorithms using such vector sets obtained from previous
measurements of this MP’s objects. In this case, the quality
assessment 𝑞(𝑠𝑡 𝑟 (𝑡𝑗+𝑛 )) is known for each 𝑥𝑟 (𝑡𝑗 ). In addition,
the mining model can be corrected in the course of measurements, using the measurements that have already been
performed.
Using approach with a quality assessment prediction
(QAP), the formation of the main stream 𝑠mo (𝑡) at each time
instant 𝑡𝑗 is performed concurrently on each MP mp𝑟 and at
the MPC (Figure 4):
(i) Previously, the following actions are performed on
each MP mp𝑟 𝑟 = 1 ⋅ ⋅ ⋅ 𝑚:
(1) Obtaining measurements data 𝑠𝑟 (𝑡𝑗 ) on each
MP mp𝑟 𝑟 = 1 ⋅ ⋅ ⋅ 𝑚
(2) Assessing the quality of the telemetry frame
𝑞𝑟 (𝑡𝑗−1 ) on each MP mp𝑟 𝑟 = 1 ⋅ ⋅ ⋅ 𝑚
(3) Sending the quality assessment 𝑞𝑟 (𝑡𝑗−1 ) and
kinematic parameters 𝑠𝑘 𝑟 (𝑡𝑗−1 ) from each MP
mp𝑟 𝑟 = 1 ⋅ ⋅ ⋅ 𝑚 into the MPC.
(ii) Previously, the following actions are performed at
MPC:

+ 𝑡transf (V (“𝑠”)) + 𝑡transf (V (𝑠𝑏 (𝑡𝑗 ))) .

𝑥𝑟 (𝑡𝑗 ) = {𝑥 (𝑡𝑗 ) , 𝑦 (𝑡𝑗 ) , 𝑧 (𝑡𝑗 ) , V𝑥 (𝑡𝑗 ) , V𝑦 (𝑡𝑗 ) , V𝑧 (𝑡𝑗 ) ,

Thus training set is the time-ordered sequence of all
vectors from the start time instant of measurement 𝑡0 till the
finish 𝑡𝑤 on each MP mp𝑟 :

(15)

(1) Receiving the quality assessment 𝑞𝑟 (𝑡𝑗−1 ) and
kinematic parameters 𝑠𝑘 𝑟 (𝑡𝑗−1 ) from each MP
mp𝑟 𝑟 = 1 ⋅ ⋅ ⋅ 𝑚
(2) Predicting the quality of the telemetry frame
𝑞 𝑟 (𝑡𝑗 ) for each MP mp𝑟 𝑟 = 1 ⋅ ⋅ ⋅ 𝑚 at time 𝑡𝑗
(3) Selecting the best MP mp𝑏 at time 𝑡𝑗
(4) Sending “𝑠” command for transferring the
telemetry frame to the best MP mp𝑏 .
(iii) The following actions are performed on selected MP
mp𝑏 after receiving “𝑠” command for transferring the
telemetry frame:
(1) Obtaining measurements data 𝑠𝑟 (𝑡𝑗 ) on each
MP mp𝑟 𝑟 = 1 ⋅ ⋅ ⋅ 𝑚
(2) Sending the telemetry frame 𝑠𝑏 (𝑡𝑗 ) from the best
MP mp𝑏 to the MPC (only for the best MP mp𝑏
at time instance 𝑡𝑗 ).
(iv) The following actions are performed at MPC:
(1) Receiving the telemetry frame 𝑠𝑏 (𝑡𝑗−1 ) from the
best MP mp𝑏
(2) Aggregating the main stream 𝑠mo .
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Figure 4: Diagram of the approach with a quality assessment prediction (QAP).

The total time for the formation of the main stream in
approach QAP 𝑇QAP at each instant time 𝑡𝑗 can be calculated
using the following formula:
𝑚

𝑇DQA = max (𝑡obtain ) + 𝑡transf (V (“𝑠”)) + 𝑡aggregate .
𝑟=1

(17)

Time of full cycle for each measurement is calculated by
the following formula:
𝑚

𝑇 DQA = 𝑇DQA + max (𝑡asses )
𝑟=1

𝑚

+ max (𝑡transf (V (𝑞𝑟𝑡 (𝑡𝑗 )) + V (𝑠𝑟𝑘 (𝑡𝑗 ))))
𝑟=1

(18)

𝑟=1

In this case, network traffic 𝑉DQA at each instant time 𝑡𝑗 is
determined by the following formula:
𝑉DQA (𝑡𝑗 ) = ∑ (V (𝑞𝑟 (𝑡𝑗 )) +
𝑟=1

+ V (𝑠𝑏 (𝑡𝑗 )) .

𝑚

𝑄QAP (𝑡𝑗 ) = max (𝑞 (𝑠𝑟𝑡 (𝑡𝑗 ))) × 𝑘𝑚 .
𝑟=1

(20)

Due to the fact that the volume of kinematic parameters
𝑠𝑘 𝑟 (𝑡𝑗 ) is generally much smaller than the volume of telemetry
frame 𝑠𝑡 𝑟 (𝑡𝑗 )
V (𝑠𝑘 𝑟 (𝑡𝑗 )) ≪ V (𝑠𝑘 𝑟 (𝑡𝑗 )) ,

(21)

this approach results in much lower network traffic than the
generic approach and slightly higher network traffic than the
previous one:

𝑚

+ ∑𝑡predict + 𝑡select .

𝑚

The quality of the telemetry frame 𝑞𝑟 (𝑡𝑗 ) at each time
point 𝑡𝑗 is determined by prediction accuracy of the built
mining model (𝑘𝑚 ):

V (𝑠𝑟𝑘

(𝑡𝑗 ))) + V (“𝑠”)

(19)

𝑉DQA < 𝑉QAP ≪ 𝑉FG .

(22)

Also, calculations on assessment of the quality of telemetry frame are performed on each MP, which considerably
relieves the MPC from the computational load.
Thus the approach QAP has low network traffic and the
time of formation of the main stream. The disadvantage of
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0.25 sec interval and transfers it to the primal consumer.

MO
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p1.
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s1

p2.

(ii) Consumers (primary consumers) are MS mounted
on MP and gathering measurements coming from
the sources. They form the measurement frame and
transfer them to MPC for further processing.

pn.

Consumers

MP2

MPn

s2

sn
Coordinator

Receiver

QualityAnalyzers’s pool
Message
Queue

BestProducerAnalyzer

AggregatorMainStream

Main stream (sＧＩ )

Figure 5: Implementation of generic approach (FG).

this approach is a potential decrease in quality of main stream.
The extent of the decrease depends on the quality of the
developed predictive model. However, it should be noted that
even an approach with full measurement gathering fails to
achieve 100% quality for all telemetry frames, as there may be
time instants when all MPs receive frames with low quality.
In view of this, telemetry analysis systems should provide the
option of processing frames of poor quality. Therefore, the
telemetry quality criterion can be noncritical.

4. Implementation of the
Proposed Approaches
4.1. Elements of the Measurement Data Gathering System. In
order to implement the measurement data gathering system
from distributed sources, we used actors model [11] and its
software implementation, Akka library [12].
The overall principle of the abovementioned mechanism
using complete data transfer involving actors model is shown
in Figure 5. The main entities are presented in Figure 5:
(i) Producers (data sources) are various measurement
means mounted on MO and generating the telemetric
stream; each producer generates data packet with

(iii) Coordinator (calculation center) is a set of actors
hidden behind general façade and representing functionality implemented by MPC and, more specifically,
preprocessing, frames quality analysis, and forming
the main stream.
(iv) Receiver is an actor presenting secondary consumer,
in particular calculation center (CC). The actor is a
point of interaction of the CC with all Consumers
actors. After receiving another data packet, actor
transfers it for processing.
(v) QualityAnalyzers are set of actors united into pool
and located in CC. They assess the quality of incoming
packets. Each data packet is placed to the processing
queue, upon which vacant analyzer addresses this
queue and retrieves the packet for processing. Analyzed data packets are further transferred to the best
producer analyzer.
(vi) BestProducerAnalyzer is an actor determining the
best snapshot among ones received from primary
consumers (PCs). Analysis is performed with the
packet receiving interval (0.25 sec), but there is an
initial delay provided (3 sec delay was used during
testing). Upon determining the best snapshot, actor
transfers it to the main stream aggregator.
(vii) AggregatorMainStream is an actor which “glues” the
best snapshots into main stream. Formed stream
is transferred to the end consumers. The way of
implementing the main stream translation process
depends on particular implementation.
4.2. Implementation of Gathering with a Distributed Quality
Assessment. In order to implement the approach DQA,
several modifications were made in the system affecting the
actors model.
The QualityAnalyzers pool becomes unnecessary since
the stream quality assessment is performed in MP, and there
should be one actor of this type per each unit. Therefore, the
functionality provided by these actors can be integrated to
the Consumer-type factors. Thus, each unit shall have its own
queue for snapshots received from Producers.
It is unnecessary to implement the BestProducerAnalyzer
actor as an individual actor anymore, as its functionality can
be combined with Receiver-type actor.
Other types of actors remain unchanged. The actors used
in this implementation of the data gathering mechanism are
shown in Figure 6.
4.3. Implementation of Gathering with Quality Assessment
Prediction. In order to implement the approach with quality
assessment prediction of measurements, implementation of
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Figure 6: Implementation of gathering with a distributed quality assessment (DQA).

the Receiver actor was modified. It uses mining model to
predict the best MP at next time instance. The mining model
used for prediction was implemented as PredictionModel
class. Corresponding actors are shown in Figure 7.

5. Experiments
Experiments were performed with the distributed system
where each of the actors was located on an individual
machine. Four physical computers with two virtual machines
deployed on each of them were used. Ubuntu Server 16.04
was installed on virtual machines.
For experiments, we used data sets of real telemetry from
flight object. The data sets were received from 2 MPs with
a measuring duration of 12,5 minutes (2,700 measurements
with period 0,25 sec). Each MP contains the following MS:
(i) Radar measuring kinematic parameters: coordinates
(𝑥, 𝑦, 𝑧) and the velocity vector (V𝑥, V𝑦, V𝑧)
(ii) Telemetry.
The first characteristic used to assess different implementations was the frame delay, that is, the time interval from
the moment of obtaining measurements data to the moment
of aggregating the main stream. Developed system allows
setting the initial frame delay. This is a time interval where
the start time of all system components and expected time
delays in message transfer via network are set. Main stream
aggregator located in CC starts the stream formation process

after the specified initial delay from the start of the test.
During the test, initial delay was set as one iteration (0.25 s).
From the retrieved data, it follows that the average delay
value shall be (Figure 8)
(i) for approach with full data gathering (FG), about
0.2629 sec,
(ii) for approach with distributed quality assessment
(DQA), 0.2921 sec,
(iii) for approach with quality assessment prediction
(QAP), 0.2645 sec.
Additional delay of the distributed implementation
option made by the system (except 0.25 sec of initial delay)
is 0.0421 sec which is three times larger compared to the
similar indication of the first implementation (0,0129 sec).
Differences result from the measurements data delivery
mechanisms in these two implementations. In the DQA
implementation, additional delay is made at the phase of
transferring the quality report to the CC and sending request
for best-quality snapshot to a certain PC.
Delay in the QAP implementation is close to the result
received from the generic approach. The value is increased
insignificantly due to necessity to switch between data
sources when swapping the best MP.
The next researched characteristic is quality of the main
stream. Since the testing was performed with preformed data
sets, it was possible to perform preassessment of their quality.
For each data frame, quality characteristic was calculated
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Figure 8: Summary diagram of the frame delay in three different
implementations.

(Figure 9 for telemetry from first MP and Figure 10 for
telemetry from second MP). Figure 11 shows that the quality
of main stream (green line) is produced by the approaches FG
and DAG.
Results received from the QAP implementation present
greater interest. To predict quality, several mining models
were used. They were trained by data mining algorithms from
the Weka library [13]:
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Figure 9: Diagram of the frame quality assessment from the first
MP.

Quality (%)

Delay (ms)

Figure 7: Implementation of gathering with quality assessment prediction (QAP).
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Figure 10: Diagram of the frame quality assessment from the second
MP.

(iv) Decision tree (M5PBase) [17]
(i) GaussianProcesses [14]
(ii) MultilayerPerceptron [15]
(iii) RegressionByDiscretization [16]

(v) SVM regression (SMOreg) [18].
The following metrics were used to assess the accuracy of
the prediction model (where 𝑦 is a true value, 𝑦 is a value
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Table 1: Comparison of prediction models.
Correlation coefficient
0,3977
0,9562
0,9922
0,4246
0,989

MAE
15,9667
4,034
0,3714
8,8983
1,5178
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Figure 11: Diagram of the main stream (green color) quality
assessment for the FG and DAG implementation.

estimated using some algorithm, and 𝑦 is a mean value of
𝑦):
(i) Mean absolute error (MAE):


∑𝑛𝑖=1 𝑦 𝑖 − 𝑦𝑖 
MAE =
𝑛

(23)

RMSE
25,3496
8,2296
3,4396
28,9597
4,4831

500

𝑛

2



(24)

(25)

(iv) Root relative squared error (RRSE):
∑𝑛𝑖=1 (𝑦 𝑖 − 𝑦𝑖 )

2
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Figure 13: Summary diagram of packet quantity dependence from
quantity of PCs.

(iii) Relative absolute error (RAE):


∑𝑛𝑖=1 𝑦 𝑖 − 𝑦𝑖 
RAE = 𝑛 

∑𝑖=1 𝑦𝑖 − 𝑦𝑖 

RRSE = √
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Figure 12: Diagram of the main stream assessment using RegressionPredictionModel.

(ii) Root mean squared error (RMSE):

RMSE =

RAE
100,90%
25,49%
2,35%
56,23%
9,59%
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.

(26)

The results of the comparison are presented in Table 1.
The prediction models MP5 and RegressionByDiscretization have the best metrics. They were selected for the
implemented approach of gathering with quality assessment
prediction.
As a result of using the MP5 model, the results were close
to the one presented in Figure 11. The correlation coefficient of
these two series was 0.9844, which conforms with theoretical
assessment presented in Table 1. The data received from
RegressionByDiscretization testing are slightly different from

theoretically predicted ones (Figure 12). In this case, the
correlation coefficient was 0,7841.
As it can be noticed, the model fails in the areas where the
best sources swap. This may indicate incorrectly calculated
dependence between parameters for prediction model.
Another criterion for implementation comparison is
network traffic volume analysis. Measurements were made
with Wireshark utility [19], a traffic analyzing software for
Ethernet network.
Traffic measurement was made with different system
configurations, in particular with varying PC quantity used
in test emulations. In this kind of test, quality of the formed
main stream was not taken into account. Thus, for each implementation variant, 4 system configurations were prepared:
with 1, 2, 4, and 6 PCs. Test was performed three times for
each configuration, and results were averaged and generated
traffic volume was assessed based on those values.
Diagrams (Figures 13 and 14) represent results of the
implementation testing. The size of one source data file is
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Table 2: Experimental results.
Delay
(second)

Mining model
correlation

Number of
MPs

Network traffic
(Mb)

Quality of main
stream

Generic approach

0.2629

-

2
4
6

686
1,376
2,077

93%

Approach with distributed
quality assessment

0.2921

2
4
6

374
396
412

93%

2
4
6
2
4
6

375
401
420
372
399
419

Approach

Approach with quality
assessment prediction by
regression model

0,9807
0.2645

Network traffic (Mb)

Approach with quality
assessment prediction by
M5PBase model

0,9526

83%

92%

DAQ approach had a bigger delay to form the main stream.
Using prediction model for quality assessment solves this
problem. At the same time, the quality of a main stream varies
depending on the selected mining model used to predict the
stream quality.
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Figure 14: Summary diagram of traffic volume dependence from
quantity of PCs.

∼339 Mb. It can be seen that the dependence of the traffic
volume from quantity of MPs is linear, wherein actual data
confirm theoretical assumptions about linear dependence of
the traffic volume from source data volume and, at the same
time, number of MPs in the system.
Analysis of the above data allows concluding that the
implementations of proposed approaches use much greater
number of TCP packets for data transfer (37241 compared to
21752 with a single MP). Yet, specific size of these packets
is significantly smaller, as the general traffic volume for
one used MP is 355.31 Mb compared to 342.715 Mb in the
implementation of generic approach. This can be explained
by smaller size of the packets formed for transferring. At the
same time, traffic volume for implementation of proposed
approaches is not directly dependant on quantity of MPs in
the system. This significantly reduces total volume with their
greater amount (411.98 Mb compared to 2077.23 Mb with 6
active MPs).
Table 2 summarises experimental results for all
approaches of measurement data gathering.
The experimental results showed a significant reduction
of traffic transmitted over the network by using approaches
to distributed measurement data gathering. However, the

6. Conclusion
Use of Fog computing for data gathering from moving objects
allows not only reducing the load to data processing center
by putting part of calculations on MP, but also significantly
reducing the network traffic. Both approaches give significant
reduction of the network load. Also, when increasing quantity
of MPs in these variants, network traffic does not increase,
which allows increasing the number of measurement tools in
the system and gaining better control over the objects. This
allows using wireless networks with limited capacity for data
gathering.
The disadvantage of the distributed quality assessment
approach is an increase of time delay in the main stream
forming. If this value is crucial, it is possible to use approach
with assessment prediction. It gives the same time delay as the
implementation with full data gathering.
Quality of the formed main stream with this approach
is fully dependent on prediction model implementation.
Prediction can be improved also by model learning in the
process of measurement values gathering. It is the objective
of future research.
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Mobile cloud computing (MCC) provides various cloud computing services to mobile users. The rapid growth of MCC users
requires large-scale MCC data centers to provide them with data processing and storage services. The growth of these data centers
directly impacts electrical energy consumption, which affects businesses as well as the environment through carbon dioxide (CO2 )
emissions. Moreover, large amount of energy is wasted to maintain the servers running during low workload. To reduce the energy
consumption of mobile cloud data centers, energy-aware host overload detection algorithm and virtual machines (VMs) selection
algorithms for VM consolidation are required during detected host underload and overload. After allocating resources to all VMs,
underloaded hosts are required to assume energy-saving mode in order to minimize power consumption. To address this issue,
we proposed an adaptive heuristics energy-aware algorithm, which creates an upper CPU utilization threshold using recent CPU
utilization history to detect overloaded hosts and dynamic VM selection algorithms to consolidate the VMs from overloaded or
underloaded host. The goal is to minimize total energy consumption and maximize Quality of Service, including the reduction of
service level agreement (SLA) violations. CloudSim simulator is used to validate the algorithm and simulations are conducted on
real workload traces in 10 different days, as provided by PlanetLab.

1. Introduction
Mobile devices, such as smartphones and tablets, are becoming essential to human life as the most effective computational
and convenient communication tools are not bounded by
time and place. These devices are replacing desktop or laptop
computers by using the cloud computing environment or
mobile cloud computing (MCC). The MCC is a combined
infrastructure of cloud computing and mobile computing
in which data processing and storage are performed on the
cloud, and mobile devices are mainly used as client to communicate with the application and retrieve processed results
from the cloud [1]. The rapid growth of mobile computing
usage is evident in the study of Juniper Research, which states
that the consumer and enterprise market for cloud-based
mobile applications increased to $9.5 billion by 2014 [2],
directly impacting cloud infrastructure. Cloud computing is
leveraged on existing technologies and ideas, such as data
centers and virtualization technology. This new perspective

revolutionized traditional information technology (IT) business by helping developers and companies overcome lack of
hardware capacity (such as CPU, memory, and storage) by
allowing users to access on-demand resources through the
Internet [3, 4].
Cloud computing is mainly divided into three types of
service models, namely, Infrastructure as a Service (IaaS),
Platform as a Service (PaaS), and Software as a Service (SaaS).
Moreover, cloud computing has four types of deployment
models such as private, public, hybrid, and community clouds
[5, 6]. Provision of MCC services to users requires largescale cloud computing platform, which drains enormous
amount of electric power and increases MCC operational
costs, CO2 emissions. Data centers consume approximately
1.3% of the total worldwide electricity supply, which is
predicted to increase to 8% by 2020 [7]. Therefore, CO2 also
increase substantially, which directly impacts the environment. Unfortunately, large amounts of electrical energy are
wasted by servers during low workload. The server resources
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utilization data collected from more than 5000 production
servers over a six-month period have shown that most of
the time servers operate at 10% to 50% of their full capacity,
leading to wasting the energy on low utilization of resources
[8].
The Quality of Service (QoS) constraint plays an important role between mobile cloud service providers and users.
Meeting QoS requirements is determined via Service Level
Agreements (SLAs) that describe the required performance
levels, such as minimal throughput and maximal response
time or latency of the system. Therefore, the main challenge is
to minimize power consumption of mobile cloud data centers
while satisfying QoS requirements [9].
Hardware virtualization technology transforms traditional hardware to the new paradigm. This technology consolidates workload, called virtual machine (VM) consolidation, and exploits low-power hardware states. Most current
studies have minimized the overall energy consumption
through two widely used techniques, such as VM consolidation and dynamic server provisioning [10, 11]. Dynamic
server provisioning methods reduce electric power consumption by reducing the computational resources during low
workloads [12]. This reduction means turning the unnecessary servers to sleep-mode when the workload demand
decreases. Similarly, when data processing and data storage
demands increase, these servers are reactivated according to
requirements [13, 14]. The server shares its resources among
multiple performance-isolated platforms called VMs by using
hypervisor technology. Each VM runs more than one task
simultaneously. Dynamic VM consolidation also plays an
important role in minimizing overall energy consumption
in mobile cloud data centers. The VM consolidation occurs
when a server (host) detects overload or underload, during
which VM migrates one by one from the overloaded host
to another appropriate host until the overload returns to its
normal state. Similarly, when the host detects underload,
all VMs migrate to appropriate hosts and turn this host to
sleep-mode [15, 16]. Basically, these approaches have two
main objectives: minimizing overall energy consumption and
maximizing the QoS. The QoS requirements are formalized
via SLA metric and such features are described as minimal
throughput and maximal response time or latency delivered
by the deployed system [17].
The basic task of efficient energy consumption in mobile
cloud data centers is divided into five parts as follows:
(1) Determine when a host is considered overloaded so
that some VMs would migrate one by one to other
efficient hosts under SLA constraint until the host
returns to normal state. To detect overloaded hosts,
we used MeReg algorithm, which is introduced in this
paper.
(2) Determine when a host is considered underloaded so
that all VMs would migrate from it to the appropriate
hosts and it will turn into sleep-mode. To detect
underloaded host, we used constant lower CPU utilization threshold proposed in Beloglazov and Buyya
[18].

(3) Select VMs from an overloaded host that should have
migrated from it. To select, we used our previous work
in Yadav et al. [19].
(4) Select all VMs from an underloaded host that should
have migrated from it. To select, we used our previous
work in Yadav et al. [19].
(5) Find a new VM allocation where selected VMs from
overloaded and underloaded hosts would be placed
to activate or reactivate hosts. We used the modified
best fit decreasing (MBFD) algorithm proposed in
Beloglazov et al. [16] for VM placement.
In this study, we proposed a regression-based adaptive
heuristic algorithm for estimating an upper threshold to
detect the overloaded hosts of mobile cloud data center. From
these hosts, several VMs are migrated to another host to
minimize the performance degradation. We used a novel
MuMs dynamic VM selection algorithm to balance trade-offs
among electric power consumption, number of migrations,
performance of host, and total number of hosts that were
shut down. These algorithms estimate the upper threshold
and selection of VMs based on the statistical analysis of
CPU utilization history of hosts. The following are the main
contributions of this paper:
(i) An adaptive heuristic MeReg algorithm to estimate
upper CPU utilization threshold using recent CPU
utilization history for detecting overloaded hosts is
introduced. This algorithm mainly aims to minimize
overall power consumption under the required SLA
of mobile cloud data center.
(ii) The performance and effectiveness of the MeReg algorithm are evaluated using the CloudSim simulator on
real and random workload traces and compared with
other proposed approaches in the literature.
The rest of this paper is organized as follows: In Section 2,
we discussed some previous literature related to mobile cloud
data center resources and energy efficiency management. In
Section 3, we presented the mobile cloud platform architecture. Section 4 is a key part of this paper where we
discussed host overload detection. In Section 5, we proposed
energy efficiency metric for measuring the effectiveness of the
proposed algorithms in the cloud environment. In Section 6,
the experiment setup for proposed algorithms is discussed.
In Section 7 results of the proposed algorithms are analysed
and compared, and in Section 8, the study is concluded by a
summary with future research direction.

2. Related Work
Researchers have examined the design of mobile cloud
models and its associated software architecture [20]. A
paradigm shift is evident from traditional to mobile cloud
computing which requires large-scale of cloud data center,
wherein the cost of computational resources is no longer the
major portion of the overall cost. However, the cost of
power consumption and cooling infrastructure are still considered primary cost drivers. Power consumption and CPU
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utilization in servers or mobile are directly proportional
to one another [21, 22]. Therefore, recent techniques for
minimizing power consumption and maximizing QoS are
discussed in this study. In one of the first works introduced
by Zhang et al. [23], dynamic efficient energy techniques for
mobile computing that schedule multiple computing tasks
are dynamically reconfigured and selectively turned off to
minimize overall energy consumption in mobile computing.
Esfandiarpoor et al. proposed a VM consolidation algorithm that efficiently reduces energy in cloud data center
by considering structural features, such as racks and network topology. Moreover, they focused on the cooling and
network structure of cloud data center hosting the physical
machines when consolidating VMs. Few racks and routers
are employed without compromising the SLA so that idle
routing and cooling equipment could be turned off to reduce
energy consumption [24]. Zhu et al. [25] investigated the
dynamic VM consolidation problem and applied a static host
CPU utilization threshold of 85%, which is determined if the
host is overloaded when CPU utilization threshold exceeded
85%. However, static CPU threshold is unsuitable for systems
with dynamic workload, as this static model does not adapt
to system workload changes. In this study, we introduced a
dynamic adapt threshold value according to the statistical
analysis of workload history.
Nathuji and Schwan [26] proposed dynamic VM consolidation to minimize the energy consumption of hosts in data
centers. They investigated energy management techniques
in the large-scale virtualized resources of data center. They
proposed a new energy management method for virtualized
resources of data center called Soft Resource Scaling. In
addition, the authors suggested dividing the resource management problem into two levels: local and global. At the local
level, the algorithms handle the energy management of guest
VMs. By contrast, global policies coordinate multiple physical
machines. They also explored the benefits of efficient energy
consumption using live migration and found that total energy
consumption can be significantly reduced.
Beloglazov et al. [16] proposed a cloud computing architectural framework and the provision of mobile cloud data
center resources in power efficient manner, while meeting
SLA requirements. They established two parts of the VM
consolidation problem: (1) submission of new requests for
VM provisioning and allocation of VMs on hosts; (2) significant use of current VM allocations. To solve the problem
of VM placement on hosts, they used the MBFD algorithm.
This algorithm first sorts current CPU utilization of all
VMs in decreasing order and allocates each VM to a host,
which provides efficient energy consumption environment.
In another work, Beloglazov and Buyya [18] introduced a
heuristic-based energy-aware approach, which focused on
the statistical analysis of CPU utilization history to determine
an upper threshold for detecting overloaded hosts
Ranganathan et al. [27] described server power management method at the collective systems level instead of the
individual server level. This approach permits active servers
to borrow power from inactive servers. Similarly, Venkatachalam et al. [28] introduced an efficient energy technique
for minimizing the overall energy consumed by the server
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CPU at a given period. They also focused on GPU electric
energy consumption.
The energy consumption of the data centers is broken
down in [29, 30]. Most studies have considered energy
consumption modeling at the CPU level: however, network
devices also consume considerable amount of energy in terms
of data center energy consumption. Therefore, load balancing
of data center network devices is important to minimize the
energy consumption cost. Shang et al. [31, 32] introduced
a distributed green-routing algorithm which consider computation, communication, and thermal temperature within
the data center. The future decision of the proposed loadbalancing algorithm requires a full energy model including
networks and servers in the data center. Liu et al. [33] introduced a distributed flow scheduling (DFS) for efficient energy
consumption in data center network devices. However, this
approach did not consider the nature of communication
sources, sinks, and corresponding computation.

3. System Architecture
The general architecture of MCC includes mobile devices,
network connection, and cloud computing data center. In
Figure 1, mobile devices are directly connected to the base
station using the mobile network. The base station establishes
and controls the air connection between mobile devices and
the network [34] and communicates with the cloud data
center via the Internet to complete the task of the mobile
users such as data processing and storage. The cloud data
center includes numerous virtualized resources to improve
performance of the services. These resources consist of 𝑛
heterogeneous hosts. Wherein each host contains multicore
CPU, primary memory, secondary memory, and network
I/O. The CPU performance is determined in terms of millions of instruction per second (MIPS). The submission of
multiple requests for VM provisioning is allocated to hosts
simultaneously. The allocation of VMs to hosts is based on
CPU utilization of the host. The energy consumed by the
CPU is linearly proportional to its utilization [18]. Therefore,
efficient consolidation of VM would reduce the electric
energy consumption and the SLA violation rate. When the
running VM cannot obtain its resources from the cloud
data center such as MIPS and memory, then SLA violation
would occur. In this case, a cloud service provider should
pay cloud service users penalty, when an overloaded host is
confirmed. The next step is selecting VMs for migration from
the overloaded host to appropriate host and apply iteratively
to the host until it is no longer considered overloaded.
In this MCC model, three main important players handle
all workflows within cloud data centers. The key players
are global controller, local controller, and virtual machine
manager (VMM). A local controller resides in each host as
a separate VM and is tasked to monitor the status of the VM,
and CPU utilization as well as decide what time VM should
be migrated from the host. The global controller resides on a
single master host and gathers all information from the local
controller to maintain overall resources utilization. Moreover,
it decides where VM should be optimally placed. Finally, the
VMM resides along the hypervisor and helps in resizing the
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Table 1: The electric energy consumed by the considered servers at different level of workload in watts (W).

Server
Fujitsu M1
Fujitsu M3
Hitachi TS10
Hitachi SS10

0%
13.3
12.4
37
36

10%
18.3
16.7
39.9
38.8

20%
21.1
19.4
43.2
41.2

30%
23.4
21.4
45.5
43.7

40%
26.5
23.4
48.8
46.3

50%
29.6
26.1
52.8
49.4

60%
34.7
29.7
57.8
53.1

70%
40.7
34.8
65.1
58.8

80%
46.8
41
73.8
64.2

90%
57.4
47.1
80.8
67

100%
60
51.2
85.2
69.7

Global controller

VM

VM

Hypervisor

Local
controller

Local
controller

VMM

VMM

VM

VM

Hypervisor
Host n

Host 1
Cloud computing

Figure 1: Mobile cloud computing system architecture.

VM and changes the power state of the host, which helps
efficiently utilizing energy.
3.1. Energy Model. Relative to other types of equipment,
the major energy consumers of mobile cloud data center
components are CPU, network, and memory. Recent works
show that the electric power consumed by the host’s processor
is directly proportional to its utilization. Utilization of the
processor depends on the workload of the host and changes
according to the variability of the workload [35]. Therefore,
utilization of the processor is a function of time, and its value
changes according to workload variability. The overall electric
energy consumption by the host can be defined as an integral
function of the power consumed by the host at a given period
and is described as follows [16]:
𝑡1

𝐸 = ∫ 𝑃 (𝑢 (𝑡)) 𝑑𝑡,
𝑡0

(1)

where 𝐸 is the total electric energy consumed by the server.
𝑃(𝑢(𝑡)) is the continuous function of workload utilization at
time 𝑡.
Moreover, we considered four different types of hosts,
namely, Fujitsu M1, Fujitsu M3, Hitachi TS10, and Hitachi
SS10. The features of these hosts are shown in Table 2. The
energy consumption of these servers is obtained from the
SPECpower [36]. The electric energy consumption of these
hosts at different workloads is shown in Table 1.

Table 2: Characteristics of the hosts.
Server
Fujitsu M1
Fujitsu M3
Hitachi TS10
Hitachi SS10

CPU
Xeon 1230
Xeon 1230
Xeon 1280
Xeon 1280

Core
4
4
4
4

Clock speed
2.7 GHz
3.5 GHz
3.5 GHz
3.6 GHz

Memory
8 GB
8 GB
8 GB
8 GB

4. MeReg Host Overloaded Detection
The mobile cloud computing platform has recently become
popular worldwide because of its dynamic nature. However,
the dynamic characteristics of mobile cloud computing pose
a big concern for cloud service provider (CSP). Therefore, the
constant CPU utilization threshold is unsuitable for detecting
an overloaded host in cloud environments. We proposed
a novel algorithm for host overload detection based on a
regression model called 𝑀 estimator regression model. This
algorithm dynamically estimates the upper CPU utilization
threshold based on the historical dataset of CPU utilization,
which is automatically adjusted according to the historical
CPU workload.
Robust regression techniques provide more efficient optimal solution than traditional approaches. These techniques
are not directly influenced by the outlier in the dataset,
which makes it more robust and trustworthy for the dynamic
environment of the cloud. The “M estimation Regression”
(MeReg) generates a regression line in which the median
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of the squared residuals is minimized [37]. The MeReg is a
more robust estimator than the median, standard deviation,
variance, and ordinary least squares estimators. “Ordinary
least squares (OLS) have the following disadvantages: (1) a
single corrupt data point can give the resulting regression
line an arbitrarily large slope; (2) it can behave badly when
the residual distribution is not normal, particularly when
the residuals are heavily tailed” [38, 39]. To initialize the
MeReg algorithm, we first need to generate the OLS model
representing the relationship between input data 𝑋 and the
value of the output data 𝑌 using line the straight as follows:
𝑌𝑖 = 𝜃1 + 𝜃2 𝑋𝑖 + 𝜀𝑖 ,
𝜀𝑖 = 𝑌𝑖 − (𝜃1 + 𝜃2 𝑋𝑖 ) ,

(2)

𝑚

(3)

where 𝜎 represents a residuals standard deviation of CPU
utilization data point. To make this model more robust,
Tukey’s bisquare function as an objective function of M
estimation is used, where 𝜀̂𝑖 is the residual divided by residuals
standard deviation, and constant 𝑐 is called a tuning constant.
The small value of 𝑐 produce increases resistance to outliers
but at the expense of very low efficiency when the residuals
are normally distributed. Therefore, the value of 𝑐 = 4.685 is
usually selected to provide 95% efficiency when the residuals
are normally distributed [39]. The U(̂
𝜀𝑖 ) bisquare objective
function is given as follows:
𝜀̂𝑖 6
𝜀̂𝑖 2 𝜀̂𝑖 4
 
{
{
{ 2 − 2𝑐2 + 6𝑐4 , 𝜀̂𝑖  ≤ 𝑐
U (̂
𝜀𝑖 ) = { 2
{
{ 𝜀̂𝑖
𝜀̂𝑖  > 𝑐.
 
{6

(4)

To define the weight function of the residuals, we should
obtain the partial differentiation of this equation with respect
𝜀𝑖 ), which
to 𝜃2 . Let 𝜓 be the first derivative function of F(̂
define the weight function
𝑚

∑𝑋𝑖 𝜓 (
𝑖=1

(𝑌𝑖 − (𝜃1 + 𝜃2 𝑋𝑖 ))
) = 0,
𝜎
𝜓 (̂
𝜀𝑖 )
.
𝑤 (̂
𝜀𝑖 ) =
𝜀̂𝑖

(5)

(6)

To determine the optimal solutions or values of 𝜃1 and 𝜃2
by Tukey’s bisquare weighted function,
𝑚

∑𝑋𝑖 𝑤𝑖 (

(𝑌𝑖 − (𝜃1 + 𝜃2 𝑋𝑖 ))
) = 0.
𝜎

(7)

We utilize this approach to fit a trend polynomial model
to all observations of the CPU utilization of VMs. In every
iteration, weight function is defined according to new residuals that is called iteratively reweighed least squares and is
repeated until it converges to the optimal values of 𝜃1 and 𝜃2 ,
which determine the minimum value of U(̂
𝜀𝑖 ) metric. This
minimum value is called MeReq, which estimates the upper
threshold of CPU utilization.
The detection of the overloaded host is determined by
the upper CPU utilization threshold metric used in [18]. We
extended this metric through MeReg to detect overloaded
hosts shown as follows:
𝑈𝑝𝑇 = 1 − 𝑝 × 𝑀𝑒𝑅𝑒𝑞,

min F (̂
𝜀𝑖 ) = ∑



median 𝜀𝑖 − median (𝜀𝑖 )
,
𝜎=
0.6745

2

2
{
{(1 − ( 𝜀̂𝑖 ) ) , 𝜀̂𝑖  ≤ 𝑐
 
𝑤𝑖 = {
𝑐
{
otherwise.
{0,

𝑖=1

where 𝜀𝑖 is the independent variable called residuals. This
model mainly aims to minimize the value of residuals 𝜀𝑖 . If
the values of all residuals 𝜀𝑖 converge to the zero, then an
optimal model is generated, wherein all given data points
lie on this model. 𝑖 ∈ 𝑉, where 𝑉 is set of all VMs CPU
utilization dataset of the data center. The goal is to minimize
the sum of distance between the estimated linear parameter
and actual CPU utilization data point. The objective function
of estimation can be defined as follows:
(𝑌𝑖 − (𝜃1 + 𝜃2 𝑋𝑖 ))
,
𝜎
𝑖=1

The weight function w of this model also changed
according to observations.

(8)

where 𝑝 is the safety parameter of this algorithm, which
define how fast the system is in consolidating VMs. Moreover,
the small value of safety parameter 𝑝 implies low energy
consumption but high SLA violation and vice versa [18]. The
pseudocode of MeReg host overloaded detection algorithm,
which helps in understanding the full workflow of the
algorithm, is discussed in Algorithm 1.

5. Efficiency Metrics
Various matrices are used to evaluate the results and compare
the effectiveness of the algorithm. The first metric is called
total energy consumed by the data center resources at
different workloads. The second type of efficiency metric
is the average percentage of the SLA violation, which only
occurs when provision VMs are not obtaining the requested
resources (or when the average computing power of the
shared host is not allocated to the requested VMs). This
metric directly influence the QoS, which is not negotiated
between cloud provider and its users. If an SLA violation
occurs, then the CSP should pay some penalty to users.
5.1. Performance Metric (Pertric). To maximize the overall
performance with minimum energy consumption, average
SLA violation, and number of the reactivation hosts, we
introduced a performance metric. If the host reactivated
from energy saving-mode called reactivated host. These hosts
directly affect the energy consumption of the data center. To
address this concern, a performance metric is described as
follows:
𝑃𝑒𝑟𝑡𝑟𝑖𝑐 = 𝐴𝑆𝐿𝐴 × 𝐻𝑆 × 𝐸,

(9)
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(1) Input: Dataset of the CPU utilization
(2) Output: Boolean // Host is overloaded or Not
(3) Initiate the Y[] and X[] // Y[] is the CPU utilization dataset.
(4) for each j ∈ [1, 100] do
(5)
for each i ∈ [Y.length] do
(6)
𝜀𝑖 ← 𝑌𝑖 − (𝜃1 + 𝜃2 𝑋𝑖 )
(7)
end for
(8)
Calculated the 𝜎
median|𝜀𝑖 − median(𝜀𝑖 )|
(9)
𝜎 ←
0.6745
(10)
Initialised 𝜀̂𝑖 [] array
(11)
for each i ∈ [Y.length] do
(𝑌 − (𝜃1 + 𝜃2 𝑋𝑖 ))
(12)
𝜀̂𝑖 ← 𝑖
𝜎
(13)
end for
(14)
Calculate Tukey’s bisquare function
(15)
if 𝜀̂𝑖 ≤ 𝑐 then
𝜀̂ 2 𝜀̂ 4
𝜀̂ 6
(16)
U(̂
𝜀𝑖 ) ← 𝑖 − 𝑖 2 + 𝑖 4
2
2𝑐
6𝑐
(17)
else if 𝜀̂𝑖 > 𝑐 then
2
𝜀̂
(18)
U(̂
𝜀𝑖 ) ← 𝑖
6
(19)
Calculate the weighted value
(20)
if 𝜀̂𝑖 ≤ 𝑐 then
2
𝜀̂ 2
(21)
𝑤𝑖 ← (1 − ( 𝑖 ) )
𝑐
(22)
else if 𝜀̂𝑖 > 𝑐 then
(23)
𝑤𝑖 ← 0
(24)
Finding the value of 𝜃1 and 𝜃2 by using as follows
(𝑌 − (𝜃1 + 𝜃2 𝑋𝑖 ))
𝑚
) ← 0
(25)
∑𝑖=1 𝑋𝑖 𝑤𝑖 ( 𝑖
𝜎
(26) end for
(27) MeReg ← minimum value of U(̂
𝜀𝑖 )
(28) upT ← p × MeReg
(29) return HostUtilisation >upT
Algorithm 1: MeReg host overloaded detection.

where 𝑃𝑒𝑟𝑡𝑟𝑖𝑐 represents the overall performance metric,
𝐻𝑆 represents the total number of the host shutdowns after
applying these algorithms, and 𝐸 is the total electric energy
consumption of the data center. The average SLA violation
percentage in the data center is represents as 𝐴𝑆𝐿𝐴.

Table 3: Types of Amazon EC2 VM.
VM Types
Hight-CPU instance
Extra-large instance
Small instance
Microinstance

MIPS
2500
2000
1000
500

Memory
850 MB
3750 MB
1700 MB
613 MB

6. Experiment Setup
The deployment of real large-scale virtualized infrastructure
is very expensive and conducting a repeatable experiment to
analyse and compare the result of the proposed algorithm
is difficult. Therefore, simulation is a best choice for evaluating VM selection policy to repeat the experiment of the
proposed algorithms. We chose the CloudSim toolkit [40]
for analysis and compared the performance of the proposed
host overloaded detection algorithm. This is a modern open
source simulator, which provides an IaaS cloud computing
framework that enables us to conduct repeatable experiments
for which results can be analysed and compared on largescale virtualized cloud data centers.

In our cloud computing simulation setup, we installed
800 heterogeneous servers with real configurations. These
hosts are Fujitsu M1, Fujitsu M3, Hitachi TS10, and Hitachi
SS10. The features of these servers are presented in Table 2.
The electric energy consumption of these servers at different
workloads is shown in Table 1.
The CPU clock speed of servers is mapped onto MIPS
ratings; that is, each core of the servers Fujitsu M1, Fujitsu M3,
Hitachi TS10, and Hitachi SS10 is mapped 2700, 3500, 3500,
and 3600 MIPS, respectively. The network bandwidth of each
server is modeled to possess 1 GB/s. The corresponding VM
types are supported by Amazon EC2 VM, as shown in Table 3.
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Figure 2: Evaluation of the proposed host overload detection algorithm using random workload.

Simulation must be conducted using real workload traces
of the data center server, which is applicable on real cloud
environment. To achieve this objective, we used the data
provided by PlanetLab as part of the CoMon project [41].
We utilized more than a thousand heterogeneous VM CPU
utilization data from more than 500 heterogeneous servers
placed worldwide. The features of the data daily are discussed
in Beloglazov and Buyya [18].

with the overloaded hosts detection algorithms and VM
selection policy described in Beloglazov and Buyya [18].
These overloaded host algorithms are median absolute deviation (MAD), and interquartile range (IQR) with maximum
correlation (MC), minimum migration time (MMT), and
minimum utilization (MU) of VM selection policy. We
used the values of safety parameters (𝑝) 1, 2.5, and 1.5 for
MeRegMuMs, MAD, and IQR, respectively.

7. Simulation and Analysis

7.1. Random Workload. In the random workload, every VM
runs an application with a variable utilization of CPU, which
is generated with a uniform distribution. In Figure 2(a),
the electric energy consumption by using MeRegMuMs host
overloaded detection algorithm must be lesser than the
other approaches. Figure 2(b) shows significant reduction

Real time CPU utilization data of heterogeneous servers is
used to evaluate the performance of MeReg host overloaded
detection algorithm. We simulated the proposed algorithm
with the MuMs VM selection scheme and compared it

8

7.2. Real Workload. The real workload dataset is provided by
the PlanetLab as part of the CoMon project. In the CoMon
project, data of thousands of VMs CPU utilization worldwide
are collected every five minutes and stored in different
extension files. We selected this real dataset to evaluate the
proposed policy. Analysis of the proposed policy using real
workload is discussed in the following subsections.

55
Energy consumption (kWh)

in average SLA violation. Moreover, in Figures 2(c) and
2(d) the number of shutdown hosts and VM migrations are
also reduced more efficiently than the other host overloaded
detection algorithms.
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7.2.3. Number of Host Shutdowns and VM Migrations. The
cost of dynamic live migration of VMs is always high,
which includes processing power on the allocated host, and
performance degradation [9, 14]. Therefore, minimizing the
total number of VMs migrations is one of the objectives
of this study. In this section, we analysed and compared
the simulation of the number of host shutdowns and VM
migrations. If the number of reactivated hosts increase, then
energy consumption is maximized. The host is reactivated to
allocate new VMs and shutdown when it detect underload.
In the experiment environment, we installed 800 hosts
but the number of host shutdowns is greater than 800 due to
host reactivation. Figure 5 shows that the proposed algorithm
also, minimized 25.9% of host reactivations of hosts relative to
traditional MadMmt, MadMc, MadMu, IqrMmt, IqrMc, and
IqrMu algorithms.
Meanwhile, the number of migration is directly proportional to performance degradation. If the total number
of VM migrations decreases then performance degradation
also decreases, which is desired by users and CSPs. The
comparison of the proposed policy VM migration with other

Figure 3: Energy consumption comparison using real workload.

Average SLA violation (%)

7.2.2. Evaluation of the Average SLA Violation. Maintaining
the QoS is an important aspect of cloud computing environment. The required QoS are determined by SLAs [9]. In
this section, we analysed and compared the percentage of
average SLA violation in overloaded hosts. Cloud users do not
want SLA violation and performance degradation. If these
situations occur then CSP should pay the penalty to users.
Thus, reduced SLA violation is desired among users and CSPs.
Figure 4 shows that the percentage of average SLA using the
MeRegMuMs host overloaded detection is 23.3% lesser than
that of traditional algorithms.

MeRegMuMs

25

7.2.1. Evaluation of Energy Consumption. The total electric
energy consumption of the resources of the hosts in the
data center depends on CPU utilization, primary memory,
network devices, and disks. However, numerous studies have
revealed that the host CPU consumes more electric energy
than other resources in the hosts [29]. Therefore, we are
more focused on the CPU utilization of hosts. In this section
we analysed the simulation of MeRegMuMs host overloaded
detection with the MAD and IQR. As shown in Figure 3,
electric energy consumption by the proposed algorithm is
17.3% lesser than means of other algorithms.

Figure 4: Comparison of the average percentage of SLA violation.

old algorithms proposed in Beloglazov and Buyya [18] is
described in Figure 6.
7.2.4. Evaluation of Pertric. In this section, we discussed the
overall performance of the cloud data center using proposed
MeReg host overloaded detection algorithm. The overall
performance calculated by the Pertric metric proposed in
Section 5.1 is also discussed. The main objective is to propose
this metric to analyse the all aspects of energy-awareness in
the cloud data center, such as minimization of electric energy
consumption, average percentage SLA violation, and number
of reactivated hosts for placing new VMs.
Figure 7 shows the effectiveness of the MeReg host
overload detection algorithms using MuMs VMs selection
policy relative to other old host overload detection algorithms
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Figure 7: Performance metric (Pertric) comparison.

Figure 5: Total number of host shutdowns.
28000

and the population means are significantly different from one
another at the 0.05 level. Therefore, the MeRegMuMs algorithm is significantly different from other algorithms, such as
MadMc, MadMmt, MadMu, IqrMc, IqrMmt, and IqrMu with
𝑝 value of 4.068𝐸 − 8.
One sample 𝑡-test of VM migration time duration and
host running time is also carried out. The average value of the
sample mean times before a VM migration during the host
detection underload or overload is 19.67 seconds with a 95%
CI: 18.23, 20.12. The average value of the sample means host
running time before transition to energy-saving-mode is 21.3
minutes with 95% CI: 20.2, 22.8.

26000
24000
Number of VM migrations

1.2 × 106

MeRegMuMs

Number of host shutdowns

4000

22000
20000
18000
16000
14000
12000
10000
IqrMu

IqrMc

IqrMmt

MadMu

MadMc

MadMmt

MeRegMuMs

8000

Figure 6: Total number of VM migrations.

using VM selection policies such as MadMmt, MadMc,
MadMu, IqrMmt, IqrMc, and IqrMu.
7.2.5. Statistical Analysis. Statistical analysis validated the
proposed algorithm, and the results demonstrated the efficiency of the proposed algorithm compared with other
approaches. One-way ANOVA on the Pertric Matrices is
conducted to analyse the tradeoff between minimizing the
overall energy consumption and maximizing the QoS of the
data center demonstrated in Table 4. Based on the One-way
ANOVA result, MeRegMuMs significantly reduced energy
consumption and maximized QoS, compared with MadMc,
MadMmt, MadMu, IqrMc, IqrMmt, and IqrMu. Table 4 shows
that the F ratio (10.61) is greater than the F critical value
(2.24), which indicates that the null hypothesis is rejected

8. Conclusion and Future Work
Mobile cloud computing enables seamless and rich functionality of the cloud computing services to mobile users.
Mobile cloud data centers worldwide are growing according
to the increasing demand of data processing and storage by
mobile users. Therefore, to keep the mobile cloud data centers
running, massive amount of electric energy is required, which
leads to high operational costs and CO2 emission. High emission of CO2 negatively impacts the social environment. In this
study, we introduced a novel adaptive heuristic host overload
detection algorithm called MeReg, which minimizes electric
energy consumption and maximize QoS in terms of required
SLA of the data center. A host overload problem directly
influences VM performance, which is totally against SLA.
Therefore, a regression-based technique called M estimation
is used to find optimal upper CPU utilization threshold
for detecting overloaded hosts. For VM consolidation from
overloaded hosts, the approach used in previous study called
MuMs policy is implemented, which selects VM from overloaded or underloaded hosts and migrates it to appropriate
hosts. CloudSim simulator is used in the implementation of
the proposed algorithm to obtain the results using 10 different
real workload traces.
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Table 4: Summary of the one-way ANOVA test.

Source of variation
Between groups
Within groups
Total

df
6
63
69

SS (×1010 )
347
343
690

MS (×1010 )
57.8
5.45

In the future, we plan to further extend this work by
introducing a machine learning based technique called
Markov chain for VM consolidation policy, which works better in a dynamic environment such as cloud computing. The
implementation of these algorithms in the open source real
cloud platform such as OpenStack would also be studied.
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In a wireless multimedia sensor network (WMSN), the minimization of network energy consumption is a crucial task not just for
scalar data but also for multimedia. In this network, a camera node (CN) captures images and transmits them to a base station (BS).
Several sensor nodes (SNs) are also placed throughout the network to facilitate the proper functioning of the network. Transmitting
an image requires a large amount of energy due to the image size and distance; however, SNs are resource constrained. Image
compression is used to scale down image size; however, it is accompanied by a computational complexity trade-off. Moreover, direct
image transmission to a BS requires more energy. Thus, in this paper, we present a distributed image compression architecture over
WMSN for prolonging the overall network lifetime (at high throughput). Our scheme consists of three subtasks: determining the
optimal camera radius for prolonging the CN lifetime, distributing image compression tasks among the potential SNs to balance the
energy, and, finally, adopting a multihop hierarchical routing scheme to reduce the long-distance transmission energy. Simulation
results show that our scheme can prolong the overall network lifetime and achieve high throughput, in comparison with a traditional
routing scheme and its state-of-the-art variants.

1. Introduction
The Internet plays a vital role in communication by connecting people around the world through millions of networking
devices [1]. The availability of advanced low-cost devices has
led to the development of the Internet of Things (IoT). The
Internet is moving toward the IoT and Cloud Computing,
including Big Data, which has become the most important
global technology platform for the future [2]. Typically, the
IoT is composed of smart things (or smart devices), which
have the ability to detect (sense) or cooperate (communicate)
with a physical environment and other devices over largescale and easy-to-deliver channels (wireless) with optional
preprocessing or control those devices to deliver some particular tasks (processing) [1].
The wireless sensor network (WSN) is another key part
of the IoT, which is used in many fields, such traffic, military,
industry, and environmental monitoring and control [2, 3].

In general, a single wireless sensor node (SN) consists of a
readily available and inexpensive sensor, a data processor,
memory, a receiver/transceiver, and power units for capturing
scalar data, such as temperature, pressure, humidity, velocity,
acceleration, and location [4]. Recently, information has been
changing from scalar data to multimedia data, such as image,
video, and audio data. The IoT and Cloud Computing also
provide a backend solution for processing such huge multimedia data streams, which have high computational requirements; for example, Wireless Multimedia Sensor Networks
(WMSNs) are used for video streaming, video conferencing,
and video surveillance [5].
A WMSN extends a typical WSN by adding multimedia services and devices, such as a Complementary Metal
Oxide Semiconductor (CMOS) camera and a microphone,
to capture images, video, or audio, which allows the device
to retrieve not only scalar data but also multimedia streams.
To facilitate understanding, for all devices or sensor nodes
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Figure 1: Sensor node deployment: example.

(SN) within a WMSN, there are two main types of nodes:
camera nodes (CNs) and typical sensor nodes, which are
called normal nodes (NNs) and are traditionally used to aid
the transmission or perform other scalar-based sensing tasks.
Typically, a CN captures the multimedia content and sends
it to an NN for processing or transmission to its base station (BS). Although there are various practical transmission
schemes [6–9], a hierarchical structure is typically applied,
such as a cluster-based approach [10], which has the key
advantages of direct-transmission energy optimization and
zoning, which prolong the network lifetime.
Figure 1 shows an example of SN deployment; here, there
are two possible clusters: (1) a transmission cluster of the
NN (here, its representation as cluster head is included) and
(2) a camera cluster. As shown in Figure 1(a), a transmission
cluster will be normally formed according to criteria that are
related to the energy usage, such as distance and remaining
power. In each cluster, the sensor node members will send
the data to its corresponding cluster head (CH) before further
transmitting the aggregated data toward the BS. Similarly,
in Figure 1(b), with the introduction of a CN, a camera
cluster is a cluster that has one CN and many nearby NNs,
which typically function as relay nodes toward the BS. In
this cluster, camera cluster optimization is difficult to achieve
since the energy of each node has been changing over time.
In addition, having too small of a coverage area may lead
to having insufficiently many sensor nodes for processing or
transmitting data, whereas having too large of a coverage area
may cause more energy to be required for communication to
its node members.
In general, an SN (NN or CN) comes with resource constraints, such as limited memory, buffer size, data processing,

data transmission, and capacity of battery that is very difficult
to recharge [11]. Moreover, multimedia data require a large
amount of bandwidth and more energy for data delivery,
which causes SNs to deplete their energy quickly and shortens
the network lifetime; most of the energy of the WMSN is used
for data transmission. One possible solution is to compress
such data to reduce their size. An image can be compressed
because it is composed of many pixels that are closely
correlated to one another. By exploiting this correlation,
image compression techniques can reduce the size of the
image efficiently [12].
Although many image compression techniques have been
proposed, most are very complicated and have high resource
requirements; thus, they cannot perform well in a resourceconstrained WMSN [13–16]. If the image compression process relies on a single SN, this sensor node may quickly
run out of energy. A few dead SNs can cause the failure
of the entire network, especially SNs that break or divide
the network into an unbalanced structure. Accordingly, in
the design of a WMSN routing protocol, distributed image
compression must be considered [17]. However, designing a distributed scheme that overcomes the limitations
of the SN to prolong the network lifetime is challenging since there is always a trade-off between compression
quality and energy (such as computing and transmission
power).
Furthermore, long-distance data transmission requires
more energy than short-distance transmission and causes
source SNs to drain their energy quickly; therefore, direct
data communication from each individual SN is not efficient
in a WMSN; thus, multihop communication is recommended. However, selecting a relay sensor node among all
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sensor nodes for forwarding to optimally use the energy of
the network is also a complicated task [18].
To overcome the abovementioned issues, we propose
a novel distributed architecture of multihop image compression, namely, DICA, to extend the network lifetime
and improve throughput using a combination of the fuzzy
logic system (FLS) and a distribution-based computation
approach. There are three main contributions of this paper:
(1) we apply FLS to determine the optimal camera cluster
size; (2) we design a distributed image compression technique that divides compression tasks among typical SNs
(not camera nodes); and (3) we implement a hierarchical
multihop routing technique to partition the network into
layers, and similarly, FLS is adopted for optimum relay node
selection.
The remainder of this paper is organized as follows:
Section 2 highlights some key related works on distributed
architectures for image compression in WMSNs. Section 3
describes our system models in detail. Section 4 provides
details on our proposed architecture (DICA). Section 5
provides details on the simulation configuration and then
presents and discusses the results. The performance of our
proposed architecture is evaluated with respect to various
metrics, in comparison with an energy-efficient distributed
image compression scheme in resource-constrained multihop wireless networks (EEDIC) [14], a two-hop clustered
image transmission scheme for maximizing network lifetime
in wireless multimedia sensor networks (2HCIT) [19], and
a traditional and simplified routing protocol, namely, lowenergy adaptive clustering (LEACH) [6]. Finally, the conclusions and the future research directions are discussed in
Section 6.

2. Related Work
Typically, a WSN requires a routing protocol to minimize the
energy consumption of data transmission. As a clusteringbased approach, low-energy adaptive clustering hierarchy
(LEACH) is a well-known routing protocol in WSNs. This
protocol is an adaptive and self-organizing clustering protocol that generates a random value to select a CH in rotation
among SNs. It was originally designed as a single-hop routing
protocol, through which SNs transmit data to their CH, which
then forwarded the aggregated data toward the BS. In this
way, LEACH can distribute energy among SNs in the network
to achieve energy reduction, thereby prolonging the network
lifetime [6, 20].
Unfortunately, when the scale of the network is increased,
LEACH becomes inefficient since the distant CHs deplete
their energies faster as they transmit the data to the BS;
therefore, LEACH is unsuitable for a large-scale network.
To mitigate this problem, multihop LEACH, which is an
extension of LEACH, is introduced. In multihop LEACH,
instead of sending data directly to the BS, the CH sends data
through intermediate CHs, which are closer to the BS. This
approach dramatically reduces the energy and extends the
lifetime of the WSN [21]. Note that there are also several
LEACH derivatives for the purpose of network lifetime
optimization [22].
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Many researchers have applied LEACH in WSNs. However, LEACH does not consider the effects of multimedia
data in WMSNs, such as images with huge size and other
considerations, such as computing power and space constraints. Fortunately, as previously stated, an image normally
has a large amount of redundant information, which can be
removed by using image compression techniques to reduce
the image size so that image transmission over multi-hop
WMSNs is improved. Over the past decades, many compression techniques have been proposed and can be divided into
two categories: discrete cosine transform (DCT) methods
and discrete wavelet transform (DWT) methods [21]. As an
example of the former, JPEG is a well-known and widely used
DCT-based image compression algorithm because it is very
fast and energy efficient and requires less memory than other
algorithms [23].
In contrast, the latter algorithms perform much better
than those in the former algorithms in terms of compression
ratio and image quality but with some trade-off as high computational complexity [21]. JPEG2000 is another well-known
DWT-based algorithm with the key advantage of providing
a better image compression ratio, better image quality, and
higher resistance to data transmission error and decoding
error; therefore, high-complexity image transmission is not
required for prolonging the network lifetime in the context
of a WSN or WMSN.
JPEG2000 has been adopted in WMSNs in some works;
for example, Zuo et al. [19] presented a two-hop clustered
image transmission scheme that was based on traditional
LEACH. They divided the clusters into two categories:
camera clusters and normal clusters. The camera cluster
forms during the first round; a fixed camera radius is
carefully considered to ensure that the camera cluster has
an adequate number of nodes to receive the image from
the CN and then compress the image before sending it to
the BS via the CH. At the beginning, the fixed optimized
camera cluster radius is determined based on transmission
radius adjustment. If the camera radius is too small, there
would not be an adequate number of sensor nodes for the
camera cluster, whereas if the radius is too large, the image
transmission may require more energy than the image compression. In addition, conflicts between camera clusters can
occur.
After that, the camera-equipped node assigns the image
compression tasks to the nodes that have maximum residual
energy within its radius to balance the energies of the camera
cluster node members. Then, the camera-equipped node
formulates the TDMA schedule based on the compression
time, the transmission time of the compressed image, and the
transmission time of the original image. JPEG2000 has also
been used to make the image size smaller. The experimental
results show that this technique can prolong the network
lifetime by balancing the energy. However, setting up the
camera cluster only once during network initialization is not
effective since the energies of the camera cluster member
nodes keep changing over time due to many factors. In the
worst case, the CN still has energy, but there are no live
nodes in the cluster to process and transmit the image to
the destination. Furthermore, JPEG2000 is complicated for
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a single node to compress an image and the network cannot
be scaled using conventional LEACH.
The closest work to ours was presented by Wu et al.
[14]. In this study, the wavelet-based image compression
standard JPEG2000 is chosen as an image compression
technique. The authors distributed the computational load
of image compression tasks among SNs with the aim of
prolonging the network lifetime. The main idea of the method
that is presented in this paper is to distribute the wavelet
transform tasks to numerous groups of SNs. To reduce the
computational complexity and requirements, two methods
were used. In the first method, the image is split into rows and
columns with specific sizes, whereas in the second method,
the image is cropped into a grid of the same size. Both
methods send and distribute wavelet transform of these small
images among SNs from source to destination. Nevertheless,
in the first method, two round-trip wireless transceivers are
required for the SNs who join in each level of the wavelet
transform, which may lead to higher power consumption,
while in the second method, there is no clear discussion about
cluster formation for network load balancing.
To cope with the problems of [14], Tian et al. [15]
suggested an algorithm for CH selection that is based on
the distance and load factor for improving the centralized
encoding algorithm of JPEG2000. First, after being captured
by the CN, an image is divided into 𝑀 blocks of images.
Each CN sends those blocks to the 𝑀 nodes with the highest
remaining energy in the cluster to perform the first level
of wavelet decomposition. As a result, four subbands are
generated: low-low (LL), low-high (LH), high-low (HL), and
high-high (HH). Then, the SNs that have participated in the
wavelet transform transfer the data to the CH of the next
cluster. After receiving the data, the CH forwards only one
subband (LL) to a group of SNs for the next level of the
wavelet transform, whereas the remaining subbands (LH,
HL, and HH) are sent to three other SNs in the cluster
for independent encoding. This process is repeated until
the desired image compression ratio is achieved and the
compressed image has arrived at the BS. This algorithm can
decrease the energy consumption, offer load balancing of the
network, and prolong the network lifetime. Unfortunately,
the quality of the image is not satisfactory, comparing with
the original JPEG2000.
Nasri et al. [24] proposed an effective JPEG2000 image
compression method for multihop WSNs. This proposed
method distributes the image compression tasks among SNs
along the way to the BS, similar to the abovementioned
studies. First, after receiving the query from the CN from
the source SN, CH1 selects multiple sensor nodes SN1𝑖 (𝑖 =
1, . . . , 4). The source SN divides the original images into many
tiles and sends them to this group of SNs (SN11 , SN12 , SN13 ,
and SN14 ) for 1D of DWT decomposition (vertical decomposition). This group of SNs sends the result to CH2 and
then CH2 sends this result to other sets of SNs (SN21 , SN22 ,
SN23 , and SN24 ) for the other 1D of DWT decomposition
(horizontal decomposition). As a result, level 1 of the data
is retrieved. Next, CH3 chooses LL1 and distributes it to a
group of SNs (SN31 , SN32 , SN33 , and SN34 ) for 1D wavelet
transform.
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After completing the 1D wavelet transform, the SNs in
this group send the intermediate result back to CH3 for the
other 1D wavelet transform. CH3 sends the level 2 data to
CH4 for quantization. Then, CH4 sends the level 2 data to a
single sensor node, namely, SN4𝑖 , for quantization, whereas
the other SNs in this cluster are awakened. The number of
levels depends on the compression target. After quantization,
SN4𝑖 sends the data to CH5 . Then, CH5 divides the quantized
subbands into multiple smaller code blocks of equal size and
sends them to a set of nodes, namely, SN5𝑖 (SN53 , SN52 , SN53 ,
and SN54 ), for independent code block entropy encoding to
produce compressed bitstreams. This procedure continues
until the compressed image reaches the BS. This proposed
scheme can reduce the memory consumption of SNs by
dividing the original image into tiles and blocking quantized
subbands into multiple smaller code blocks for entropy
encoding. This scheme can also distribute the images to many
nodes but needs to transmit uncompressed image along many
clusters before the image is completely compressed; therefore,
a large amount of energy is used during data transmission.
Another energy-efficient JPEG2000 image compression
architecture is proposed by Lu et al. [25]. In this proposed
method, there are also two types of clusters: camera clusters
and normal clusters. A camera cluster has a CN as its CH.
First, the CN captures the image and divides it into tiles. Then,
the tiles are sent to the member nodes of the camera cluster
to share the compression tasks to minimize the total energy
consumption. After finishing the compression tasks, the SNs
send the compressed image to the normal CH. Then, the CH
forwards the compressed image to the BS. By comparing with
the scheme in which the CN performs all compression tasks
and sends the compressed image out, this proposed method
can reduce the energy consumption of the CN and improve
the lifetime of the network. Unfortunately, in the experiment,
the network lifetime is improved only in the case of dense SN
deployment.
Aside from the routing protocol and image compression,
as one of the pioneering forms of computational intelligence
(CI) [26], fuzzy logic system (FLS) can be used in many
fields to optimize the system when there are uncertainties
in the system without requiring the complete information.
Many studies have adopted FLS in WSNs, in particular,
for routing and clustering. For example, Brante et al. [27]
developed a fuzzy-logic-based relay selection scheme for
multihop WSNs. The instantaneous channel conditions and
the residual energy were used as fuzzy input to select the
relay node. Unfortunately, when the density of nodes in the
network is increased and relay selection grows dramatically,
the end-to-end performance is impacted.
In addition, as stated in [26], the authors determined that,
during clustering, the CH should be selected based on the
residual energy and rotated periodically to balance the energy
consumption. As a result, CHs that are far away from the
BS die sooner than those that are nearer to the BS. Here,
FLS-based unequal clustering was proposed to partition the
network into clusters of different sizes. The clusters that are
near the BS have smaller sizes than the distant clusters. FLS
with three variables, namely, the distance to the BS, the
residual energy, and the node degree, is used to compute
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the competitive radius, whereas each SN in the competitive
radius computes the fuzzy choice using FIS with two input
variables, namely, the distance and the node degree of the
CH, to decide whether to join the cluster or not. However,
as the network size increases, the clusters in WSN become
imbalanced, which can reduce the performance of network
since the node degrees and the remaining energies of the CHs
are taken into account when SNs are assigned to the cluster.
Bagci and Yazici [28] also proposed the fuzzy-based clustering method. In their paper, each SN generates a random
number between 0 and 1. The SN whose random number is
below the predefined threshold 𝑇 becomes a desired tentative
CH. Each tentative CH computes the competitive radius
using FLS with two input variables: the distance to the BS
and the residual energy. A broadcasting message is sent by
each tentative CH to compete with the other tentative CHs
locally. If a tentative CH receives a broadcasting message
from another tentative CH that has higher energy than its
remaining energy within its competitive range, the tentative
CH broadcasts the quit message; however, if the tentative CH
receives broadcasting messages from tentative CHs whose
energies are lower than its remaining energy, it becomes
the CH. Compared to other unequal and equal clustering
algorithms, this algorithm can perform better; unfortunately,
it may cause imbalanced energy consumption of SNs in the
WSN if the randomly selected CHs have lower remaining
energy.

3. System Model
3.1. Network Model. In this paper, we make the following
network assumptions:
(i) All sensor nodes (SN) are deployed randomly and
uniformly in a targeted area (𝑀 × 𝑀).
(ii) The network is composed of two types of SNs: camera
sensor nodes or camera nodes (CNs) and typical
sensor nodes or normal nodes (NNs).
(iii) The number of the CNs is far less than the number of
NNs.
(iv) All NNs are homogenous in each type; therefore, they
have the same initial energy, computational power,
memory, and so on.
(v) All SNs are unaware of their location and become
static after deployment.
(vi) All SNs have the same communication range (radius
= 𝑅𝑐 ).
(vii) Each SN can approximate its distances to other SNs
based on the received signal strength index (RSSI)
[29].
(viii) A single BS is located at a specific position that is
outside the sensor field and has sufficient hardware,
software, and constant power supply.
(ix) The operation is broken into rounds. The transmission of a full image from a CN to the BS is considered
one round.
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3.2. Energy Consumption Model. While transmitting and
receiving data, that is, packets that are based on the IEEE
802.15c framework, in WSNs or WMSNs, each SN consumes
energy. The energy consumption is based on the size of the
packet and the distance between sender and receiver. This
paper adapts a simplified model that is used in LEACH for
the communication energy consumption model. The energy
consumption for transmitting and receiving 𝑙 bits of data are
given in (1) and (2), respectively [19].
2
{𝑙 × 𝐸elec + 𝑙 × 𝜀fs × 𝑑 ,
𝐸tx (𝑙, 𝑑) = {
𝑙 × 𝐸elec + 𝑙 × 𝜀mp × 𝑑4 ,
{

if 𝑑 < 𝑑0
if 𝑑 ≥ 𝑑0

𝐸tx (𝑙, 𝑑) = 𝐸elec × 𝑙,

(1)
(2)

where 𝐸elec is the energy that is consumed by the circuit
per bit; 𝑑 is the distance between sender and receiver.
𝜀fs corresponds to free space, whereas 𝜀mp corresponds to
multipath fading; they are the energies that are depleted
by the amplifier for short and long distances, respectively.
𝑑0 = √𝜀fs /𝜀mp is the reference distance between sender
and receiver. If this distance is less than 𝑑0 , then 𝜀fs is used;
otherwise, 𝜀mp is applied.
The energy consumption of an SN when it receives a 𝑘-bit
packet is as follows:
𝐸𝑅 = 𝑘 × 𝐸elec .

(3)

After receiving data, the SN requires energy for data
aggregation. The energy consumption of data aggregation is
computed as follows:
𝐸agg = 𝐸DA × 𝑛 × 𝑘,

(4)

where 𝑛 is the number of messages and 𝐸DA is the energy that
is used for aggregating some data.
JPEG2000, which is a wavelet-based image compression
scheme, is used in this study. The energy consumption is
divided into two parts: discrete wavelet transform (DWT)
energy consumption and encoding energy consumption. The
image compression energy consumption per bit, which is
denoted as 𝐸comp , is calculated as follows [30]:
DWT Level

𝐸comp = 𝐸DWT ×

∑
level=1

1 level−1
( )
+ 𝐸encode ,
4

(5)

where DWT Level is the desired decomposition level of the
wavelet transform.
In an implementation on a StrongARM SA-1100 206 MHz
device, 𝐸elec , 𝜀fs , and 𝜀mp are measured to be approximately
50 nj/bit, 10 pj/bit, and 0.0013 pj/bit/m4 , respectively. 𝐸DWT ,
which denotes the discrete wavelet transform energy consumption, costs approximately 220 nj/bit, whereas 𝐸encode
consumes an energy of approximately 20 nj/bit [14, 19].
3.3. Definition and Notation. Before proceeding to the proposed algorithm, the following definitions and notations are
presented.
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Definition 1 (sensor nodes). The wireless sensor network
consists of 𝑁 sensor nodes. We denote SN = {SN1 , SN2 , SN3 ,
. . . , SN𝑁}, where |SN| = 𝑁 and SN𝑖 represents the 𝑖th sensor
node.
Definition 2 (neighboring nodes). The neighbor set of sensor
nodes SN𝑖 is defined as NB𝑖 = {𝑗𝜖𝑁 | 𝑑𝑖,𝑗 ≤ 2𝑅𝑐 , 𝑖𝜖𝑁, 𝑗 ≠ 𝑖},
where 𝑁 is a set of sensor nodes that are deployed in the area
(𝑀×𝑀), 𝑅𝑐 denotes the broadcasting range (communication
radius) of the SNs, and 𝑑𝑖,𝑗 is the Euclidean distance between
SN𝑖 and SN𝑗 , which is approximated using RSSI.
Definition 3 (node degree). The node degree is the number of
neighbors of an SN in the field within broadcasting radius 𝑅𝑐 .
The degree of sensor node SN𝑖 is denoted as Deg (SN𝑖 ). The
higher the degree of a sensor node SN𝑖 is, the more sensor
nodes that surround SN𝑖 and the better the coverage if SN𝑖 is
a cluster head.
Definition 4 (member nodes). Any SN can be a member of a
cluster. After a cluster head is elected, any sensor node SN𝑖
that is in the coverage area of cluster head CH𝑗 or whose
distance from CH𝑗 is less than 𝑅𝑐 has a chance to be a member
node of the cluster.
Definition 5 (competitive radius). The competitive radius of a
camera node is determined by an appropriate camera cluster
size. The competitive radius of camera node CN𝑖 is defined as
𝑅CN𝑖 and should satisfy
𝑅CN𝑖 ≤ 𝑅𝑐 .

(6)

Definition 6 (communication cluster). For energy efficiency,
all SNs are grouped into sets, which are called clusters. A set
of SNs consists of many SNs, of which only one is elected
to be the cluster head (CH), while the rest are just member
nodes. Member nodes send the data to their CH, which then
forwards the data to the next destination.
Definition 7 (camera cluster). In a camera cluster, there is
one camera node CN and its neighboring nodes NBCN . This
cluster is formed to share the processing and transmission
task of the camera node. The camera node acts as the cluster
head of the camera cluster.
Definition 8 (image compression cluster). The image compression cluster is formed during data transmission. This
cluster is used to compress the image before transmitting it
to the BS. The highest-energy node in the camera cluster is
selected to be the cluster head of image compression cluster
ICH. The neighboring nodes of image compression cluster
head NBICH are members of the image compression cluster.
In our algorithm, we use nine different control messages:
(i) CH-Msg (ID): this message is sent by the communication CH to its neighbors to announce itself as a CH
and contains only the CH’s ID.
(ii) CL-Join-Request-Msg (CH ID, ID): this message is
sent by neighboring nodes of the communication CH

to request to join the communication cluster. The
message includes the ID of the CH and the ID of the
SN that wants to join the cluster.
(iii) Level-Msg (ID, routing level): the BS and communication CHs broadcast this message, which contains their
IDs and routing level information, to their neighbors
to build a hierarchical routing structure.
(iv) Level-Request-Msg (ID): during a specific time, communication CHs, which do not receive any LevelMsg, broadcast this message to their neighboring SNs
to request routing level information. The ID of the
requesting CH is stored in this message.
(v) Level-Reply-Msg (ID, routing level): after receiving a
Level-Request-Msg from the requesting communication CH, the SN replies with a Level-Request-Msg,
which contains its ID and routing level information.
(vi) Cam-Msg (ID, cam energy, node degree): the CN
sends a Cam-Msg, which contains its ID, remaining
energy, and node degree, to its neighboring nodes to
form a camera cluster.
(vii) Cam-Join-Request-Msg (ID, energy): this message is
sent by a neighboring node of the CN to join the
camera cluster. The message contains the ID and
remaining energy of the neighboring node of the CN.
(viii) Relay-Msg (ID): this message is sent by the source SN
to its neighbors to find the relay node and contains the
ID of the source node.
(ix) Relay-Reply-Msg (ID, routing level, energy): after receiving Relay-Msg, the neighboring nodes of the
source node send this message back to source node.
This message contains their IDs, routing level information, and remaining energies.

4. Distributed Image Compression
Architecture over Multihop Wireless
Multimedia Sensor Networks
In this section, our proposed distributed image compression
architecture over multihop wireless multimedia sensor networks, namely, DICA, is described in detail. Our proposed
architecture is divided into five phases per round: communication cluster setup, multihop hierarchical routing setup,
camera cluster setup, image compression cluster setup, and
image transmission (see Figure 2).
4.1. Communication Cluster Setup. In our proposed architecture, before proceeding to the other phases, the communication clusters are established. For the purpose of
forwarding images to the BS, the WMSN is divided into
many clusters, which are called communication clusters.
Each communication cluster has its own CH and member
nodes. Member nodes send data to their CHs and then
forward the data to the destination. We applied LEACH,
which is a pioneering cluster-based routing algorithm in
terms of effective energy consumption in WMSNs, for our
communication cluster setup. To preserve the energy of the
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Communication cluster setup phase
Multihop hierarchical routing setup phase
Camera cluster setup phase
Image compression cluster setup phase
Image transmission phase

Figure 2: Phases of the proposed architecture.

CNs, CNs cannot function as the CH since the CH depletes
more energy for data transmission and aggregation.
4.2. Multihop Hierarchical Routing Setup. After the communication cluster has been set up, the next step is the multihop
hierarchical routing setup phase. Here, a level of the hierarchical routing information structure is constructed to offer
better routing information for multihop communications.
Each SN in the field has its own routing level. The routing
level is a number that is used to identify how close the SN is
to the BS. The routing level starts from 1 and a low routing
level indicates that the SN is near the BS. This setup phase is
conducted only in the first round of the network, after the
communication cluster setup is completed. This algorithm
relies on the communication of CHs to broadcast the routing
level information, which is much more efficient than wholenetwork broadcasting. The details of the multihop hierarchical routing setup are described in Algorithm 1.
In this phase, initially, the routing levels of all SNs in the
field are set to 0. The BS broadcasts Level-Msg with its ID and
routing level (=1) to all SNs that are within its communication
radius. After receiving this broadcasting message from the
BS, all SNs save the routing level information. In this case,
the broadcasting message is received by the CH, and the
CH not only saves the routing level information but also
increases the routing level by 1 and finally rebroadcasts to
its neighbors. This process is repeated until no more CHs
receive the broadcasting message. If an SN receives more than
one message, it checks the existing routing information that
was saved previously against the new information. The lower
routing level is accepted and the higher one is discarded, so
the routing level of the node is updated with the lowest one.
CHs that do not receive any broadcasting messages for
a specific time 𝑇1 are considered far away from other CHs;
however, it is possible that their neighbors have the routing
level information. Therefore, these CHs broadcast LevelRequest-Msg to their neighbors to request the routing level
information. If there is a neighboring node that receives
Level-Request-Msg and its routing level is not equal to 0,
it replies with Level-Request-Reply-Msg, which contains its
routing level information to the source CH. After receiving
the replies from its neighbors, the CH saves the received
routing level information for future use.
If more than one reply message is received, the CH
chooses the lowest routing information level. Then, this CH
increases the routing level information by 1 and broadcasts

it to its neighbors. If the source CH does not receive any
replies from its neighbors during a specific time 𝑇2 , it waits
for another specific time 𝑇3 . If, in the worst case, there is still
no any reply during time 𝑇3 to the source CH, the source CH
sets its routing level to the maximum value (here, 100). For the
NNs, after waiting for a specific time 𝑇4 and not receiving any
routing level information, these nodes also set their routing
levels to the maximum value.
4.3. Camera Cluster Setup. The camera cluster consists of
one CN, which acts as the CH of this cluster and nearby
member nodes. Once communication cluster setup and
multihierarchical routing setup are completed, the camera
cluster setup phase is conducted. Since the energies of the
member nodes are changing all the time, this phase must
be implemented in every round in the network to ensure
that the camera cluster has enough member nodes for image
processing and transmission.
The detailed algorithm of this phase is described in
Algorithm 2. Here, the CN broadcasts the Cam-Msg to
its neighbors within its competitive radius to form the
camera cluster. The competitive radius computation will be
discussed in the next subsection. Cam-Msg contains the ID,
remaining energy, and node degree of the CN in the previous
round.
After receiving this message, the neighboring nodes of
the CN calculate the camera cluster membership, which
will be discussed later. In the camera cluster membership
calculation, an FLS cost is calculated. After calculating this
cost, whose value is between 0 and 1, the neighboring node
generates a random number between 0 and 1, which is called
the local chance. If the local chance is lower than the fuzzy
cost, the neighboring node sends Cam-Join-Request-Msg,
which contains the ID and remaining energy of this node, to
the CN. Then, this node becomes a member of the camera
cluster.
4.3.1. Fuzzy Logic System. Fuzzy logic or set, which was developed by Zadeh [31], is an effective technique for improving
decision-making in resource-constrained networks such as
WSNs because FLS can reduce the resource consumption
while maintaining effective performance and offering good
solutions for many control problems by imitating the human
thought process. FLS consists of four key components:
fuzzier, inference engine, fuzzy rules, and defuzzifier, as
shown in Figure 3 [32].
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(1) if round == 1 then
(2)
BS broadcasts Level-Msg containing routing level = 1.
(3)
if SN receives the broadcasting message then
(4)
if Message is Level-Msg then
(5)
if routing level of node != 0 then
(6)
if routing level of node > routing level within received message then
(7)
Update routing level of SN
(8)
if Node is CH then
(9)
routing level ← routing level + 1
(10)
Broadcast new Level-Msg (ID, routing level)
(11)
end if
(12)
end if
(13)
Else
(14)
Update routing level of SN with routing level within received message
(15)
end if
(16)
else if Message is Level-Request-Msg then
(17)
if routing level of node != 0 then
(18)
Send Reply-Request-Msg (ID, routing level) to the requested SN
(19)
end if
(20)
End
(21)
else
(22)
Waiting for Level-Msg when T 1 is expired
(23)
if Node is CH then
(24)
Broadcast Level-Request-Msg (ID)
(25)
Waiting for Level-Reply-Msg when T 2 is expired
(26)
if Node receive Level-Reply-Msg then
(27)
if Node is CH then
(28)
Update routing level of SN with routing level within received message
(29)
routing level ← routing level + 1
(30)
Broadcast new Level-Msg (ID, routing level)
(31)
end if
(32)
Else
(33)
Waiting for Level-Reply-Msg when T 3 is expired
(34)
routing level ← 100
(35)
end if
(36)
Else
(37)
Waiting for Level-Msg when 𝑇4 is expired
(38)
routing level ← 100
(39)
end if
(40)
end if
(41) end if
Algorithm 1: Multihop hierarchical routing level setup.

The fuzzifier gets crisp inputs and converts them to a
fuzzy set, which is represented by a linguistic term, such as
“near,” “medium,” or “far,” using a membership function.
This process is known as fuzzification. Used for quantifying
linguistic terms, the membership function maps nonfuzzy
input values onto fuzzy linguistic terms, and vice versa.
There are different forms of membership functions, such
as triangular, trapezoidal, Gaussian, piecewise linear, and
singleton; however, there are a few membership functions
that are commonly used, that is, triangular, trapezoidal, and
Gaussian. The choice of membership functions depends on
the experience of and assessment by the researcher. The
membership function is applied in both fuzzification and
defuzzification. After the fuzzification process, the inference
is made by inference system based on a set of rules, which
are stored in the rule base. Each of these rules is typically an

IF-THEN rule with conditions and a conclusion. Lastly, the
output of FLS is defuzzified using the membership function.
Defuzzification transforms the fuzzy set back into a crisp
output value [33].
4.3.2. Competitive Radius. The competitive radius is one
of the most important factors for the camera cluster since
it is used to limit the SNs that can be members of the
camera cluster. If the competitive radius is too large, more
energy may be required for the CN to communicate with its
node members, whereas if it is too small, there may be an
inadequate number of SNs to join the camera cluster as well
as processing and transmiting the images to the BS. Based on
RSSI, the competitive camera radius is computed using the
following formula:
𝑅CN = ∝ RSSImax ,

(7)
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(1) if Node is CN then
(2)
if round = = 1 then
(3)
node degree = 0;
(4)
competitve radius = 𝑅𝑆𝑆𝐼max
(5)
else
(6)
node degree ← calculate node degree
(7)
competitive radius ← calculate competitive radius based on algorithm in Section 4.3.2
(8)
end
(9)
Broadcast Cam-Msg (ID, cam energy, node degree) within its competitive radius
(10) Else
(11)
if Node receives Cam-Msg then
(12)
local chance ← generate random value
(13)
fuzzy cost ← calculate Fuzzy Cost (cam energy, RSSI, node degree) based on
algorithm in Section 4.3.3
(14)
if local chance ≦ fuzzy cost then
(15)
Sends Cam-Join-Request-Msg (ID, energy) to CN
(16)
end if
(17)
end
(18) end if
Algorithm 2: Fuzzy logic-based camera cluster setup.

Fuzzy decision block
Rule base
Crisp inputs

Fuzzification

Inference system

Defuzzification

Crisp outputs

Figure 3: Basic block diagram of a fuzzy system.

where RSSImax denotes the maximum RSSI of the SNs and
∝ is the weight of the camera radius, which is used to adjust
the camera radius. This weight of the camera radius ∝ ranges
between 0 and 1. In the first round, ∝ is equal to 1.
To determine the weight of the camera radius ∝, FLS is
applied. In FLS, three input variables are used. First, the CN
energy is the remaining energy of the CN, as a percentage:
CN 𝐸𝑛𝑒𝑟𝑔𝑦𝑖 = CN 𝑅𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝐸𝑛𝑒𝑟𝑔𝑦𝑖 /CN 𝐼𝑛𝑖𝑡 𝐸𝑛𝑒𝑟𝑔𝑦𝑖 .
Second, the camera node degree is the number of other CNs
that are within the competitive radius of the CN, divided by
the total number of CNs in the network: 𝐶𝑎𝑚𝐷𝑒𝑔(CN𝑖 ) =
|𝐶𝑎𝑚𝑁𝐵CN𝑖 |/#CNs. Finally, the node degree of the camera
cluster is the number of SNs in the camera cluster in
the previous round, divided by the total number of SNs:
𝑁𝑜𝑑𝑒 𝑑𝑒𝑔𝑟𝑒𝑒 = Deg(CN𝑖 )/#SNs. Here, Deg(CN𝑖 ) is set to 0
in the first round of the network.
As shown in Figure 4, all three variables have the same
linguistic variables for the fuzzy set: low, medium, and high.
Since trapezoidal and triangular membership functions are
suitable for real-time operation and their computations are
not complex [34], we applied them to our fuzzy input and output variables. All fuzzy input parameters of the membership
function are formulated based on [32] and our experiment.
Mamdani’s method is chosen as the fuzzy inference technique
that is used to map the set of input linguistic variables to the
output set [35]. A set of 27 fuzzy rules and output membership
functions are shown in Table 1 and Figure 5, respectively.

4.3.3. Camera Cluster Membership. The camera cluster membership algorithm also adopts FLS to determine the size of
the camera cluster. Not all SNs within the competitive radius
can be members of the camera cluster; only the qualified ones
are selected to join this cluster. As shown in Table 2, three
fuzzy logic input variables are used for camera member node
selection. Each of them has its own membership function.
The first and second variables are camera node energy and
node degree, respectively, which are the same as the input
variables of FLS of competitive radius, as shown in Figure 4;
therefore, we discuss only the third variable, namely, RSSI,
which is a measurement of the power of the radio signal from
the camera node (see also Figure 6). Weak, medium, and
strong are the linguistic input variables for the fuzzy set. The
triangular membership function is used for weak and strong,
whereas the trapezoidal membership function is applied to
medium [36].
Fuzzy inference relies on 27 rules, which are generated
from three fuzzy input variables, as described in Table 2.
The output, as depicted in Figure 7, is the fuzzy cost, which
determines the possibility that nodes can be members of the
camera cluster.
4.4. Image Compression Cluster Setup. The image compression cluster is formed to prepare the SNs for distributed
image compression. In the image compression cluster setup
phase, initially, the CN selects the highest-energy SN in
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Figure 4: Fuzzy input variables of competitive radius.
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Figure 5: Fuzzy output variable of fuzzy cost in competitive radius calculation. VL = very low, L = low, RL = rather low, ML = medium low,
M = medium, MH = medium high, RH = rather high, H = high, and VH = very high.

4.5. Image Transmission. The purpose of the image transmission phase is to ensure that the image has been captured,
compressed, and sent hop by hop to the BS successfully. In
this phase, there are two main subphases: distributed image
compression and relay node selection.

(1) Discrete Wavelet Transform (DWT). As briefly discussed,
the discrete wavelet transform is an effective technique for
signal analysis and has been widely used in image processing,
especially image compression. Here, JPEG2000 adopts DWT
in its compression technique. DWT decomposes the image
into a set of subbands and the level of decomposition
produces four subbands: low-low or image approximate (LL),
high-low or diagonal details (HL), low-high or horizontal
details (LH), and high-high or vertical details (HH). LL
is lower scale of the image, whereas the other subbands
are the image details. LL can be decomposed further to
produce another level of subbands. The higher the level of
the decomposition, the smaller the image compression size is;
however, the image compression size does not improve when
the decomposition level reaches 5-6. An example of 3 levels
of DWT decomposition is shown in Figure 8.

4.5.1. Distributed Image Compression. In this paper, we distribute the discrete wavelet transform level and encoding to
different sensor nodes within the image compression cluster.
At the beginning, a camera node captures an image and then
divides this image equally into several small images (here, 4).

(2) JPEG2000. JPEG2000 can be either lossy or lossless, depending on the wavelet transform and quantization
method that are applied. It utilizes the Embedded Block
Coding with Optimized Truncation (EBCOT) image compression technique. The difference between JPEG2000 and

the camera cluster. This highest-energy SN becomes the
image compression cluster head (ICH). Not all neighbors
of the ICH become members of the image compression
cluster automatically. The ICH chooses a set of SNs that
have the highest energies as its image compression cluster
to participate in image compression. The number of SNs
depends on the compression target; however, the ICH typically chooses the four highest-energy SNs within its communication radius to be members of the image compression
cluster.
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Table 1: Fuzzy rules of camera cluster radius.
Neighboring camera node
Low
Low
Low
Medium
Medium
Medium
High
High
High
Low
Low
Low
Medium
Medium
Medium
High
High
High
Low
Low
Low
Medium
Medium
Medium
High
High
High

Degree of membership

Camera node energy
Low
Low
Low
Low
Low
Low
Low
Low
Low
Medium
Medium
Medium
Medium
Medium
Medium
Medium
Medium
Medium
High
High
High
High
High
High
High
High
High

1

Weak

Node degree
Low
Medium
High
Low
Medium
High
Low
Medium
High
Low
Medium
High
Low
Medium
High
Low
Medium
High
Low
Medium
High
Low
Medium
High
Low
Medium
High

Fuzzy cost
Very high
Low
Very low
High
Low
Very low
High
Low
Very low
High
Low
Very low
Rather high
Low
Very low
Medium high
Low
Very low
Medium
Low
Very low
Medium low
Low
Very low
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Very low
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Figure 6: RSSI input variable of camera cluster membership.
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Figure 7: Fuzzy output variable of fuzzy cost in camera cluster membership. VL = very low, L = low, RL = rather low, ML = medium low, M
= medium, MH = medium high, RH = rather high, H = high, and VH = very high.

12

Wireless Communications and Mobile Computing
Table 2: Fuzzy rules of camera cluster membership.

Node energy
Low
Low
Low
Low
Low
Low
Low
Low
Low
Medium
Medium
Medium
Medium
Medium
Medium
Medium
Medium
Medium
High
High
High
High
High
High
High
High
High

Node degree
Low
Low
Low
Medium
Medium
Medium
High
High
High
Low
Low
Low
Medium
Medium
Medium
High
High
High
Low
Low
Low
Medium
Medium
Medium
High
High
High

RSSI
Strong
Medium
Weak
Strong
Medium
Weak
Strong
Medium
Weak
Strong
Medium
Weak
Strong
Medium
Weak
Strong
Medium
Weak
Strong
Medium
Weak
Strong
Medium
Weak
Strong
Medium
Weak

Fuzzy cost
Very high
Very high
Very high
Very high
High
Rather high
Very high
Medium
Low
Very high
High
Medium
Very high
Medium
Medium
Very high
Low
Very low
Very high
Rather high
Medium
Very high
Low
Medium low
Very high
Rather low
Very low

Figure 8: Discrete wavelet transform of a grayscale image.

JPEG is that JPEG2000 uses DWT, whereas JPEG exploits
DCT. JPEG2000 is far superior to its ancestor since it can
offer a higher compression ratio. Moreover, wavelet-based
compression techniques such as JPEG2000 are more robust to
transmission and decoding errors. Here, we select JPEG2000
for a resource-constrained network in WMSN [14, 37, 38],
as shown in Figure 9. For encoding, JPEG2000 compression
initially applies DWT and then quantizes and encodes the
transform coefficients to generate the output codestream

(compressed image). For decoding processes, the codestream
is decoded and dequantized. Finally, the inverse DWT is used
to reconstruct the image.
(3) Distributed JPEG2000 Compression. As shown in Figure 10, before sending each small image out, the CN forms the
image compression cluster based on the algorithm that was
discussed in Section 4.4. The detailed algorithm of distributed
image compression is described in Algorithm 3. Once the
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Figure 9: Flow diagram of JPEG2000 image compression.
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Figure 10: Distributed image compression.

image compression cluster setup is completed, the CN sends
each small image to the ICH. After receiving the image
from the CN, the ICH applies the first level of DWT on
the image and obtains subbands LL, HL, HL, and HL. The
process continues by encoding HL, HL, and HL and sends
the compressed data to its communication CH, whereas
the remaining LL is sent to the nearest SN in the image
compression cluster for further processing.
The nearest SN performs the same steps as in the previous
process. After receiving the LL, the nearest SN implements
another level of DWT; encodes the new HL, HL, and HL;
and then sends the compressed data to its ICH, whereas
the new LL is sent to the next-nearest SN in the image
compression cluster. The processes are repeated until the
target compression is achieved. If there are not enough
SNs in the image compression cluster, the last SN in the
image compression cluster performs the remaining image
compression tasks. In this case, there is no member in the
image compression cluster, and the ICH performs all image
compression tasks. After distributed image compression, the
ICH aggregates the compressed image and sends it to its
communication CH. Then, the CH forwards the compressed
image via other CHs hop by hop to the BS based on the relay
node selection algorithm that is presented in Section 4.5.2,
until the compressed image reaches the BS.
Since there is a trade-off between compression and
transmission complexity, to preserve the energy consumption
of the SNs that are participating in compression tasks before
processing their normal compression tasks as mentioned
above, each SN is required to perform the following preprocessing calculations:
(i) If the node is the ICH, it is required to calculate
the energy consumption of implementing an entire

compression task and forwarding the compressed
image to its CH.
(ii) If the node is a member node in the image compression cluster and is selected to participate in image
compression tasks, it needs to calculate the energy
consumption of processing all remaining image compression tasks and forwarding the compressed data to
the ICH.
The SNs in the image compression cluster choose to
implement the preprocessing task if this task consumes less
energy than their normal tasks; otherwise, the SNs perform
their normal tasks.
4.5.2. Relay Node Selection. In this study, a relay node
selection algorithm is used to select the next CHs to forward
the compressed image hop by hop to the BS.
We describe the relay node algorithm, which is given
in Algorithm 4, as follows: first, the source CH broadcasts
a Relay-Msg, which contains its ID, to its neighboring CHs
within its communication radius to find a relay CH. Once
the neighboring CHs receive the broadcasting message, the
CHs reply to the source CH by sending a Relay-ReplyMsg directly, which contains their IDs, remaining energies,
and routing levels. After receiving the reply messages from
the neighboring CHs, the source CH chooses the group of
neighboring CHs that has lower routing level than itself to
calculate the fuzzy cost using FIS, as described later. If there
are no neighboring CHs that have lower routing levels, the
source CH chooses those with the same routing level as itself.
The selected neighboring CH who has the highest fuzzy cost
is chosen as the relay CH to forward compressed image to
the BS. This process is repeated until the compressed image
reaches the BS.
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(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)
(14)
(15)
(16)
(17)
(18)
(19)
(20)
(21)
(22)
(23)
(24)
(25)
(26)
(27)
(28)
(29)

CN selects the highest-energy SN in the camera cluster as the image compression cluster head (ICH)
if Node is ICH then
if Node receives image from the CN then
Select a specified number of SNs that have the highest energy
in the image compression cluster as the members
if Has member in image compression cluster and the shortcut tasks are
greater than its normal tasks then
ICH applies one level of DWT on the image
ICH encodes HH, HL, and LH
ICH sends the LL to nearest member node in the image compression cluster
Else
ICH performs all compression tasks
ICH sends the compressed data to the ICH’s communication CH
end if
end if
if Compression tasks are finished then
ICH combines all compressed data and sends them to the ICH’s communication CH
end if
else if Node is member of the image compression cluster then
if Node receives LL from another SN in the image compression cluster then
Find the next-nearest SN in the image compression cluster
if Has the next-nearest node in image compression cluster then
Node applies one level of DWT on LL of the previous level
Node encodes HH, HL, and LH and sends the compressed data to the ICH
Node sends the LL of this level to the nearest member node in the image
compression cluster
Else
Node performs the remaining compression tasks
Node sends the compressed data to the ICH
end If
end If
end if
Algorithm 3: Distributed image compression.

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)
(14)
(15)
(16)
(17)
(18)
(19)
(20)

while Compressed image has not arrived at the base station
if Node is CH then
if CH has a neighboring CH then
Broadcast Relay-Msg (ID)
Receive Relay-Reply-Msg (ID, routing level, energy) for neighboring CHs
Select a group of neighboring CHs that have lowest routing level
Fuzzy cost ← empty
For each Relay-Reply-Msg
Fuzzy cost[]← calculate Fuzzy (Remaining energy, RSSI)
end for
Next CH ← Select the CH that has the highest fuzzy cost
Source CH sends the compressed image to Next CHs.
Else
Source CH sends the compressed image directly to the base station.
end if
if Node receives Relay-Msg then
CH replies to the source CH with Relay-Reply-Msg (ID, routing level, energy).
end if
end if
end while
Algorithm 4: Relay node selection.
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Table 3: Relay node selection fuzzy rules.
RSSI
Strong
Medium
Weak
Strong
Medium
Weak
Strong
Medium
Weak
Degree of membership

Remaining energy
Low
Low
Low
Medium
Medium
Medium
High
High
High

1
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Very high
Very high
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Figure 11: Fuzzy set for the fuzzy cost output variable in relay node selection.

This relay node algorithm also uses FLS as a decision
system for choosing the relay CH. In this part, the procedure
for obtaining the fuzzy cost of the relay node algorithm is
explained in detail. There are two fuzzy input variables for
each fuzzy set. The first fuzzy input variable is the remaining
energy of the neighboring CHs, which has three linguistic
input values: low, medium, and high. For evaluation, the
triangular membership function is also applied for medium,
whereas the trapezoidal membership function is used with
low and high, as shown in Figure 4. The second variable is
the RSSI of the neighboring CHs, which has three linguistic
input values: strong, medium, and weak. All of them use the
triangular membership function, as shown in Figure 6. We
also use Mamdani’s method as a fuzzy inference technique.
There are 9 fuzzy rules for relay node selection, as depicted
in Table 3. The output fuzzy variable, as shown in Figure 11,
is the fuzzy cost, which determines the next relay node. The
highest-fuzzy-cost CH is selected to be the relay node.
A flowchart of the overall processes of DICA is shown in
Figure 12.

5. Experimental Results and Discussion
5.1. Experimental Setting. Our algorithm is simulated using
MATLAB. The SNs are randomly deployed in a topographical
area 𝐴of dimension 300 m × 300 m. To evaluate the efficiency
of our methods, the experiments were conducted on both
sparse and dense networks. The number of sensor nodes 𝑁
(including the NN and the CN) is varied from 100 up to 200.
Here, the number of CNs is set to 1 for comparative purposes
(randomly placed) [19]. The CN and NNs have initial energies
of 15 J and 10 J, respectively. The communication radius 𝑅𝑐 of
all sensor nodes is 75 m [39, 40]. The CN captures grayscale

images of 512 × 512 pixels, each of which is divided equally
into 4 blocks before transmission.
Here, there are 5 levels of DWT. The quantization value
of image compression is set to 10 [16]. We compared our
algorithm with a traditional WSN routing algorithm and the
two state-of-the-art distributed image routing architectures,
namely, LEACH, 2HCIT [19], and EEDIC [14]. In the LEACH
approach, the CN compresses a whole image and sends
the compressed image to its communication CH. Then, the
compressed image is forwarded to the BS. In other words,
the traditional LEACH approach is unaware of multimedia
transmission. The simulation parameters are summarized
in Table 4. In our simulation, there are two scenarios. The
first scenario is conducted with 100 SNs, whereas the second
scenario is implemented with 200 SNs. We performed ten
trials and averaged the results.
5.2. Results and Discussions. In this section, we present and
evaluate the results of simulations of our distributed image
compression architecture over WMSNs. We compare the
performance of our proposed method with those of EEIC,
2HCIT, and LEACH in terms of the energy consumption,
network lifetime, and throughput in networks of different
scales.
5.2.1. Hierarchical Routing Level Evaluation. First, examples
of the hierarchical routing algorithm in both spare and dense
networks are shown Figure 13. In these examples, the whole
networks are divided into 4 layers, which correspond to
3 routing levels. The closest SNs to the BS have routing
level 1 and the furthest have routing level 3. All of the SNs,
whether in sparse or dense networks, have their own routing
levels.
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Figure 12: Overall processes of the proposed architecture.
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Table 4: Simulation parameters.
Parameter
Network size
Number of sensor nodes
Number of camera nodes
Percentage of communication clusters
Initial normal node energy
Initial camera node energy
𝐸Tx and 𝐸Rx
Free space
Multipath fading
Energy for aggregation
Data packet size [41]
Header size
Payload size
Control packet size
Communication range
Image size (Lenna grayscale) [42]
DWT level
Quantization level

Symbol
𝐴
𝑁
𝐸init
𝐸𝑐𝑎𝑚 𝑖𝑛𝑖𝑡
𝐸elec
𝜀fs
𝜀fs
𝐸DA
𝑙𝑑
𝑙ℎ
𝑙𝑝
𝑙𝑐
𝑅𝑐
-

100
90

1

1

1
1

1
1
1

1

1

1

1

11
1
1

1

80

11

1
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1

1

1
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1
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(a) Hierarchical routing of a sparse network
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(b) Hierarchical routing of a dense network

Figure 13: Examples of hierarchical routing in sparse and dense networks.

5.2.2. Network Remaining Energy Evaluation. The remaining
energies of both the CN and NNs with respect to the number
of rounds are shown in a set of subfigures (Figure 14).
Our proposed method outperforms the LEACH, EEDIC,
and 2HCIT approaches in terms of balancing the network
energy consumption and prolonging the network lifetime. In
Figure 14, as the number of rounds increases, our proposed
method outperforms the other methods. The energies of
both the CN and NNs were reduced slightly in our method,
followed by those in the EEDIC and 2HCIT approaches,
while in LEACH approach, the remaining energy of the SNs
decreased dramatically, especially that of the CN.

These results indicate that our proposed method could
distribute the compression and transmission tasks among the
SNs and better balance the energy consumption of the SNs in
the network compared to the other two approaches. Moreover, our multihop hierarchical routing algorithm performs
well by reducing the transmission energies of the SNs. In
both sparse and dense networks, our proposed method can
yield SN energy savings of approximately 80%, 40%, and 10%
compared to LEACH, EEDIC, and 2HCIT, respectively.
5.2.3. Network Lifetime Evaluation. In WMSNs, the entire
network lifetime evaluation is important for proving
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Figure 14: Remaining energies of the CN and the NNs.

energy-efficient performance. Figure 15 provides an insight
into the network lifetime in terms of the number of rounds
with respect to the percentage of energy that remains in
the CN. The results indicate that our proposed method can
enhance the network lifetime for both sparse and dense SNs.
As the number of NNs increases, our algorithm still performs
well. Our proposed method improves the network lifetime
by approximately 80% over LEACH. Comparing to 2HCIT
and EEDIC, our method improves the network lifetime by
approximately 20%–40% in both networks.

that contain a full (complete) image that are sent to the BS
successfully. As shown in Table 5, our proposed algorithm
archives much better throughput than the other algorithms
since our algorithm relies on minimizing the CN energy
consumption by distributing the compression task and NN
energy by (preferred) transmission over a short distance
hop by hop to the BS. In both spare and dense networks,
on average, our proposed method achieves 10%, 70%, and
80% higher throughput compared to 2HCIT, EDDIC, and
LEACH, respectively.

5.2.4. Throughput Evaluation. In this subsection, we discuss the throughput of an overall network, which is one
of the most important measures of network performance.
Throughput is defined as the number of sequential packets

6. Conclusions
A distributed image compression architecture (DICA) over
WMSNs is proposed in this paper. Three main contributions
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2HCIT
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EEDIC

Figure 15: Network lifetimes of 100 and 200 SNs.
Table 5: The throughput results (# of complete images).
Number of SNs
100
200

LEACH
20
22

have been discussed. First, the optimal camera cluster is
determined by using FLS. Second, image compression tasks
are distributed among SNs, which are close to each other
within the image compression cluster to save energy. Lastly,
multihop hierarchical routing has been developed to preserve and balance energy in the network. According to
simulation experiments, our algorithm can improve the
energy consumption efficiency, on average, by 10%, 40%, and
80% compared to 2HCIT, EEDIC, and LEACH, respectively,
thereby prolonging the network lifetime and increasing the
throughput compared to the above-discussed algorithms for
both sparse and dense networks.
Even though DICA can achieve a high degree of energy
efficiency and throughput, more investigations, assumptions,
and constraints could be further explored, such as quality-ofservice awareness mechanisms and sophisticated data compression and aggregation techniques. With respect to other
factors that likely affect the high volume of data transmission,
comprehensive simulation and analysis could be intensively
investigated, such as a scalability consideration, that is,
network density and diversity, network dimension, routing
selection, mobility, irregular topology, various signal propagation models, and heterogeneous data traffic considering
additional transmission protocol overheads. In future work,
we will focus on the modification of the image compression
technique to reduce its computational complexity, memory
usage, and energy consumption so that image compression
can be better performed in resource-constrained wireless
sensor networks. Furthermore, we plan to extend our proposed scheme to video compression and transmission over
WMSNs.

EEDIC
28
35

2HCIT
85
95

DICA
96
102
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The last decade has witnessed tremendous efforts to shape the Internet of things (IoT) platforms to be well suited for healthcare
applications. These platforms are comprised of a network of wireless sensors to monitor several physical and physiological
quantities. For instance, long-term monitoring of brain activities using wearable electroencephalogram (EEG) sensors is widely
exploited in the clinical diagnosis of epileptic seizures and sleeping disorders. However, the deployment of such platforms is
challenged by the high power consumption and system complexity. Energy efficiency can be achieved by exploring efficient
compression techniques such as compressive sensing (CS). CS is an emerging theory that enables a compressed acquisition using
well-designed sensing matrices. Moreover, system complexity can be optimized by using hardware friendly structured sensing
matrices. This paper quantifies the performance of a CS-based multichannel EEG monitoring. In addition, the paper exploits
the joint sparsity of multichannel EEG using subspace pursuit (SP) algorithm as well as a designed sparsifying basis in order to
improve the reconstruction quality. Furthermore, the paper proposes a modification to the SP algorithm based on an adaptive
selection approach to further improve the performance in terms of reconstruction quality, execution time, and the robustness of
the recovery process.

1. Introduction
Nowadays, a huge interest has been dedicated to the development of Internet of things (IoT) based connected health platforms. These platforms are empowered by several wearable
battery-driven sensors that collect and record different vital
signs for a long period. The collected data is sent using lowpower communication protocols to a nearby gateway. The
gateway then delivers the data to the host cloud. At the cloud
level, various signal processing and data analysis techniques
are performed to provide computer-aided medical assistance.
However, the performance of these platforms is bottlenecked
mainly by the limited lifespan of wearable sensors. Therefore,
exploring data compression techniques can reduce the number of the data transmitted from the sensors to the gateway,
hence prolonging the sensor’s lifespan. Compressive sensing
(CS) theory has proved to be a reliable compression technique
which provides the best trade-off between reconstruction
quality and low-power consumption compared to conventional compression approaches such as transform coding or
segmentation and labeling techniques [1].

CS is a novel data sampling paradigm that merges
the acquisition and the compression processes into one
operation. CS relies on the signal sparsity/compressibility
in order to acquire a compressed form of the signal while
maintaining its salient information. CS has been introduced
in [2, 3]; the authors have proved that any sparse signal can
be recovered exactly from a smaller set of measurements than
its original dimension. Therefore, it is possible to acquire
sparse signals by taking far fewer random measurements than
what the famous Shannon-Nyquist theorem states using welldesigned matrices. Despite the fact that CS is a relatively new
theory, it has been incorporated in a wide range of emerging applications including image processing, radar, wireless
communication, and monitoring-based applications.
Furthermore, to cope with current monitoring systems,
an extension to CS has been introduced in [4], namely,
distributed compressive sensing (DCS). DCS aims to exploit
both the signal intrastructure (the sparsity) and the interstructure of the acquisition system (correlation between the
measurements of the different sensors) in order to acquire the
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information about the signals of interest using the minimum
number of measurements.
Subsequently, by leveraging the sparsity of most biosignals such as electrocardiogram (ECG) and electromyogram
(EMG) [5, 6], many efforts have been dedicated to exploit CS
and DCS in wireless body area network (WBAN) applications
to enable CS-based IoT platforms for connected health. In
such platforms, the compressed data is transmitted to a
fusion node (gateway) that possesses enough computing and
communication abilities. Afterwards, the data is routed to
the cloud via the Internet for reconstruction, processing, and
analysis. It is worth mentioning that data reconstruction can
be performed on the gateway to empower an “IoT-based edge
computing platform.”
CS-based systems for EMG and ECG monitoring have
been thoroughly investigated, where various aspects have
been well analyzed, for instance, the comparison between
CS and state-of-the-art compression techniques [7], the
system design considerations [5], the effect of the sparsifying
dictionaries [8], and the best algorithms in terms of quality
of reconstruction [9]. In addition, authors in [10] further
leveraged the biosignals structure, where, instead of only
exploring the signal sparsity in one domain, the authors proposed using all the available structure such as low rank, piecewise smoothness, and the sparsity in more than one domain.
Subsequently, the authors in [10] proposed a reconstruction
framework that aims to exploit any a priori information
about the signals in order to enhance the reconstruction
quality.
Moreover, the application of CS in electroencephalogram
(EEG) signals has been presented in the literature. The performance of such CS-based systems is controlled by two
parameters, the sparsity of the signal, which depends mainly
on the sparsifying basis, and the appropriate recovery algorithm adopted. Authors in [11] have shown the possibility of
using CS for EEG compression as long as the EEG signal is
recorded at least via 22 channels. The major limitation facing
the deployment of CS in EEG compression is that it is very
hard to find the transform domain where the EEG exhibits
a sparse behavior. Therefore, different classes of sparsifying
basis and dictionaries have been investigated to determine
the best basis that provides the sparsest representation for
EEG. Senay et al. have quantified the use of Slepian basis as
sparsifying basis for EEG [12]; the obtained result shows a
low error rate for the reconstructed EEG signal. In addition,
Aviyente has presented a CS-based EEG compression system
exploiting Gabor frame as dictionary for EEG signals [13],
whereas Gangopadhyay et al. [14] have found that adopting a
wavelet transform for EEG is more efficient in terms of quality
of reconstruction. Zhang et al. presented in [15] a block sparse
Bayesian learning (BSBL) approach to recover EEG raw data
that enable both good reconstruction quality and low system
complexity by using sparse sensing matrices and wavelet
matrices as the sparsifying basis. More recently, authors in
[16] introduced an optimization model based on ℓ0 norm to
enhance the cosparsity and to enforce the low-rank structure
of the EEG signal. The authors proposed using a second-order
difference matrix as the sparsifying dictionary to enhance the
sparsity of the EEG signal as well as exploit the collaboration
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between the cosparsity and the low-rank structure to recover
simultaneously a multichannel EEG signal.
Besides selecting the optimum sparsifying matrix, adopting the appropriate reconstruction algorithm plays an important role in the recovery of the EEG data. Greedy algorithms
have been widely explored in CS applications due to their
low complexity and their superior performance compared
to other recovery algorithms, such as convex relaxation
approaches. The widely used greedy algorithms are orthogonal matching pursuits (OMP) [17], stage-wise OMP (StOMP)
[18], compressive sampling matching pursuit (CoSaMP) [19],
and subspace pursuit (SP) [20].
The main task in greedy algorithms is to identify the
locations of the largest coefficients in the estimated signal.
Greedy algorithms adopt a signal proxy approach at each
iteration to identify these locations. If the sensing matrix
satisfies the restricted isometry property condition [21], then
the signal proxy is very similar to the original signal and the
locations of the nonzero elements can be easily identified.
OMP and StOMP reconstruct the signal in an iterative
approach by locating the largest coefficient at each time.
On the other hand, SP and CoSaMP select more than one
coefficient at each iteration which allows them to converge to
the solution with a lower number of iterations. However, SP
and CoSaMP require information about the signal sparsity
which is not available a priori in many applications as the
sparsity of the signal often changes over time. Moreover, the
sparsity parameter 𝑘 depends not only on the signal structure
but also on the space where the data is sparse; hence, the
same signal can exhibit different levels of sparsity depending
on the sparsifying basis. The required knowledge of sparsity
estimate parameter 𝑘 presents a critical issue with the SP and
CoSaMP, where a poor choice of 𝑘 can remarkably degrade
the reconstruction quality. Adaptive sparsity algorithms have
been proposed in the literature; authors in [22, 23] have
performed various modification to OMP, CoSaMP, and SP
algorithms in order to provide an adaptive framework that
estimates the best value for the sparsity parameter 𝑘. Sparsity
adaptive matching pursuit (SAMP) proposed in [22] is considered as a generalization of both OMP and SP by updating
𝑘 at each iteration until a certain condition is satisfied. The
SAMP increases the value of sparsity parameter 𝑘 using a
two-stage verification process until the difference between
the norms of the residual for every two successive iterations
is below a certain threshold.
In this paper, a CS-based scheme for EEG signal compression and recovery is presented. The contributions of the paper
are as follows:
(i) Joint channel reconstruction using SP algorithm is
presented. The proposed approach renders a better reconstruction quality than the conventional
channel-per-channel recovery.
(ii) The concept of concatenated basis as the sparsifying
basis for EEG signals is explored to tackle the problem
of the nonsparsity, and the concatenated basis consists
of a random selection of elements from both discrete
cosine transform matrix (DCT) and discrete wavelet
transform matrix (DWT).
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(iii) A new adaptive approach is presented to reconstruct
the EEG signal. The new algorithm is a modification
of the SP algorithm to provide an algorithm that
does not require the knowledge of the sparsity of
the signal a priori. The new proposed dynamic selection subspace pursuit (DSSP) algorithm performs an
adaptive selection at each iteration for the coefficients
that capture most of the signal energy. The proposed
algorithm promotes two improvements over SP: first,
an enhancement of the data reconstruction quality
and, second, an increased robustness compared with
SP, as the latter would provide a bad reconstruction
quality if the sparsity parameter is poorly estimated.
The rest of the paper is organized as follows: CS fundamentals are briefly presented in Section 2. Section 3
addresses the main issue of the paper where the description
of joint reconstruction approach and the proposed recovery
algorithm is provided. Simulation results and discussion are
presented in Section 4. Section 5 concludes the paper.

2. Compressed Sensing
2.1. Acquisition Model. The acquisition model of CS (1) is represented by an inner product between the input sparse signal
x ∈ R푁×1 and the sensing matrix Φ ∈ R푀×푁 (such that 𝑚 <
𝑁) to generate the compressed measured signal y ∈ R푀×1 .
y = Φx.

(1)

In most cases, the input signal x is not sparse in time
domain, yet it can exhibit a sparse behavior under the appropriate transform. Thus, given a set {Ψ푖 }푁
푖=1 that spans R, x can
be expressed as a linear combination between the elements
of Ψ with a vector s ∈ R푁 such that x = ∑푁
푖=1 𝜓푖 𝑠푖 . The
input signal x is said to be 𝑘-sparse if s has only 𝑘 ≪ 𝑁
nonzero entries. The set of the indices corresponding to the
positions of the nonzero entries of s is called the support of s
and denoted as Σ푘 .
The sensing matrix Φ ∈ R푀×푁 which maps the 𝑁-length
input signal x to an 𝑀-length signal y has to enable a small
number of samples to acquire the salient information in the
input signal. Moreover, it should allow acceptable reconstruction quality. Therefore, Φ has to satisfy two conditions on the
RIP and should be incoherent with sparsifying matrix Ψ [21].
2.2. Reconstruction Algorithms. Data reconstruction is the
crucial task in any CS-based system. Thus, several approaches
to recover the original signal x from the measured signal
y have been proposed in literature. However, there are two
main classes of reconstruction algorithms that have been
widely explored, namely, convex optimization and greedy
algorithms. Convex optimization approaches provide the
exact solution if the input signal is completely sparse. Convex
optimization algorithms are based on the ℓ1 minimization
operation; for instance, basis pursuit (BP) algorithm [24]
considers the following solution:
x̂ = arg min
subject to

‖x‖1
y = Φx.

(2)

In the case where the acquisition process is contaminated
with noise, two different techniques can be deployed; first,
if the noise level is known a priori, basis pursuit denoising (BPDN) [25] can be applied. However, if there is no
knowledge about the noise level, least absolute shrinkage and
selection operator (LASSO) presents an efficient approach to
recover the original signal.
Greedy algorithms provide a suboptimal recovery for
sparse signals, yet they outperform convex optimization
approaches in the case where the signal of interest is highly
sparse [17]. Greedy algorithms solve (1) iteratively by taking
locally optimal decisions. These algorithms aim to find the
locations of the nonzero coefficients to enable a fast recovery.
Greedy algorithms include several variants such as gradient
pursuit, matching pursuit (MP) [26], and OMP [17]. OMP
offers a fast recovery compared to convex optimization
approaches; however, it suffers from bad recovery quality for
signals with a low degree of sparsity. Thus, several improved
versions of OMP have been proposed, such as CoSaMP [19],
SP [20], and StOMP [18].
2.3. Distributed Compressive Sensing. Conventional CS
exploits only the sparsity of the data. However, if the same
data is collected using different sensing nodes or different
channels, their measurements would be highly correlated. In
such scenario, the measurements exhibit the same behavior,
such as being sparse in a particular domain.
Therefore, in a multichannel CS-based data acquisition
system, each sensing node collects and compresses its data
individually without taking any considerations about the
other nodes. For the recovery, two approaches can be considered to reconstruct the data; first, data reconstruction can be
performed on each sensing node individually, this approach
ignores the dependency between the measurements of different sensors, and, hence, the quality of the reconstruction
depends only on the sparsity of each recording. The second
approach exploits the collaboration between all measurements to obtain more information about the data; thus, a
better reconstruction quality can be achieved. This process
is called joint measurement setting and it has motivated the
introduction of the DCS concept.
DCS presents a new distributed coding framework that
exploits both the sparsity of the signal and the correlation
between the different signals in multisensing architectures.
In the DCS acquisition stage, each sensor collects its measurements by taking random projections of the signal without
any consideration about the states of the other sensors in
the network. However, the reconstruction phase exploits the
intersignal correlation by using all of the obtained measurements to recover all the signals simultaneously.

3. CS-Based EEG Compression
EEG is a well-considered framework to measure the electrical
activity of the brain; EEG signals are widely used to detect different types of neurological disorders such as comas, epilepsy,
and sleep disorders. Moreover, EEG can also be used for
nonmedical applications such as brain-computer interface.
EEG signals are recorded over a long period of time using a set
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of electrodes placed over the head of the subject. EEG signals
are considered as a multivariate signal acquired via multiple
channels which results in the generation of big EEG data that
need to be stored and transmitted. However, several studies
have highlighted the limitation of such approach in terms of
high energy consumption due to massive raw data streaming.
Thus, EEG monitoring platforms would benefit from more
power efficient sampling and compression prior to wireless
transmission. These limitations motivate the incorporation of
CS and DCS to the EEG acquisition and compression.
3.1. Related Work. CS-based EEG monitoring has been investigated in the literature. First, the feasibility of applying CS to
EEG acquisition has been addressed in [11, 27]. The authors
quantified CS-based EEG monitoring, where CS has been
used as a compression technique to reduce both the storage
and the processing load. The obtained results revealed that
CS does not provide a good reconstruction quality unless
an appropriate acquisition scheme is deployed. CS can be
applied only if at least 22 channels are deployed to collect the
EEG data.
The low sparsity of the EEG raw data in both time and
frequency domains presents the main challenge in the design
of CS-based EEG monitoring systems. Thus, a great attention
was dedicated to providing dictionaries and basis that render
a high sparse representation of EEG signals. Subsequently,
several dictionaries have been investigated in the literature
such as Slepian basis, Gabor frames, and DWT matrices [12–
15, 28]. In [12], Senay et al. quantified a CS framework for EEG
compression using Slepian functions as a sparsifying dictionary. By projecting the EEG signal into the Slepian basis, a
sparse representation is achieved; hence, the EEG can be efficiently compressed with CS at a very low error rate. In addition, Aviyente analyzed a CS framework for EEG compression
in terms of the mean square error (MSE) using Gabor frame
method as sparsifying basis [13]. The author argued that
chirped Gabor dictionary would be very efficient and it can
increase the sparsity of the signals; hence, it improves the
performance of CS-based EEG monitoring. On the other
hand, Gangopadhyay et al. claimed in [14] that wavelet-based
dictionaries are more suitable for CS-based EEG compression
than the previously mentioned approaches. Author in [11]
have provided a detailed performance study for six different
sparsifying dictionaries, namely, Gabor, Mexican Hat, cubic
Spline, linear Spline, cubic B-Spline, and linear B-Spline.
In the paper, intensive sets of simulations were carried out
for different reconstruction algorithms in 18 different test
conditions. The B-Spline dictionaries proved to be the most
promising, yielding best reconstruction quality and achieving
the lowest error rates. Furthermore, Liu et al. proposed in [16]
a new framework for EEG monitoring based on sparse signal
recovery method and simultaneous cosparsity and low-rank
(SCLR) optimization approaches. The proposed approach
utilizes second-order difference matrix as the sparsifying
basis and ℓ0 minimization for data reconstruction. Nevertheless, Zhang et al. explored the BSBL which was initially
developed in [29] to empower ECG signal monitoring for
EEG reconstruction [15]. The idea of the paper is that, instead
of finding the optimal sparsifying dictionary, the authors used
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general dictionary matrices (DWT and DCT) to represent
the EEG signal. Yet, they explored BSBL to take advantage
of the block structure of the EEG signal. The results revealed
an acceptable reconstruction quality for particular sets of
applications.
Besides evaluating the sparsity, the metrics for EEG data
reconstruction have been investigated as well. For instance,
root-mean-squared difference (PRD) has been used to evaluate the reconstruction quality of EEG reconstruction in [30].
However, different thresholds have been established based on
the targeted application. In [31], based on energy preservation
criterion, authors determined that the maximum PRD which
provides an acceptable recovery is 7%. Such PRD value can
guarantee that 99.5% of the signal energy is persevered,
whereas Higgins et al. demonstrated in [32] that up to 30%
PRD is tolerable with EEG compression for applications of
automated seizure detection.
Table 1 expatiates on the comparative results between
several works presented in the literature on the integration
of CS in context of EEG monitoring.
3.2. Joint Channel Reconstruction. In a multichannel acquisition scenario, the joint sparsity of the signal ensemble is often
smaller than the aggregate over individual signals sparsities
[4]. Therefore, if the signal of interest is characterized by a
weak sparsity, such as EEG signals, it is possible to explore
the joint sparsity of the ensemble. In addition, exploiting joint
sparsity would result in a remarkable reduction in the number
of measurements required to achieve an acceptable recovery.
The corresponding CS model CS-based EEG compression
system for the 𝐽 channels can be written as follows:
Y = ΦX,

(3)

where X = [x1 , x2 , . . . , x퐽 ] ∈ R푁×퐽 denotes the original EEG
raw data and 𝑁 is the number of samples in each channel,
whereas Y = [y1 , y2 , . . . , y퐽 ] ∈ R푀×퐽 denotes the compressed
form of the EEG data.
The proposed method represents the multichannel signal
data by stacking, column-wise, the measurement vectors of
the different channels into a single vector. This approach
allows the recovery of a multiple channel recording simultaneously by exploring their joint sparsity in order to reduce
the number of the required measurements for each channel
as well as achieve a better reconstruction quality than the
conventional CS recovery which recovers each of the channel
measurements individually.
The joint-measurements acquisition model can be
expressed as
[Y]푗 = Φ [X]푗

𝑗 = 1, 2, . . . , 𝑙,

(4)

where 𝑙 is an integer number such that 𝑙 = 𝐽/Λ and Λ
denotes the number of channels to be recovered simultaneously. The vector [X]푗 ∈ RΛ×푁 is the column-wise stack푇
푇
ing of the elements of X such that [X]푗 = [x(푗−1)Λ+1
, x(푗−1)Λ+2
,
푇
푇
. . . , x(푗−1)Λ+Λ ] .
For EEG data recovery, each [X]푗 is reconstructed individually by applying the SP algorithm. The pseudocode for
SP algorithm is presented in Algorithm 1.
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Table 1: Summary of CS-based EEG monitoring approaches presented in the literature.
References
Abdulghani et al. [11]
Casson and Rodriguez-Villegas [33]
Zhang et al. [15]
Liu et al. [16]

Sparsifying basis
B-Spline
DWT
DWT
Second-order difference matrix

Reconstruction algorithm
BP
BP
BSBL
ℓ0

CR
0.33
0.4
0.5
0.5

PRD
18.61
25
—
—

MSE
—
—
0.078
0.045

Input:
[Y]푗 : measurement vector
Φ: sensing matrix
𝜖: stopping criterion
𝑘: sparsity estimate
Initialization:
Ω = []
r[0] = [Y]푗
current iteration 𝑖 = 0
Procedure: While ‖r[푖] − r[푖−1] ‖2 ≥ 𝜖 and ‖r[푖] ‖2 ≤ ‖r[푖−1] ‖2
(1) 𝑖 = 𝑖 + 1
(2) G[푖−1] = Φ∗ r[푖]
(3) Ω[푖] = {𝑘 indices corresponding to the largest absolute value of G[푖] }
(4) Ω = Ω ∪ Ω[푖]
†
(5) [X][푖]
푗Ω = ΦΩ [Y]푗
(6) r[푖] = [Y]푗 − ΦΩ [X]푗 [푖]
Output:
[푖]
†
̂
̂ : reconstructed EEG signal that satisfies [X]
[X]
푗
푗 {1,...,푁}−Ω = 0 and [X]푗 Ω = ΦΩ [Y]푗
Algorithm 1: Subspace pursuit algorithm.

3.3. Proposed DSSP Algorithm. Unlike SAMP, this paper proposes the DSSP algorithm, which follows a straightforward
modification to the SP algorithm by exploring the key idea of
CS. That is, if the signal is highly compressible, then only a
small number of the coefficients capture most of the signal’s
energy. Subsequently, by locating these coefficients at each
iteration, the true support of the signal (the locations of the
largest nonzero coefficients) can be identified.
Moreover, as the signal structure often changes with time,
its sparsity changes as well. Thus, to cope with this variation in
the signal structure, the algorithm should exhibit a dynamic
selection approach; that is, the number of selected coefficients
at each iteration should be updated depending on the changes
in the signal structure. Hence, the proposed DSSP algorithm
follows an energy-based selection approach that updates the
number of selected coefficients depending on the acquired
signal at any given time.
Therefore, in the DSSP algorithm, rather than selecting a
fixed number of coefficients at each iteration, the algorithm
locates the indices of the minimum number of coefficients
that capture the most of the signal’s energy. This approach
expands the true support of the signal stage by stage. In addition, DSSP refines the estimated signal at each iteration,
where the columns of the sensing matrix corresponding to the
locations of the selected coefficients are used to solve a least
square problem. This process is repeated until an acceptable

quality of reconstruction is achieved based on error minimization condition.
In order to select the appropriate number of coefficients
that capture most of the signal proxy energy at each iteration,
the parameter 0 < 𝜆 < 1 is defined as the rate between the
energy of the selected coefficient and the energy of the signal
proxy at each iteration. Therefore, in order to select the appropriate set of coefficients that holds most of the signal proxy
energy, the parameter 𝜆 can be selected as high as possible as
long as it allows the selection of at least one coefficient at each
iteration.
The pseudocode of the DSSP is listed in Algorithm 2.

4. Results and Discussion
In order to quantify the performance of CS-based scheme for
EEG compression, intensive experiments have been carried
out using MATLAB computing software. The EEG signals
were taken from the database of the EEGLab [34]. The EEG
database considered contains 80 channel recordings, each
with 384 samples.
In order to set up the simulations, Symlets wavelet-based
transform [35] is used as sparsifying basis for the EEG signal.
Symlets have been selected after several empirical simulations
to determine the best wavelet class that provides the best
reconstruction quality.
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Input:
[Y]푗 : measurement vector
Φ: sensing matrix
𝜖: stopping criterion
𝜆: Energy parameter, 0 < 𝜆 < 1
Ω = []
r[0] = [Y]푗
current iteration 𝑖 = 0
Procedure: While ‖r[푖] − r[푖−1] ‖2 ≥ 𝜖
and ‖r[푖] ‖2 ≤ ‖r[푖−1] ‖2
(1) 𝑖 = 𝑖 + 1
(2) Calculate the signal proxy G[𝑛][푖−1] = Φ∗ r[푖]
(3) Calculate the energy of the signal proxy
1 푁
𝐸 = ∑ |G[𝑛]|2
𝑁 푛=1
(4) Sort G[𝑛][푖−1] in an ascending order
(5) Ω[푖] = minimum 𝑘 indices corresponding to the largest
absolute that satisfies
1 푘
P|Ω = ∑ |G[𝑛]|2 ≥ 𝜆E
𝑘 푛=1
(6) Ω = Ω ∪ Ω[푖]
†
(7) [X][푖]
푗Ω = ΦΩ [Y]푗
[푖]
(8) r = [Y]푗 − ΦΩ [X]푗 [푖]
Output:
̂
̂ : reconstructed EEG signal that satisfies [X]
[X]
푗
푗 {1,...,푁}−Ω = 0
[푖]
†
and [X]푗 Ω = ΦΩ [Y]푗
Algorithm 2: Dynamic selection subspace pursuit (DSSP) algorithm.

In the design of the sensing matrix, two approaches have
been adopted. In the first one, the entries of the sensing
matrix are drawn from a normal distribution such that
Φ ∼ (0, 1/𝑀). Whereas, in the second one, the entries are
drawn form a Bernoulli distribution with entries {1, −1}. The
experiments results are averaged on 100 trials.
The signal reconstruction quality is evaluated in terms of
the normalized mean square error (NMSE). NMSE calculates
the 2-norm of the difference between the original ECG signal
̂ as follows:
[X]푗 and the reconstructed one [X]
푗

̂푗 2
[X]푗 − [X]

2 .
NMSE =

2
[X]푗 2

(5)

Furthermore, the term compression ratio (CR) is defined
as the ratio between 𝑀, the number of samples in the compressed signal, and 𝑁, the number of samples in the original
ECG signal:
CR =

𝑀
.
𝑁

(6)

First, the adopted algorithm for EEG signal reconstruction is SP. As shown in Algorithm 1, the SP algorithm requires
the sparsity estimate as an input; however, there is no
established rule to select the best sparsity parameter 𝑘. Thus,
in order to determine the optimum value of 𝑘, intensive

Table 2: Averaged reconstruction performance.

Random matrix
Bernoulli matrix

[15]
N/A
0.078

Λ=1
0.156
0.157

Λ=2
0.14
0.1423

Λ=4
0.1056
0.1051

Λ=8
0.092
0.0844

empirical simulations have been performed. The obtained
results indicate that the optimal value of 𝑘 for channel-perchannel reconstruction (EEG signal with 384 samples) is 𝑘 =
55±3. Subsequently, for joint channel reconstruction the best
sparsity estimate value is 𝑘 = Λ × 55.
Table 2 presents performance comparison in terms of
NMSE between the reconstruction quality of the proposed
approach and the result presented in [15] where the same EEG
data has been used. To this end, the number of samples to
be transmitted 𝑀 = 𝑁/2 is equal to the number of samples
used in [15]. Moreover, in order to quantify the performance
of our proposed approach, different values of Λ have been
selected, such that Λ = {1, 2, 4, 8}. Λ = 1 represents the case
where each channel is recovered individually and no joint
sparsity is explored. The results show clearly that exploiting
the joint sparsity improves the reconstruction quality, where
the latter increases with the increase of the number of
channels recovered simultaneously. In addition, the choice of
the sensing matrix does not have a great impact on the reconstruction quality except for the case where CR = 0.5, in which
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Figure 3: Comparison between reconstruction quality of DSSP with
SP for channel-per-channel recovery.
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Figure 1: Recovery quality in terms of NMSE for different values of
compression ratio (CR) using a random matrix.
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Figure 2: Recovery quality in terms of NMSE for different values of
compression ratio (CR) using a binary matrix.

Figure 4: Comparison between reconstruction quality of DSSP with
SP for joint-recovery with Λ = 2.

a better performance is obtained using Bernoulli matrix.
Nevertheless, the reconstruction quality obtained in [15] still
outperforms the quality achieved by the proposed approach.
The low quality of reconstruction obtained can be
explained by the fact that the wavelet basis does not provide a
good sparse representation to EEG data. Therefore, by using
the concept of dictionary concatenation [36] which has been
investigated for ECG signals in [8], a sparsifying basis for
EEG has been proposed. The basis is constructed by selecting
random elements from DCT and wavelet families, namely,
Daubechies and Symlets.
Figures 1 and 2 present the reconstruction quality in terms
of NMSE for different values of CR using random and binary
sensing matrix, respectively. The obtained results consolidate
the previous results where exploiting joint-recovery with
Λ = 4, 8 enhances remarkably the reconstruction quality.
Moreover, using the proposed dictionary renders a better
reconstruction than using a DWT as sparsifying basis. Furthermore, the same reconstruction quality obtained in [15] by
taking CR = 0.5 can be obtained by exploring joint-recovery

combined with the proposed basis using only a CR = 0.3 for
the case where Λ = 8. On the other hand, with Λ = 2, an inferior reconstruction quality is achieved compared to channelper-channel recovery for CR value higher than 0.4. One
reason for such inferior performance is the poor selection of
the sparsity estimate for the SP algorithm; hence, SP is not
robust to sparsity change within the different signal blocks.
Secondly, in order to quantify the performance of the
proposed algorithm (DSSP), intensive numerical simulations
have been carried out in order to determine the best approach
to select the parameter 𝜆. Figures 3 and 4 quantify the
performance of the DDSP algorithm for different values of
𝜆. Figure 3 presents the reconstruction quality in terms of
NMSE for channel-per-channel recovery method. 𝜆 values
have been selected such that 𝜆 = {0.5, 0.7, 0.8, 0.85, 0.9, 0.95}.
The obtained results show that the NMSE decrease constantly
with increasing the value of CR, which leads to a better
reconstruction quality. In addition, the results show that, with
value of 𝜆 = 0.9, the signal true support is very well located at
each iteration which provides a better reconstructing quality.
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5. Conclusion
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Figure 5: Averaged Reconstruction Time (sec) for different CR
values.

Figure 4 illustrates the performance for joint channel
recovery with Λ = 2, and the obtained results consolidate
with the results presented in Figure 3 which shows the
superiority of DDSP using 𝜆 = 0.9 over the SP algorithm.
However, when the value of 𝜆 approaches 1, the DDSP
selects more coefficients at each iteration; subsequently, the
coefficients which do not belong to the true support of the
signal are more likely to be selected, which can degrade
the quality of the reconstruction such as the case where 𝜆 =
0.95.
Figure 5 presents the execution time for the SP with
DSSP using different values of 𝜆. The reported results are
averaged over the reconstruction time for 80 channels. As
the reconstruction time of the implemented algorithms is
controlled by the speed of the processor and the number of
tasks handled by the processor, all the algorithms have been
implemented on the same program in a single PC to reduce
the effect of this dependency. It is worth mentioning that the
results are obtained using a PC equipped with an Intel Core
i7-3770 @ 3.4 Ghz CPU and a RAM of 16.0 GB. The obtained
execution time illustrates that, for CR values less than 0.4,
SP converges faster compared to the proposed algorithm.
However, it is worth mentioning that, for such low CR, SP
does not guarantee an acceptable recovery quality. On the
other hand, for CR higher than 0.4, although the proposed
algorithm includes more steps in order to determine the best
sparsity estimate at each iteration, the obtained results show
that the proposed algorithm outperforms the SP algorithm
in terms of the reconstruction time in case of 𝜆 = 0.8.
This can be explained by the fact that the proposed selection
approach is more likely to determine the true support of
the signal which will lead to a lower number of iterations
to converge to the desired reconstruction quality. However,
as DSSP achieves its best performance with 𝜆 = 0.9 for a
CR = 0.45 as shown previously in Figure 4, increasing the
number of samples transmitted would result in an additional
information about the signal which renders a faster recovery
as illustrated by the decrease of the execution time from CR
= 0.5 to CR = 0.6.

Biosignal compression represents a hot topic to be addressed
in order to enable IoT-based connected health platforms that
offer low-power consumption, simple system design, and
efficient performance.
Efficient EEG compression schemes using CS have not
achieved the desired performance yet. This is mainly due to
the nonsparse nature of EEG signals. This paper investigates
the concept of joint-recovery to improve the reconstruction quality of EEG signals by exploiting the collaboration
between the multichannel measurements. Moreover, the
paper explores the idea of basis concatenation to tackle the
issue of EEG nonsparsity. The experimental results have been
compared to the state-of-the-art BSBL algorithm using the
same database as well as similar system setup. Thus, by adopting SP-based joint channel recovery, the achieved reconstruction quality outperforms the one obtained BSBL algorithm.
In addition, the paper quantifies the use of both Bernoulli
and random matrices as sensing matrix; the obtained results
reveal that both classes provide a similar performance in
terms of quality of reconstruction. However, Bernoulli matrices have proved in the literature to be hardware friendly and
offer a low system complexity.
Furthermore, an adaptive reconstruction algorithm has
been proposed to tackle the problem of the variation of the
signal sparsity over time. The most prominent advantage
of the proposed DSSP is the ability to provide a good
reconstruction quality without prior knowledge of the signal
sparsity which can be very useful in several applications.
In conclusion, the obtained results are very promising and
their hardware implementation for remote monitoring in IoT
applications can be further investigated as future work.
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Nowadays, there is a need to provide new applications which allow the definition and implementation of safe environments that
attends to the user needs and increases their wellbeing. In this sense, this paper introduces the EJaCalIVE framework which allows
the creation of emotional virtual environments that incorporate agents, eHealth related devices, human actors, and emotions
projecting them virtually and managing the interaction between all the elements. In this way, the proposed framework allows
the design and programming of intelligent virtual environments, as well as the simulation and detection of human emotions which
can be used for the improvement of the decision-making processes of the developed entities. The paper also shows a case study
that enforces the need of this framework in common environments like nursing homes or assisted living facilities. Concretely, the
case study proposes the simulation of a residence for the elderly. The main goal is to have an emotion-based simulation to train an
assistance robot avoiding the complexity involved in working with the real elders. The main advantage of the proposed framework
is to provide a safe environment, that is, an environment where users are able to interact safely with the system.

1. Introduction
Currently there is a lot of efforts employed in the areas of
ubiquitous computing, social robotics, and wearable mobile
devices. Advances on new hardware devices such as WiFi and Bluetooth have provided the means to implement
embedded systems in common households. Furthermore,
with the rise of Internet of Things (IoT) every device can
be connected to the Internet and transmit data [1]. With an
array of these devices (that at their core they are sensors or
actuators) the ability of creating a sensor platform that is able
to capture several information from the users increases. With
this information, the environment can be manipulated to
attend to the liking of the people with the system, for instance,
changing the temperature and the lighting. Furthermore, it is
possible to improve energy consumption by attending to factors that the human-beings (users of these platforms) do not
actively consider (like preemptively close windows blinds).
These features are accomplished through the use of
machine learning algorithms. The algorithms give the ability
of learning the home users’ likes and preferences. Typically in

these systems the information about the users is introduced
early on and through the capture of the users’ interaction by
the sensors the system changes those values to correspond to
personal preferences [2]. The user’s information is generated
by performing computational operations on sensor data.
These operations could be as simple as web service calls
or as complex as mathematical functions run over sensed
data. There is an issue with this approach, that is, the
transformation of these systems into reactive ones, not being
able to correctly foresee what the user really likes. Most of the
system works almost randomly, where it does not matter if
the user is happy or sad; it reacts the same way for both of the
emotions, although they correlate with different needs.
The detection of human emotions is preponderant to
give to these platforms the ability of evolving in time and
having fuzzy logic states [3]. The detection and simulation of
emotions can be considered as a new type of interaction that
allows the system to know the user’s emotional state and/or
to simulate and express an emotion. The result of this type of
interaction is the active response of the environment to the
emotional states.
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The main goal is to provide tools which allow the
definition and implementation of safe environments that
attends to the user needs and increases their wellbeing [4].
Studies show that emotions have a direct impact on mental
and physical health [5, 6]. The environment changes may
give the sense of detachment and that its decisions are not
in favor of the users. This problem is mainly produced by
the different semantic interpretation of message meanings
sent and received between devices and/or human users. In
order to overcome this problem we propose the employment
of social robots in these environments. A social robot is an
autonomous or semiautonomous robot that interacts and
communicates with humans by following the behavioral
norms expected by the people with whom the robot is
intended to interact [7].
Communication and interaction with humans are a
critical point in this definition. Social robots increase the
level of human-computer interaction and have social abilities
like initiating a conversation and controlling our homes
(BIG-i social home robot) (https://www.nxrobo.com/), or
learning about the personality of the users (Jibo) (https://www
.jibo.com/) or the user’s health condition and current treatments (Catalia Health) (http://www.cataliahealth.com/).
These robots’ aim is to provide a human-like feeling to their
interactions with the users. They should be able to respond
appropriately to human affective and social cues in order to
effectively engage in bidirectional communications [8].
There are relevant developments in the social robots
area, but there are technological issues that are still unsolved
such as the centralization of operations [9]. The robots are
unable to perceive correctly the environment due to the lack
of sensors and processing abilities. As a consequence, they
typically serve only as a gateway to the rest of the platform.
Furthermore, the system scaling is typically a problem. This
is because these systems are designed with only one robot
in one home, and the introduction of another robot is
not considered and, consequently, the results of possible
interactions are unexplored.
Addressing these issues is critical; thus, it is necessary
to have tools that manage the information in a distributed
way. Our solution proposes the use of intelligent entities
(agents) that are autonomous and decentralized. This way,
homes or offices can be seen as autonomous entities working
together in order to provide comfort and security to the
inhabitants. The system must be able to cope with the
dynamic introduction of new entities.
The proposed tool, called EJaCalIVE, is based on the
multiagent system paradigm, which gives the users the ability
of designing and simulating emotional intelligent virtual
environments (EIVE). Moreover, it incorporates elements
of perception and action (machine learning algorithms,
artificial vision, speech recognition, and communication with
social robots and wearable devices), allowing the design and
construction of EIVE capable of interacting with human
beings in a natural way. The main advantage is to obtain
emotion-based simulations to try different configurations
(like training an assistance robot) avoiding the complexity
involved in working with real people.
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To achieve this, the designed tool has two levels: a
user level and a developer level. The developer level gives
allowance to design and simulate the EIVE, while the user
level gives allowance to use and interact with the IVE
constructed by the developer.
The rest of the paper is structured as follows: Section 2
analyses previous works; Section 3 shows the proposed
EJaCalIVE framework while Section 4 describes a case study
based on that framework; finally, Section 5 explains some
conclusions and future work.

2. Related Work
Ubiquitous computing and ambient intelligence (AmI) [10,
11] changed the concept of the Smart Homes to focus on
the users’ quality of life. From these paradigms platforms
that present devices and software that learn and adapt
to the inhabitants’ tastes emerge. There are already some
developments that address the most common concerns that
most Smart Homes users present, for example, energy consumption tracking [12] and safer environments for elderly
[13, 14]. To address these concerns AmI and IoT solutions may
be used.
AmI and IoT projects establish environments where
the users are surrounded by different kinds of technology
elements [15] that help them on their daily tasks, being
transparent to them [16]. A recent area that emerged from
the AmI and IoT is the Ambient Assisted Living (AAL),
being its goal to provide assistive environments for elderly
and disabled people. Due to the elderly and the disabled
people medical condition, a regular home environment is
very challenging to them. They need special assistance and
devices and services that help them to perform activities of
daily living (ADL).
In terms of related projects, there are recent developments
on the AAL area as well as in intelligent virtual environments.
From our observations, the common issue that they present
is the lack of interoperability features and the oversight
over managing emotions. Next some relevant projects of the
referred areas are presented.
The NACODEAL project [17] goal is to provide an
augmented reality device that shows information about
the activity that they should perform or are performing.
This tool is very useful to people with cognition problems
or that need assistance when performing a complex task,
as the device shows step-by-step instructions about those
tasks. An implementation is presented in [18], where a
system that uses inexpensive devices (projectors, cameras,
and speakers) to guide a user through a home environment
is described, showing physical directions and warnings about
the surroundings. Internally, the system resorts to virtual
environments to forecast the possible outcomes of the user
actions. This project changes the paradigm of the Smart
Homes by incorporating sensors in the devices that the user
uses, thus having a mobile sensor system and requiring fewer
home devices. Although this project presents a complex and
interesting sensor system and an innovative visual interface,
it lacks the ability to detect emotions and really interpret
the intentions of the users. Furthermore, the users cannot
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Figure 1: Entities employed in EJaCalIVE.

input their preferences or interact outside the predetermined
actions.
The PersonAAL project [19] aims to provide a tool for
elderly people that reduces their dependence on caregiving
services. The tool will be implemented in each user house and
constantly monitors them and their activities. The main idea
is to use smartphones and wall displays to provide a virtual
environment that has useful information about the activity
that they are performing, adjusting the visual interfaces to
each user according to their taste and medical condition.
The issue with this tool is the limitation of the information
available and the features that they provide (only information
without any acting through actuators or robotic assistants).
Active@Work project [20] addresses an often forgotten
area that is the workplace. The main goal is to help elderly
workers on their workplace using a virtual assistant. This
assistant receives the information of biosensors and identifies
possible risk situations through the comparison to normal
sensor values. Furthermore, the project aims to develop a
visual interface that sensibly communicates possible problems to the users and to caregivers, having a virtual environment for collaborative processes that load-balances the work
and sends some of the elderly tasks to younger employees.
This project showcases the use of sensor systems to detect and
address health issues, as well as emotional and stress levels.
The issue is that it proposes limited action when critical levels
are achieved; thus it does not work in the best interest of the
people that are monitored.
Finally, the Pepper robot [21] was designed to identify the
emotions of the users and select the best behavior appropriate
to the situation, having a humanoid aspect. This robot takes
into account the voice, facial expression, body movements,
and oral expression, interpreting the emotion presented and
offering the appropriate content. The robot is able to identify
joy, sadness, anger, or surprise and responds to the mood
of the moment, expressing himself through the color of his
eyes, his tablet, or his tone of voice. Furthermore, it uses
gamification procedures to engage with the users and keep
them interested and follows the users interacting with them
as they move. Through its arms it is able to shake hands and
express physical emotions. One issue with this robot is that
at its core is a companion (as in conversational) robot, not
being able to carry or assist in any tasks, and although it is
connected to the Internet, the quantity of information that
is able to display (visual or auditory) is reduced to simple
responses to vocal commands. Also, it is unable to anticipate

actions or movements; thus it is not prepared to prevent
critical situations and is only able to directly respond to the
immediate emotions displayed by the users.
The EJaCalIVE is designed to address the issues that these
projects overlook, providing a platform and robot that is able
to attend to the users issues and needs.

3. EJaCalIVE (Emotional Jason
Cartago Implemented Intelligent
Virtual Environment)
This section focuses on the presentation of the EJaCalIVE
framework. This framework allows the design and programming of intelligent virtual environments, as well as the
simulation and detection of human emotions for the creation
of IoT and UC applications.
EJaCalIVE is a tool that allows the design and programming of these new human-agent societies while incorporating
the detection and simulation of emotions. EJaCalIVE is
divided into two parts. The first one focuses on the design and
programming of the intelligent virtual environment (IVE)
and the second one on the detection and simulation of
emotional states. For the design of IVEs, EJaCalIVE uses the
MAM5 [22] metamodel based on agent and artifact (A&A)
[23, 24] one. The A&A metamodel determines that, within
an environment, there are two types of entities, the intelligent
ones (Agents) and the objects (Artifacts). Based on this
idea, MAM5 metamodel goes a step further to design an
IVE, in terms of distinguishing between the entities (agents
and artifacts) that have a physical representation in the
virtual environment from the ones that have not. EJaCalIVE
introduces different specializations of agents and artifacts,
which give the designer a wide range of entities to realize
their design. Figure 1 shows the different entities that can be
represented in EJaCalIVE.
Detailing a little more EJaCalIVE structure, inherited of
MAM5 model, which divides the IVE into two workspaces,
a workspace where entities that do not have virtual representation exist and an IVE Workspace inhabited by entities
with a virtual representation. In turn, within each of these
workspaces, the entities are divided into two main classes,
corresponding to agents and artifacts. In this way, in the first
kind of workspace, those that do not have a virtual representation (no 3D representation), there are agents and artifacts
just as defined in the A&A metamodel. On the other hand,
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in the IVE Workspace, there are those that have a virtual
representation, the Inhabitant Agents and the IVE Artifacts.
Moreover, this last kind of workspace allows more specific
subclasses: Smart Device Artifacts (SDA) [25] and HumanImmersed Agents. The SDA are specialized IVE Artifacts,
allowing the developer to make a connection with the real
world. This connection gives agents and Inhabitant Agents the
ability to interact with the real world acquiring information
through sensors or acting in the real world using actuators.
The Human-Immersed Agent is an Inhabitant Agent that
serves to immerse a human in the system, so for the rest of the
system is an Inhabitant Agent, but it is also a communication
bridge between the virtual world and the real world.
However, the introduction of emotions into the IVE
design, as a new form of communication and interaction
between entities, along with the above commented possibilities of accessing not only the virtual environment but also the
real world (in an augmented reality kind of applications) open
the door for the creation of new IoT, UC, and complex simulations. This new emotional component gives the different
entities the ability to simulate and/or detect human emotions.
For this, it is necessary to introduce different emotional models that are commonly used in psychology and are widely used
in computer science. Within these models, we can find the
big-five model (OCEAN) which is a personality model, the
emotional model PAD [26], and the Circumplex Model [27].
EJaCalIVE uses different communication channels (image
processing through cameras, text, voice, body gestures, or
biosignals) for the detection of emotions. This input data dealt
with machine learning algorithms such as SVM or neural
networks for the detection and classification of emotions
from it.
Figure 2 shows the main structure of EJaCalIVE framework along with the different modules it is based on. As can
be observed in such figure, EJaCalIVE is supported by four
engines: cognitive, artifact, physical, and emotion. Each of
these engines allows the developer to design and program
an Emotional Intelligent Virtual Environment (EIVE). The
Cognitive Engine is supported in turn by Jason who is
the agent platform. Jason allows scheduling of each of the
behaviors of the agents. The Artifact Engine is supported
by CArtAgo which allows you to create the various objects
that are inside the EIVE. EJaCalIVE has a Physical Engine,
which is supported by Jbullet. Jbullet allows to introduce
physical restrictions (gravity, IVE-Artifact position, speed,
and acceleration among others) which will be governed by
the IVE Workspace. The Emotion Engine is responsible for
simulating and classifying human emotions as well as for the

calculation of social emotion and the emotional dynamics of
human-agent society.
Each one of the engines is defined by the developer
through an XML file, which will later be interpreted by EJaCalIVE creating the different templates for agents, artifacts,
and workspace data.
The following subsection describes the Emotion Engine
included in EJaCalIVE (the other engines are described in
more detail in [28, 29]).
3.1. EJaCalIVE Emotion Engine. The Emotion Engine plays
an important role within the framework, as it is responsible
for incorporating the different human emotions. This engine
can be used by all agents, to detect, process, and simulate
emotions. This engine also allows the developer to use all
simulated or detected emotions to calculate a social emotion.
The processes of detection and simulation of emotions are
described below.
(1) Emotion detection: EJaCalIVE’s Emotion Engine
detects the emotions using the artifacts designed
to perform this task. However, EJaCalIVE allows
the developer to connect any other hardware that
can perform such detection. By default EJaCalIVE
incorporates two ways of performing the detection,
the first is through image processing and the second
is using an Emotional Wristband.
In the detection of emotions through images processing, the system uses the Face Landmark Algorithm,
which extracts the characteristic points of the face
from the images [30]. An example of image detection
can be found in [31].
To characterize a face image, a vector of characteristics is created storing not only the characteristic
points but also the Euclidean distances between those
points. This vector of characteristics serves as the
input for a neural network that gives as output the
corresponding emotion expressed by such face. This
network has been trained previously with similar
vectors calculated from a database of face images
representing different emotions. Although EJaCalIVE
uses neural networks to perform the classification,
it allows the developer to use their own classifying
scripts. This is done through a dedicated artifact for
this task (scripts can be made in Python or Node.js).
To perform the detection of emotions through the
Emotional Wristband, we employ a design described
in more detail in [32]. This band is used by a human;
an agent is embedded inside the band perceiving
the variations of the resistance of the skin. These
variations are preprocessed in order to extract a
feature vector, which is used by a neural network
classifying the emotion (in a similar way as in the
emotion detection by images processing).
(2) Emotion simulation: if we want to simulate the
emotions of humans, we need to obtain previously
the personality values of the involved humans. These
values are obtained by making these humans perform

Wireless Communications and Mobile Computing

5

Table 1: Adjectives describing personalities.

It is possible to modify the individual emotions of each
person, causing the social emotion to change and thus to
make that distance between social emotions increase or
decrease. However, the emotions are dynamic, as well as
the interactions between agents and humans. Moreover,
emotions can be spread among the individuals who are
being simulated. In order for this emotional contagion to
take place, it is necessary to take into account not only
personality traits as the empathy commented above, but
also the affinity between the individuals. In this sense, the
proposed EJaCalIVE incorporates a dynamical model which
allows the designer to model emotional contagion between
individuals.

𝑂+
𝑂−
𝐶+
𝐶−
𝐸+
𝐸−
𝐴+
𝐴−
𝑁+
𝑁−

Curious, alert, informed, perceptive
Simple, narrow, ignorant
Persistent, orderly, predictable, dependable, prompt
Messy, careless, rude, changeable
Social, active, assertive, dominant, energetic
Distant, unsocial, lethargic, vigorless, shy
Cooperative, tolerant, patient, kind
Bossy, negative, contrary, stubborn, harsh
Oversensitive, fearful, dependent, submissive, unconfident
Calm, independent, confident

the big-five personality test (https://personality-testing.info/printable/big-five-personality-test.pdf). This
test models the personality of an individual through
five factors: factor 𝑂 (openness to new experiences),
factor 𝐶 (conscientiousness or responsibility), factor
𝐸 (extraversion or extroversion), factor 𝐴 (agreeableness or kindness), and factor 𝑁 (neuroticism or
emotional instability). If the agent is simulated, we
need to determine its personality. To do this it is
necessary to vary the values of the OCEAN in each
component as shown in Table 1 [33].
However, it is possible to use these personality values
to calculate the emotion that our agent would have at the
moment of initiating the simulation. For this we use the
following equation [34] that allows us to determine the first
emotion in terms of PAD.
𝑃0 = (0.59 ∗ 𝐴 + 0.19 ∗ 𝑁 + 0.21 ∗ 𝐸) ,
𝐴0 = (−0.59 ∗ 𝑁 + 0.30 ∗ 𝐴 + 0.15 ∗ 𝑂) ,

(1)

𝐷0 = (0.60 ∗ 𝐸 − 0.32 ∗ 𝐴 + 0.25 ∗ 𝑂 + 0.17 ∗ 𝐶) .
Once these first values of PAD have been calculated, during the simulation process emotions can vary. This variation
is produced through the perceptions of the agent and will
depend on the scenario to be simulated (e.g., using music to
modify moods of the people in a pub, the agents perceive the
music, and their emotions evolve according to their current
emotion and the kind of music they like [31]).
As commented above, the Emotion Engine allows the
developer to use all simulated or detected emotions in order
to calculate a social emotion. The use of the concept of social
emotion allows the developer to know the emotional state
of the group, composed of humans and agents. This social
emotion is represented as a triplet composed of: the Central
Emotion (average of the emotions of each individual in the
group), the maximum distance between the Central Emotion
and the emotions of the individuals and the dispersion of the
emotions around the Central Emotion (for more details [29]).
Working with social emotions allows comparing two
groups of individuals and comparing their social emotions,
in fact, the distance between such social emotions, and so to
know how close or far they are from an emotional perspective
or even compare the social emotion of a group with a goal
emotion.

4. Case Study
In this section, we present the case study in order to use EJaCalIVE in the simulation of a residence for the elderly. Due
to the complexity involved in working with these people, an
emotion-based simulation is proposed to train an assistance
robot. The robot will interact with the agents detecting their
emotions and communicating with the caregiver if there is
any variation. This emotional variation allows the caregiver
to decide if it is needed to change the activities to modify the
people emotions.
The simulation presented in this section was divided
in a virtual component and a real component. The virtual
component is responsible for simulating the elderly; to do
this, we use three emotional agents. These agents have
different personalities and a list of characteristics that make
them different (features such as affinity, empathy, and activity
tastes). These different characteristics make each agent’s
emotion be affected in a different way by environmental
stimulus. The real component is performed with the robot;
this robot can detect the emotional states and change its
behaviour depending of the emotion detected. In this way,
this simulation trains not only the mechanism used by
the robot to detect (and act to try to modify) the human
emotions, but also an environment where the robot could
interact with the elements of an IVE was developed. For this
reason, other elements have been taken into account such as
furniture (chairs, sofa, table, and floor) to be simulated as
IVE Artifacts. These elements are located as virtual obstacles
to be avoided by the robot (in the real world). We have
integrated a human in our simulation. This human is modeled
as an Emotional Human Inmersed Agent. This agent is a
virtual representation of a caregiver and allows us to test the
mechanism of emotion detection using the camera and the
interaction through different actions. Figure 3 shows in the
upper left corner the metamodel design of the case study
system, formed by 4 IVE Artifacts (modelling the table, chair,
sofa, and TV), 4 Emotional Inhabitant Agents (modelling
the assistant robot and the 3-elderly people in the residence),
and one Emotional Human-Immersed Agent (modelling the
caregiver). EJaCalIVE allows compiling this metamodel and
build automatically the skeleton files for such agents, artifacts,
and the IVE Workspace (that is seen in the upper right corner
of Figure 3). The last part of this figure shows the view of the
simulation done.
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Figure 3: Visualization of the design environment.

4.1. Robot Description. The robot is responsible for interacting with the elderly; this interaction is performed through
emotion detection and the proposal of activities. As the robot
moves in a real world, it is important to provide it with a
series of sensors that help it to navigate, to perceive the human
emotions, and to interact with the people. For this reason, the
robot has been divided into two levels.
The first level provides the robot with the capability
of controlling the motors and giving access to different
sensors that allow perceiving the environment. We employ
sensors such as ultrasound, magnetometers and gyroscope.
This control has been developed using an Arduino Mega
(https://www.arduino.cc/en/Main/arduinoBoardMega). The
data acquired by these sensors and processed by the Arduino
is sent to the agent. This information is the knowledge of
the environment (angle inclination, long-distance obstacle
detection). However, this low-level control has a reactive
behaviour that allows reacting to external events without
having to be reasoned by the agent (see Figure 4).
The cognitive level was developed with a Raspberry Pi
3 (https://www.raspberrypi.org/). This level is responsible

for recognizing faces and detecting emotions through image
processing using a camera. At the same time, this level is
in charge of controlling the robot movement. The robot
includes a LCD touchscreen where users can interact, as well
as speakers and microphones. All the described processes
have a very high consumption of resources. This is the main
reason why the robot has three raspberry pi connected as a
cluster (see Figure 5).
The cluster configuration allows distributing the information and the different processes to be done. In the robot, each
node is an agent with a specific task and different resources
needs:
(i) The “node 1” controls the LCD touchscreen. It executes the person identification and the emotion classification behaviors. At the same time, this node is
in charge of visualizing the corresponding emoticons
according to the detected emotions.
(ii) The “node 2” incorporates the robot’s behaviors in
charge of acquiring the temperature, CO2 level, and
relative humidity sensors. This information is used by
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All the agents are interconnected with each other through the
SPADE platform (http://spade.gti-ia.dsic.upv.es). Each agent
located in each node uses the switch for communication
through messages, distributing the information between
them.
The personality of the robot was defined using the
OCEAN values, as defined in Table 1, taking into account
that since the robot has to be at the service of humans, the
OCEAN values are high to have a robot with the following
characteristics:
(i) Agreeableness, tendency to be compassionate and
cooperative towards others
(ii) Conscientiousness, tendency to act in an organized or
thoughtful way
(iii) Extraversion, tendency to seek stimulation in the
company of others
(iv) Neuroticism, emotions being sensitive to the individual’s environment

DC-motor
Arduino
mega

(v) Openness, tendency to be open to experience a
variety of activities.

Ultrasound
sensor

Figure 4: Image of the developed prototype of the assistant robot.

Node1

Node2

Switch

Node3

Figure 5: Cluster agent distribution.

the robot to determine if the environmental conditions where people are located are adequate, that is,
if the temperature is adequate, or the humidity level
is right, and if the CO2 level are suitable. These values
are acquired using a hat sensor of the raspberry pi.
At the same time, this agent is in charge of carrying
out the speech recognition and converting the text to
speech.
(iii) Finally, the “node 3” incorporates the behaviors in
charge of communicating with the low-level control.
For instance, it sends the different values that make
the robot move within the environment and receive
the information sent by the sensors located in the lowlevel control, that is, velocities values, angle rotations,
ultrasonic distance, motor position, and so forth.

Since the robot is real and older people are simulated
through agents, in this simulation we have defined two
restrictions. The first one is that the agents communicate
their emotional states through a message since there is no
emotional representation through avatars using screens. The
second one is that the robot knows the emotion of all
people. This allows us to calculate the social emotion and also
determine the emotional dynamics of the group. With the use
of the emotional dynamics, the robot can determine which
person influences more about others. This way the robot can
determine which person is the one that causes the emotion of
the group to fall. This information is used by the caregiver, in
order to design actions focused on the people who make the
group’s emotion fall.

5. Conclusions and Future Work
This paper has presented the EJaCalIVE framework which
is an intelligent virtual environment that implements the
concept of emotions and also allows an integral interaction
with human beings. The main goal of this project is to build
a robust virtual environment that is able to capture and
reproduce atomic emotions to its agents and artefacts.
The social aspect of this project is to provide assistance
to an elderly community by reading each person’s emotional
status and interacting through environmental changes. The
robot developed (although it is still an initial build) is used
as an humanoid to ease the interaction with the people on
its environment. Furthermore, its mobility helps in terms
of screen and sensors displacement, meaning that instead
of requiring several sensor systems and that the users have
to displace themselves to locations that have interaction
interfaces we are able to bring it to them. We believe that this
will have a lesser visual impact and disturb less than the robot.
Previous studies show that robots are well accepted by elderly
people.
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The combination between the robot and agent projections of the elderly community has provided interesting
preliminary results. Unfortunately, due to the fragility of the
elderly people and the alpha version of the robot, tests on
real environment and with real people were not possible.
But that restriction has given way to the enhancement
of the EJaCalIVE [25], with the introduction of extended
emotion representation, artifacts (and its enhancements like
smart devices), and social emotion representation. In fact,
these developments are now the part of the core ecosystem
operation; that is, the EJaCalIVE will be used even when
real users and robot are interacting with each other. In terms
of future work, we aim to build a user-safe version of the
robot and deploy it in an environment with real users and
capture the interaction with them, which may result in a
validation scenario. Furthermore, we aim to develop robust
quality of information methods that are able to assert an
quantify scenarios with lack of information, correspondent
with most that happen in real life events.
Finally, the trained robot will be tested by elderly of a
daycare center in the northern area of Portugal, the Centro
Social Irmandade de S. Torcato. After the tests, a validation
will be performed through a questionnaire that will be done
to the caregivers (registered nurses and medical personnel),
trying to identify the obtained results and detected problems.
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