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Abstract
Cloud computing plays a critical role in modern society and enables a range of applications from infrastructure to
social media. Such system must cope with varying load and evolving usage reflecting societies’ interaction and
dependency on automated computing systems whilst satisfying Quality of Service (QoS) guarantees. Enabling
these systems are a cohort of conceptual technologies, synthesised to meet demand of evolving computing
applications. In order to understand current and future challenges of such system, there is a need to identify key
technologies enabling future applications. In this study, we aim to explore how three emerging paradigms
(Blockchain, IoT and Artificial Intelligence) will influence future cloud computing systems. Further, we identify
several technologies driving these paradigms and invite international experts to discuss the current status and
future directions of cloud computing. Finally, we proposed a conceptual model for cloud futurology to explore
the influence of emerging paradigms and technologies on evolution of cloud computing.
Keywords: Cloud Computing, Quality of Service, Cloud Applications, Cloud Paradigms and Technologies, IoT,
Blockchain, Artificial Intelligence
1. Introduction
The last two decades have seen active research in the definition and evolution of cloud computing. Driven by
innovation in networking and distributed architectures, cloud computing is a manifestation of distributed systems
research since the initial conception of the client server model in 1958 [2]. Due to the rapid growth of cloud
computing, it has been adopted as an important utility across all aspects of society, from academia, governmental
institutions and industry. Characteristics of cloud computing such as dynamic, metered access to a shared pools
of computing resources [1] have enabled the realisation of new technologies and paradigms to fulfil the demands
of emerging applications including scientific, healthcare, agriculture, smart city, and traffic management [3].
Presently, well-known cloud providers such as Facebook, Google and Amazon utilize large-scale Cloud Data
Centers (CDCs) to provision heterogeneous Quality of Service (QoS) requirements. Furthermore, cloud
computing platforms are able to provide a unified interface over heterogenous resource found in the Internet of
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Things (IoT)-based applications which improve the reliability of cloud services [4]. There is a need to sign a
Service Level Agreement (SLA) between cloud user and provider to deliver the required service in specified time
and budget based on QoS parameters.
Substantial growth in end-user demand and data volume has resulted in the creation of more CDCs at ever growing
scale, which in turn increases system energy consumption, CO2 emissions, and waste heat that requires cooling
infrastructure for removal. To address the problem of energy consumption, there is a need for new resource
scheduling policies to reduce the energy consumption without impacting QoS such as deadline, reliability,
availability, cost, security and privacy [5]. To increase the reliability of the cloud computing systems, there is a
need to develop new fault tolerant mechanisms, which can maintain the cloud service quality during the
occurrence of hardware or software faults. Moreover, security can be improved by using new technology called
Blockchain (it is distributed ledgers within Cloud) to protect the communication from attackers, which can further
increase reliability of the computing systems [46].
The diversity of large distributed application means there is a requirement for effective big data analytics
mechanisms to process the required data in an efficient manner using innovative data processing techniques [61]
[66]. Further, new programming models such as serverless computing enable new patterns of resource
consumption, autonomically driven by application utilization. Lightweight virtualization provided by container
technologies, can improve utilization in clouds, and enable low latency provisioning of application environments
[150]. Further, the emergence of fog computing reduces the latency and response time of processing in IoT devices
but still research challenges within this domain are not solved effectively. New resource provisioning and
scheduling polices are required for fog and cloud computing using Artificial Intelligence (AI) based deep learning
techniques to predict the resource requirement in advance for geographically disparate resources [47] [140]. Cloud
Computing is emerging as a new tool for solving the complex challenges faced by the Earth Sciences researchers
both in the context of compute and analysis [139]. It offers a promising hope for the community which presently
relies on dedicated supercomputers coming at a huge cost and can regularly go through slag periods or
inefficiencies. The introduction of cloud computing as a supplicant or replacement of dedicated supercomputers
is an interesting hypothesis. Due to continuous growing research in the field of cloud computing, there are various
new research areas such as quantum computing, software-defined network, software engineering, bitcoin
currency, 5G network and beyond are emerged.
1.1 Our Contributions
Earlier methodical surveys and system reviews have been identified previous innovations, however innovations
in the field of cloud computing require a revisit of paradigms (IoT, AI, and Blockchain) driving cloud computing.
There is a requirement for a systematic review to evaluate, upgrade, and integrate the existing research presented
in this field with respect to the emerging paradigms and technologies such as IoT, AI and Blockchain. This
systematic review presents an updated study to evaluate and discover the research challenges based on the
available existing research along with the evolution and history of computing systems as per new frontiers as an
amalgamation of these technologies having a high impact on cloud computing and related domains. Finally, we
offer critical insights and points out possible future work. We proposed a conceptual model which integrates and
enables computation using a plethora of technological advancements and provides an enhanced and holistic setup
for next generation computing environments.
The motivation behind this systematic review is to study the history of computing and identify how the emergence
of triumvirate “IoT + AI + Blockchain” will transform cloud computing to solve complex problems of next
generation computing. Further, the international experts of different cloud computing research areas come
together and discuss the existing research and proposed future research directions for academicians, practitioners
and researchers working in the field of cloud computing. This is the first systematic review which explores the
evolution of computing paradigms and technologies and the influence of triumvirate (blockchain, IoT and
Artificial Intelligence) to the evolution of cloud computing.
The rest of the article is structured as follows: Section 2 presents the background of cloud computing paradigms
and techniques and their evolution. Section 3 presents the drivers (IoT, AI and Blockchain) of cloud computing.
Section 4 presents the impact of new paradigms and technologies on cloud computing along with their future
research opportunities and open challenges. Section 5 presents the insights of triumvirate to the cloud computing
evolution. Section 6 presents a conceptual model for cloud futurology. Finally, Section 7 summarizes the research
article.
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2. Background: History of Decades
Computing systems have evolved from year 1958 to improve the use of hardware resources in an efficient way.
During these decades of computing, there have been various types of computing paradigms and technologies have
been developed and invented, which contributes extensively to the current research in the field of computing.
2.1 Evolution of Computing Paradigms and Technologies: A Journey
Initially, one system can execute one specific task at a time and multiple systems are needed to run parallelly to
execute multiple tasks concurrently [1]. A secure communication network is required to exchange data among
different computing systems. Figure 1 shows the evolution of computing technology along with their objectives
and focus of study from year 1958.
•

Client Server: This is distribution application or centralized system developed in 1960 to divide the
workloads or tasks among resource providers (servers) and clients are service requesters [1]. Computer
network is used to communicate between servers and clients and server shares resources with clients to
execute their workloads in a load balancing manner [2]. Email and world wide web (www) are two
important examples of client server model. In this model, clients cannot communicate with each other
directly [7].
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Figure 1: Evolution of Computing Paradigms and Technologies
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•

Supercomputer: It is a system with high performance computing capability to execute computationally
intensive tasks in different scientific fields such as molecular modelling, climate research and quantum
mechanics [3]. Energy usage and heat management in supercomputers remained a main research challenge
thought its evolution since 1960 [7]. The important examples of supercomputers are Multivac, HAL-9000
and The Machine Stops [2].
Proprietary Mainframe: This is large-high speed computer, which can further support various devices and
workstations, are used to process large amount of data such as transaction processing, consumer statistics
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and census [4]. Mainframe computers can provide reliability and security and achieves high throughput
through virtualization [7]. In year 2017, IBM launched latest version of mainframe IBM z14 [2]. The
performance of mainframe computer is excellent, but these computers are quite expensive.
Cluster Computing: This technology uses fast local area network to communicate available computing
nodes and clustering middleware is used to make coordination among different computing nodes [5]. The
main objective of cluster computing is to execute a single task using different interconnected computing
nodes to improve the performance of computing environment [1].
Open Massively Parallel Processing (MPP) and Symmetric Multi-Processing (SMP): There are two main
types of parallel processing environments: massively parallel processing (MPP) and symmetric
multiprocessing (SMP) systems [1] [2] [3]. In SMP environment, other hardware resources (disk space,
memory) are shared by multiple processors but using a single operating system. The sharing of resources
effects the computing speed of the completion of a particular job [7]. In MPP environment, only file system
is shared but there is no sharing of resources during execution of job. The scalability can be improved by
adding computers and related disk and memory resources.
Grid Computing: This technology enables to achieve a common objective using distributed computing
resources and executes non-interactive workloads which contains huge number of files [4] [5]. The single
grid is dedicated to an execution of a specific application [7]. Grid computing provides services such as
resource allocation and management service, secure infrastructure and monitoring and discovery service.
Commodity Clusters: It is also called Commodity Cluster Computing, which offers low cost computation
of user workloads by using huge numbers of computing resources in a concurrent manner [2] [4]. Different
vendors are using open standards to manufacture commodity computers to reduce the variation among
products of vendors [7]. Presently, off-the-shelf commodity computers are available to fulfil the business
computing requirements quickly.
Peer to Peer: It is a distributed architecture to divide the workload or task among different peers or
computing nodes and peers can communicate with each other directly at application layer [4] [7]. In Peer
to peer architecture, peers can access different resources such as processing power, disk storage or network
bandwidth without the requirement of central coordinator. TCP/IP network is using to exchange data among
peers. The main applications of peer to peer architecture are multimedia, file-sharing networks and content
delivery.
Web Services: This technology enables the communication among different electronic devices through
world wide web using different types of machine-readable file formats such as JavaScript Object Notation
(JSON) and Extensible Markup Language (XML) [1] [2]. Basically, web service provides the user interface
to end user for the interaction with database server [7].
Virtualised Clusters: It is an implementation of a real computing system to perform similar functions using
virtualized environment [1]. Virtualised cluster enables the sharing of resources among different Virtual
Machines (VM) to execute workloads or tasks [2]. VM hypervisor provides the software layer-based
virtualisation to execute on top of operating system or on the bare metal [7]. VM based computing systems
saves resource cost and executes the large number of workloads using same resources.
HPC System: This is the tool which is used to solve large problems (which requires high computing power)
of business, engineering and science [5]. High Performance Computing (HPC) system contains different
types of computing resources to solve different types of problems and access these resources is controlled
by batch system or scheduler [5] [7]. HPC systems are sharing resources and it can access different
resources remotely and execute workloads or tasks using scheduling of parallel resources.
IaaS, PaaS, SaaS: There are different types of web services, which can be accessed via Internet such as
SaaS (Software as a Service), PaaS (Platform as a Service) and IaaS (Infrastructure as a Service) [6]. SaaS
offers software functionality as a service without any maintenance and initial cost with high quality and an
example of SaaS is Gmail. PaaS offers the framework, where user can deploy their application with
required scalability and an example of PaaS is Microsoft. IaaS offers infrastructure resources such as
network, memory, storage and processor to execute workloads or tasks in a cost and time optimized manner
and an example of IaaS is Amazon.
Cloud Computing: The cloud services are generally denoted by – XaaS where X = {I, P, S…} and practice
of using remote resources to execute user tasks (processing, management and storage of data) through
Internet [6]. Cloud computing enables sharing of resources to reduce execution cost and increase
availability of service. There are four different types of cloud computing models: public, private, hybrid
and community. The Quality of Service (QoS) parameters such as reliability, security and energy efficiency
are important to deliver an efficient cloud service.
Fog Computing: This is latest architecture which performs significant amount of storage and computation
using end devices or fog nodes and Internet is used to establish communication among these devices [151].
Fog computing comprise of data plane and control plane [6]. Data plane provide services at the edge of
network to reduce latency and increase QoS, while control plane is part of router and decides network
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topology [8]. Further, fog computing supports Internet of Things (IoT) devices such as mobile phones,
sensors, health monitoring devices.
Internet of Things: IoT devices are network devices such as actuators, software, home appliances and
sensors and Internet connectivity is used to exchange data among these network devices [8]. There are
number of applications of IoT in different fields such as agriculture, healthcare, weather forecasting,
transportation, smart home and industrial robotics [152] [153].
Edge Computing: It is a distributed computing paradigm, which performs computation on distributed edge
devices and it enables the data collection and communication over network [6]. Further, edge computing
moves the large volume of data by processing at edge devices instead of cloud server, which improves the
QoS, reduce latency and transmission cost [8] [154] [155]. The time sensitive applications can take more
advantage from edge computing, but it needs continuous Internet connection to perform dedicated functions
within given time.

3. Triumvirate: IoT + AI + Blockchain
Cloud computing becomes an intelligent computing with the emergence of innovative technologies and paradigms
such as Internet of Things, Blockchain and Artificial Intelligence.
3.1 Internet of Things (IoT)
The modern Internet integrates objects known as Things, equipped with sensing, actuating and networking
capabilities with dynamic monitoring and control services. Such devices are pervasive in modern life and can be
found in homes, public transport, motorways and vehicles [22]. As such, IoT applications are able to operate
across heterogeneous domains and enable rich analyses and management of complex interactions [150]. Thus,
IoT devices and service are able to address challenges in a wide range of application domains, including e-health,
infrastructure, building management systems, manufacturing and transport [23] [24] [25].
The Internet of Things possess several characteristics central to their operation, including (I) Systems are often
highly dynamic and network membership must cope with volatility, where a device may appear and reaper across
several networks [24], (II) devices are highly heterogenous in terms of both computing performance and functional
capabilities, and as such system must cope with limited processing, memory and persistent storage [26], and (III)
Systems are managed and controlled by multiple stakeholders, requiring federated mechanisms for secure
management of collected IoT data [25].
Historically IoT applications have offloaded processing, and persistent storage to cloud services, however as the
number of ‘Things’ grows, these services fail to support real time demand of IoT devices [24], [27]. This is
because such systems operate in physical environments, across large geographic ranges, and as such require low
latency response times, and have high density data ingestion requirements/bandwidths [46].
Fog/Edge computing extends cloud system boundaries, by decentralising resource orchestration from datacentres
to edge networks [25]. Organised as hierarchal networks of Fog nodes or cloudlets [28] providing deployment of
ingestion, processing and management services. Geographic locality allows lower response latencies and
increase’s ingestion bandwidth by horizontally scaling resources, whilst consuming less energy and enabling
resource mobility when compared to cloud services. These characteristics enable IoT applications to scale in terms
of a both logical scale and geographic range, whilst providing real-time response latencies, and as such Fog/Edge
computing can be considered a future architecture of IoT applications [23].
Smart e-health applications are able to monitor patient data in real-time, by collecting data from implantable and
wearable devices forming personal area networks [61]. Smart-Gateways collect and perform local processing of
data collected from devices, including noise filtering from medical devices, data compression and fusion, and
analyses allowing detection of dangerous trends in a patient’s health. Whilst long term trends can be analysed at
cloud layers [22], [29]. Furthermore, Fog enabled IoT systems are adaptable and can change their behaviour
according to state determined by collected sensors’ data. For instance, a smart gateway collecting samples from a
pacemaker can increase its sample prior to a heart attack, detected via pre-processing at the fog layer [22], [25],
[29].
The Internet of Energy (IoE) paradigm introduces the notion of smart grids and energy management [30]. In which
distributed networks energy generators capable of monitoring power consumption and generator, or battery
capacity and providing coarse grained statistics about grid health. Whilst ‘Smart-Meters’ are able to monitor
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capacity, generation and usage at a finer granularity and report energy demands to utility providers [25], [30],
[31]. As such, IoT is enabling technology of future systems, such as electronic vehicles, and micro-grids.
Furthermore, such a grid can provide safer, more reliable and robust power delivery, to meet changing consumer
demands [32]. The interested readers can further explore using extensive surveys on IoT [8] [22] [24] [25] [26].
3.2 Blockchain
Recently Fog, Edge and Cloud computing paradigms have gained significant popularity both in industry and
academia. With their increased usage in real-life scenarios; security, privacy and integrity of data in such
frameworks has gained high importance [9]. Malicious deletion, theft and corruption of data due to ransomware,
trojans and viruses, etc. has been a menace in this domain [10]. Maintaining integrity of data and ensuring that
data is not sent by unregistered source are very important for the credibility of the systems [114]. Being used in
mission critical applications like hospital care, Smart cities, transportation, surveillance, the tolerance in such
systems is very low. As most Edge devices have compute and storage limitations; difficult constraints arise in
providing an optimal scheme for data protection and maintaining integrity. To ensure data is protected, Blockchain
technology has been adopted in the IoT domain and other real time systems.
Theoretically, Blockchain is a suite of distributed ledgers that can record and track the value of a commodity [11]
[129]. Whenever new data is added to the system, it is converted to a Block where a Proof of Work (PoW) is
created, which is a hash value difficult to produce without changing the PoW of all blocks preceding it in the
ledger. Miners in the Fog system mine the blocks and generate and validate such PoWs. Once a miner completes
the proof of work, it publishes the new block in the network and the rest of the network verifies its validity before
adding it to the chain. Moreover, this fraudulent manipulation of data in a Blockchain will not be successful unless
50% of its distributed copies are individually reformed by following the same set of operations. Thus, it becomes
very hard to alter any data in blockchain within rigid time limit. To support and operate with the blockchain,
network peers must provide, the following functionality: routing, storage, wallet services and mining [12].
Despite such problems there have been many efforts to provide robust frameworks that integrate Blockchain with
Fog computing [15] [16] [17]. Most such frameworks like FogBus in [15] maintain a dynamically allocated
mining strategy where some nodes which are less utilized at a point of time mine and validate the chains and
others are used for load distribution, compute and data collection. If any worker reports error in terms of
Blockchain tampering or signature forgery, then the Blockchain in majority of the network is copied to that node.
Other additional features that they provide are encryption with dynamic exchange of public key pairs for identity
authentication.
Although, the key concept of Blockchain is simple, it faces from several challenges while integrating with Fog
computing frameworks. Storage capacity and scalability are highly debated due to high cost and maintenance
overheads [13]. Even though, only full nodes (nodes that can fully validate the transactions or blocks) store the
full chain, the storage requirements are significant. Another weakness of blockchain is the anonymity and privacy
of data. Privacy as such is not embedded in the design of blockchain and hence third-party software are required
to achieve this. This may lead to unoptimized implementations which are more expensive in terms of compute
and storage requirements.
Many open challenges and directions are still existing where blockchains can be improved in IoT frameworks.
Resource limitation is the main limiting factor for high quality data protection and reliability. Due to resource
constraints, highly sophisticated encryption or key generation cannot be integrated with such chains of data. Only
limited cryptographic algorithms can be deployed. More efficient algorithms can be developed keeping in mind
of the resource constraints. Another important direction is the modification of such chains in high fault rate settings
where the edge nodes can be compromised at any instant of times. Revalidating blocks and copying chains from
the majority network leads to large overhead on network and I/O bandwidth requirements. Most frameworks also
work in a Master-Slave fashion and hence have single point of failure. This is natural in heterogenous
environments. Significant research is needed to ensure redundancy while keeping in view the costs and reliability
trade-offs. Also, the blockchain vulnerabilities still affect Fog frameworks [18]. Effective consensus mechanisms
need to be developed that can validate blocks with limited sharing and copying of blocks. The interested readers
can further explore using extensive survey on Blockchain [179].
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3.3 Artificial Intelligence
Artificial Intelligence (AI) aims to make IoT and Fog nodes aware of the workload environment and continuously
adapt to provide better QoS characteristics, reduce power consumption or overall cost of the infrastructure. AI
encompasses various search algorithms, machine learning, reinforcement learning and planning [146]. In the
modern world of data intensive tasks with growing fog and cloud deployments, more and more intelligence are
required at different levels to provide optimum task scheduling decisions, VM migrations, etc. to optimize
mentioned previously under various constraints. These constraints can range from computation capabilities,
bandwidth limits to SLA or deadline requirements of tasks.
There have been several works that aim at leveraging AI techniques to improve the performance of fog and cloud
systems [144][145][147][148][149]. Different works focus on optimum scheduling policies for cloud,
virtualization algorithms, distribution systems among others. They use search methods like genetic algorithms,
supervised machine learning and even deep reinforcement learning to optimize their objective functions [154]
[155]. AI provides a lucrative avenue to optimize large systems with huge amounts of data with engineering
simplicity and efficiency by allowing automated decision making instead of human encoded heuristics which
provide more efficient decisions very quickly.
Cloud computing is growing quickly, and CDCs become an important part of eminent industries such as Facebook,
Microsoft, Google, Amazon [58]. However, it is difficult to monitor the performance of large-scale cloud data
centres manually. Yotascale is a next generation computing and automatic performance monitor solution to reduce
the accountability on humans. Yotascale uses historical data to make forward predictions or decisions about cloud
costs using Artificial Intelligence and helps to save more cost. Further, real-time analysis can be done using
Yotascale to detect anomalous trends using deep learning techniques (supervised/unsupervised techniques or
prediction models), finds the root cause and gives future predictions about cloud usage and its cost. The interested
readers can further explore using extensive surveys on AI [180] [181].
4. Impact of New Paradigms and Technologies on Cloud Computing: Open Challenges and Trends
Cloud computing is evolving very rapidly, and various number of researchers and academicians are working
actively to solve the research challenges existing within the cloud computing domain. We have identified various
research areas related to cloud computing, which utilizes its available technologies and paradigms in an efficient
manner to solve the current problems. Figure 2 shows the emerging research areas for future practitioners,
industries, academicians and researchers.
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Figure 2: Emerging Research Areas
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We have given the foundations of emerging paradigms and technologies for researchers, academicians and
practitioners in this section and their corresponding future research directions and open challenges are presented
at the end of every subsection.
4.1 QoS and SLA
Quality of Service (QoS) is an important challenge of cloud computing systems, which can predict the
performance of the system at runtime [6]. The QoS parameters such as execution time, cost, scalability, elasticity,
latency, reliability etc can measures the performance of the computing system [46]. QoS parameters are defined
using Service Level Agreement (SLA), which is an official document signed between cloud user and provider
based on different QoS parameters [157]. In this era, there are wide range of IoT applications which have different
QoS parameters based on their domain, purpose and requirement [52] with more stringent security requirement
which can utilize blockchain and related technologies. Further, SLA can be measured using a metric called SLA
violation rate, which can estimate the deviation of actual SLA from the required (estimated/predicted) and decides
about the compensation in case of SLA violation [53]. QoS is progressively important when comprising cloud
services because damaging QoS in one of the services can hazardously affect the QoS of whole computing system.
To offer an efficient cloud service, there is a need to provision the required amount of cloud resources, which can
fulfil the QoS of an application such as budget, response time and deadline [55] [56]. Therefore, cloud providers
must ensure to provision enough resources to avoid or reduce the SLA violation rate in order to execute the user
workloads within their specified deadline and budget. The future of next-generation computing systems depends
on the QoS-aware resource management mechanisms, which can identify and satisfy the QoS requirements of the
computing system [6] [58].
There are various research challenges [59] [61] [63] [66] [67] are existing which hinders the achievement of QoS
in an efficient manner. Firstly, there is an unavailability of cloud resources to execute an application at runtime,
which increases the execution time and reduce the performance of the system. Secondly, there is a need of an
efficient SLA-aware resource management mechanisms reduces the SLA violation rate and maintain the
performance of the computing system. Thirdly, there are different SLA standards for the different cloud providers
and there is a need of centralized SLA standard to achieve the common goal of multi-cloud environment. Finally,
there is a need to find out the trade-off among different QoS requirements due to wide range of IoT applications
are running on cloud computing systems using AI based supervised/unsupervised learning techniques or
prediction models.
Open Challenges and Trends: The interested readers can further explore using extensive survey on QoS and SLA
[166]. The open challenges and future research directions for QoS and SLA are summarized as follows:
1. There is a need to find out the trade-off among different QoS requirements due to wide range of IoT applications
are running on cloud computing systems.
2. Applications should be able to provide optimum QoS and SLA characteristics with minimal overhead for
maintaining data integrity with blockchain.
3. AI based approaches have entirely changed the landscape of IoT applications, also the portable devices for
transmitting multimedia content in IoT application has become very necessary for the end-users.
4.2 Fog Computing
Fog computing is the form of distributed computing paradigm which acts as a middle layer between IoT devices
and the cloud data centers [150]. Fog is supplement to the cloud, not a replacement. Fog can never replace cloud
completely as we still need cloud to handle big or complex data problem. Fog just provides more or less services
which cloud does not provide in the same time limit or latency requirements [151]. Fog reduces latency so the
applications which need low response time (as real -time applications i.e., traffic system, emergency system,
healthcare system etc.) go for fog services instead of cloud services. However, it fails when the data is very heavy
to process by its local nodes [46]. If the application is not time sensitive, then use of computing services of cloud
datacentre is more beneficial. The term cloudlet is used to denote small data centres, which have almost the same
types of features as the large data center, but in small capacity, like they can process small data not very large data
[61]. They are close to the site of data production. Cloudlet can be single computer or group of computers with
Internet connectivity. Cloudlets reduce the incoming bandwidth required by the centralized data center. It was
becoming very difficult to timely handle large amount of data in centralized cloud environment. Huge data
production by IoT devices is also the reason to accept fog computing paradigm as these data cannot be handled
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by the current cloud system even with high computation ability [128]. Apart from low latency, various services
like mobility support, security, good performance and low bandwidth requirement are also provided by the fog.
Fog generally provides a resource rich middle layer between the end devices and the cloud system to meet the
above objectives. It acts as a bridge between end users and the cloud system. Fog nodes are also attached with the
cloud with the help of Internet to use its computing power and storage services. Fog nodes generally analyses the
data produced by these end devices and sensors [152]. Then the important output data is sent to cloud so that
further processing and storage can be taken place. Therefore, the concept of edge computing came into existence.
It provides the computing service at the edge of network [129]. Many applications need very less response time,
it is not possible to handle them at very far located data center and reply them back on time. Thus, small data
center, cloudlet with little processing power are established at the edge or near data generation site. They can
handle these applications in time.
Possible areas where this type of system is needed such as healthcare system [61] [153], traffic system, emergency
system etc. But the problem with technology is that it needs more complex resource management strategy.
Cloudlet also faces some issues which are as following: - 1) VM handling services must be easily transferable
from one cloudlet to another cloudlet as these devices are mobile, they also need to switch among cloudlets for
easy operation. 2) Since, there can be any number of cloudlets near end user devices, so there must be a policy to
first search, choose and then join with the best cloudlet from many cloudlets before the provisioning. 3) Cloudlets
are needed to be more efficient in provisioning as they are connected with the mobile devices. Thus, the behaviour
of these devices is quite dynamic as they are mobile. In IoT applications, every simple entity can also become part
of it using a device like Radio Frequency IDentification (RFID) tag etc. That can act like data connecting device
which will connect these simple devices via Internet. Number of devices connected to IoT is increasing
exponentially. This cannot be handled by IoT alone, therefore, amalgamation with fog and cloud is done to
perform the action efficiently which reduces latency and response time. Moreover, security threats on such devices
have risen in recent years leading to increased requirements of security and data integrity technologies like
blockchain.
As this amalgamation becomes more popular different challenges arise. With the rise in compute requirements,
more and more tasks need to be executed with better QoS. The scheduling of these applications is complex due
to several factors. Firstly, due to the heterogeneity of the computation resources and the hierarchy of fog nodes,
there is significant differences in the compute capabilities, speed, response time and energy consumption between
edge and cloud resources. Moreover, the mobility of the IoT devices changes the response time and bandwidth
capacities dynamically. Furthermore, the tasks are stochastic in nature of their arrival, expected completion times,
QoS requirements which makes this problem too complex. Most existing job scheduling algorithms are based on
heuristics [141] [142] [143]. Other works use adaptive techniques to optimize job placement and migration
decisions [144] [145]. Still, the current works focus on the aspect of scheduling with a limited perspective.
It is well known that heuristics work for generic cases and fail to respond to the dynamic changes to the
environments. The adaptive schedulers still lack the ability to optimize for a diverse set of user or application
requirements and no model or scheduling architecture exists which aims to optimize multiple objectives
simultaneously. Some works focus on optimizing energy, other focus on response time or SLA violations.
However, for the diverse needs of users, there is a requirement of schedulers which can optimize multiple metrics
at once, prioritizing those that the application needs. There can be a convex combination of multiple such metrics
and higher weight can be given to those that are of primary importance. For example, mission critical applications
like surveillance, healthcare can have an optimization object with higher weight to response time. Scientific
applications can give higher weight to quality of results. Energy sensitive applications like smart cities can have
an all-round objective with more weight to energy. Similarly, for other applications such functions can be
modified. In this regard, AI based techniques can be leveraged to provide more efficient and robust algorithms
for enhanced and user requirement directed task placement.
Open Challenges and Trends: The interested readers can further explore using extensive survey on Fog
Computing [167]. The open challenges and future research directions for Fog Computing are summarized as
follows:
1. Generic interfaces are required for fog gateways to be able interact with the plethora of IoT devices.
2. Blockchain APIs must be runnable on resource constraint fog/edge nodes.
3. State of the art AI techniques can be used for proper task scheduling on heterogenous fog environments.
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4.3 Energy Management
The amount of data collected and processed has been increased manifold in the past few decades. This trend has
been forcing the computation and thus the power consumption capabilities of Cloud platforms to extremes. There
has been an increase in the electricity consumption of cloud datacentres by about 20% to 25% every year [72].
Due to this, a turn has been observed towards distributed computing, resulting in increasing popularity of Fog and
Edge Computing platforms. The shift from centralized Cloud-based computing to edge devices and networks
immensely helps in reducing latency [73], improving Spectral Efficiency (SE) and increasing cost effectivity.
However, this comes with its challenges. In many mission critical and remote sensing applications, intermittent
power supply, if not the power delivery itself poses serious challenges. With the massively growing number of
IoT devices [74] and the increasing data collected, the data-handling capacity, computation capability and
bandwidth requirements of networks are being pushed to its limits. On the other hand, smaller IoT devices with
low computation power, storage and battery are being developed [128]. Thus, increasing the efficiency of
Fog/Edge nodes has become crucial. At the same time, maintaining the sustainability of the Cloud datacentres and
reducing carbon footprint [75] [76] has also gained importance. All of this has to be done without compromising
on the Quality of Service (QoS) [6].
Despite the challenges, several developments can be seen in this field. Energy management has been tackled in
three major levels, namely software, hardware and intermediate. Software-level efficiency optimization
techniques and algorithms (like Mobile Edge-Computing offloading in [77]), backed by simulation models [78]
have been developed. On the hardware side, application specific devices have been developed to deliver high
performance and reduce the power footprint [79]. Wireless Sensor Networks (WSNs) have discussed energy
conservation in detail [80] [81]. At the intermediate level, resource management and active Fog/Edge-node sleep
duration scheduling techniques and other energy conservation architectures [10] have been employed. For
sustainable Cloud Computing, a comprehensive taxonomy has been proposed [58].
Many open challenges and directions for improvement remain where efficiency and sustainability of
Fog/Edge/Cloud platforms can be improved [47]. More sophisticated algorithms need to be developed to encode
information into a smaller number of bits to reduce the bandwidth budget and thus the transceiver’s power
requirement (which is much more significant than the CPU itself). Common encoders in almost every mobile
device can be exploited to employ encoding techniques without the requirement for extra/dedicated hardware.
However, an increasing amount of data sharing, and loss has made it difficult to reduce the theoretical bandwidth.
Another direction is to develop thermal-aware resource scheduling for reduced heating, thus improving efficiency.
With emerging 3D SoCs and memories, CPU and data usage planning need to be modelled at the transistor level,
using 3D thermal simulation architectures developed. Finally, the goal is to reduce power consumption to bare
minimum, so that energy harnessing/scavenging techniques can be used to power both the CPU and the
transceiver, making the node a completely independent entity. Therefore, reduction in the granularity of the
Fog/Edge network can be achieved resulting in widely dispersed, redundant and more fault tolerant frameworks
[139]. Other domains like energy constrained blockchain models can be explored with other adaptive AI based
learning models for more efficient energy scheduling.
Open Challenges and Trends: The interested readers can further explore using extensive survey on Energy
Management [58]. The open challenges and future research directions for Energy Management are summarized
as follows:
1. Enhanced algorithms for efficient data encoding for reduced bandwidth consumption and energy efficient
communication in data intensive IoT devices.
2. Blockchain design should allow energy constraint execution.
3. Using novel AI motivated techniques for more efficient thermal aware scheduling of tasks and resources.
4.4 Resource Management
Resource management in distributed systems is a challenging task due to the scale of modern data centres. The
diverse nature of network devices, components and communication technologies in large-scale distributed systems
makes the complexity of resource management techniques increase [52]. Therefore, there is a demand for new
resource allocation approaches that would contribute to stability and efficiency of such systems. Resource
management is a core concept within distributed systems (including Cloud, IoT, Fog computing), however there
must be assurances that such systems exhibit high performance, latency-sensitivity, reliability, and energyPreprint submitted to Internet of Things
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efficiency [46] [47]. These systems do not simply comprise the software layer, but must also factor in other
systems including networking, server architecture, and even cooling. The security of cloud system can be
increased by utilizing the blockchain technology during the sharing of resources or VM migration.
There is a need to explore new techniques for resource management for computing systems by considering a
holistic view of the system by utilizing AI techniques [47]. Further, experiment driven approaches can be explored
to investigate techniques to optimize resource management approaches. There is a need to incorporate data
abstraction in resource management and its one example of a cluster management system is Borg [58]. This system
hides details about resource management so that users can focus on development of applications. Borg logically
partitions the whole cluster into cells, each one containing a Borgmaster (controller) and a Borglet that starts and
stops tasks in a cell [5]. The master handles client Remote Procedure Calls (RPCs) that can request to create a job
or to read data, and it also communicates with the Borglets. This is a very scalable centralized architecture. The
key design feature is that even if a master or a Borglet goes down, the already launched tasks will keep running.
In order to enable fair sharing of commodity clusters, a platform called Mesos can be used [6]. It manages sharing
of commodity clusters between different frameworks that run on these clusters. The main principle is using
resource offers. Mesos decides how many resources to allocate to each framework based on framework's
constraints, while those in turn decide which offers to accept. Therefore, the burden of making scheduling
decisions falls on frameworks. Besides, Mesos allows the development of specialized frameworks (such as Spark)
that could significantly improve performance. A framework called YARN is used to perform resource
management and scheduling [7]. It allows applications to request resources on different levels of topology –
machines, nodes, racks etc. YARN resource manager is the main component responsible for making allocation
decisions [63]. Just like Mesos, it lets commodity clusters to be shared among many frameworks. YARN also has
built-in fault tolerance that hides the complexity of fault detection and recovery from its users [130].
Open Challenges and Trends: The interested readers can further explore using extensive survey on Resource
Management [6] [52] [56]. The open challenges and future research directions for Resource Management are
summarized as follows:
1. QoS-aware autonomic resource management is required to run IoT based applications without violation of SLA
at runtime.
2. Proper blockchain mining and hash generation allocation must be done for load balanced execution.
3. New resource provisioning and scheduling polices are required for fog and cloud computing using AI based
deep learning techniques to predict the resource requirement in advance for geographically disparate resources.
4.5 Fault Tolerance
Cloud provider should provide the continuous service to users while maintaining the reliability of the cloud
services even in the presence of faults [63]. There is a one mechanism called fault tolerance, which is used to
provide the service in an efficient manner while satisfying the QoS requirements of the computing system. The
faults occur during the working of computing system can be software, hardware or network. Further, the fault
tolerance ensures the robustness and availability of cloud services [47]. The other issues related to reliability in
cloud computing are timeout failures, overflow failures and resource missing failures. The other failures can be
generated by catastrophic failures, which often leads to cascading systems failures. There are various proactive
and reactive fault tolerance techniques are proposed to deal with such kind of failures [63]. Checkpointing is the
most popular fault tolerance technique, which is used for long running process by saving the states after every
change. Further, checkpoint is used when there would be any failure to start from the same point. Another renown
technique is replication-based fault tolerance, which replicates the nodes or tasks to finish the job within their
required deadline [58]. Task migration-based fault tolerance technique can migrate job to another machine if
current machine is busy or suffering from some failures. To maintain the reliability of the computing systems, the
existing fault tolerance techniques need failure-aware provisioning models, autonomic reliability-aware resource
management technique and service reliability mechanisms, trustworthy data integrity (blockchain) [52].
Reliability in cloud computing makes an impact on QoS while delivering the cloud service in an efficient manner.
One of the most important challenge in cloud computing is how to provide an efficient and reliable cloud service
while reducing the energy consumption as well as carbon footprints [58]. There is a need of Reliability-aware
cloud as a service to offer resilience with required QoS and system performance [6]. Further, an efficient resource
management needs to consider different failure and workload models to execute different types of applications
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such healthcare, smart city and agriculture [46]. Failure prediction in cloud computing systems is also a
challenging task and which can also affect the reliability of the system [63]. There is a need to consider various
machine or deep learning techniques [128] [129] to predict the failures and achieve the required reliability of the
cloud service to maintain the QoS. For IoT applications, the replication-based fault tolerant techniques are
efficient, which can improve the latency and response time of task. Further, to handle the big data applications,
there is a need of reliable cloud storage system to provide an efficient retrieval system for processing of big data.
Open Challenges and Trends: The interested readers can further explore using extensive survey on Fault
Tolerance [63]. The open challenges and future research directions for Fault Tolerance are summarized as
follows:
1. For IoT applications, the replication-based fault tolerant techniques are efficient, which can improve the latency
and response time of task.
2. An analytical modelling framework for Practical Byzantine Fault Tolerance (PBFT)-a consensus method for
blockchain in IoT networks is required to define the viable area for the wireless PBFT networks which guarantees
the minimum number of replica nodes required for achieving the protocol's safety and liveliness.
3. There is a need to consider various machine or deep learning techniques to predict the failures and achieve
the required reliability of the cloud service to maintain the QoS.
4.6 Security and Privacy
Recently, in research and industry, there has been a massive shift from personal computing to IoT, Edge and
Cloud computing to provide smarter and more efficient services to end users. For this big shift in paradigm, many
issues and challenges have arisen in the privacy and security pertaining to the data on these devices. Due to various
characteristics of Edge computing like low latency, geographic distribution, mobility of end device, and high
processing, heterogeneity, etc [58] [128]. The security and privacy properties need to be more robust and versatile.
Moreover, the diversity of applications and heterogeneity of devices makes it difficult to develop seamlessly
connected software platforms. To study these security and related concerns in cloud and fog computing paradigm,
the following factors become prominent: (1) Trust and privacy of end users (2) Internode source authentication
and validation (3) Impenetrable communications among, sensors, compute and broker nodes (4) Identification
and protection of the systems against malicious attacks (5) Robust data management and tamper proof databases
(blockchain) [93].
Existing work in this area focus to solve challenges like detection and recovery from malicious or malfunctioning
nodes, identification of and safeguard against attacks, prevention of malicious threats, safeguarding userinformation against theft, dynamic mutual authentication [95] [96]. Recent work has made possible to identity
and location privacy for Unmanned Aerial Vehicle (UAV) assisted compute nodes, keeping in mind their
integration in the distributed frameworks [97]. Also, in Fog forensics, other works have provided digital evidence
by reconstructing past computing events and identified how the key characteristics are different from cloud
forensics [94]. Mobility management, interference mitigation, and resource optimization in Fog Radio Access
Networks (F-RAN’s) [98] are some of the main topics which have had many contributions in recent past. New
models have emerged for diverse applications addressing privacy issues. Some such directions include face
identification and resolution, vehicular crowd-sensing, geo-location sensing and data analysis, storage
architectures & data centres with renewable nodes, fog based public cloud computing [82], [83] [92], [99], [100].
Such works have addressed concerns regarding many vulnerabilities including protection against data theft, man
in the middle attacks, user anonymity, location privacy, forward secrecy, secure user level key-management,
among others [87].
Many of the privacy and security models developed for fog/cloud computing face some limitations in terms of
their scalability to the next generation edge computing shift [88]. Due to the inherently decentralized nature of
fog computing, many unforeseen security threats arise in the fog layer and IoT devices which are not a concern in
cloud computing [84] [85] [86]. Threats to edge focused networks include Advanced Persistent Threats (APT
attacks), threats caused by bi-directional communication, malware, Distributed Denial of Service (DDoS) attacks,
micro servers lacking hardware protection mechanisms in edge data centres, restricting the authentication
protocols that can be deployed [89] [90] [91]. These works also highlight future directions in Mobile Edge
computing framework including high speed pertaining to real-time encryption using nodal collaboration of edge
networks.
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In prior works, security issues are exploited from a narrow perspective and computing capabilities of both edge
and remote resources have not been fully leveraged [85]. Once cloud computing-like capabilities are brought to
the edge of the network, novel situations arise. Some such situations include collaboration between heterogeneous
edge data centres, migrating services at a local and global scale, concurrence to end users, quality of services,
real-time applications, load balancing, server overflow problems, detection of stolen devices, robust and reliable
inter node communication. These are the avenues for future research. To solve these problems, other domain ideas
can be explored like clustering model-based security analysis (AI based prediction models) which is useful in
DDoS attack mitigation in server systems and in intrusion detection systems, evolutionary game theoretic
approaches to the privacy models inspired by the adversarial attack models, communication protocols in Sensor
cloud systems. The security mechanisms also need to consider the existence of mobile devices using these datacentres.
Open Challenges and Trends: The interested readers can further explore using extensive survey on Security and
Privacy [168]. The open challenges and future research directions for Security and Privacy are summarized as
follows:
1. Due to the inherently decentralized nature of fog computing, many unforeseen security threats arise in the fog
layer and IoT devices which are not a concern in cloud computing.
2. With integrity, blockchain structures should also allow other security measures for data like encryption,
signature management, etc.
3. AI based security-aware techniques can be explored like clustering model-based security analysis which is
useful in DDoS attack mitigation in server systems and in intrusion detection systems.
4.7 Software-Defined Network
There is a need to enable the concept of networking virtualization in cloud is called Software-Defined Network
(SDN) and utilize SDN for cloud computing by extending the idea of virtualization of all the cloud resources such
as network, storage and compute [131]. Further, it improves the abstraction of physical resources and automation
and optimization of configuration process. SDN paradigm provides a platform to enable flexibility or agility in
network, which can be create a cost-effective communication among modern cloud datacenters. Further, SDN
based cloud computing reduces the power consumption while optimizing the network virtualization.
Network functions virtualization (NFV) is another emerging networking paradigm which forwards network
functions such as Domain Name Service (DNS), load balancing and intrusion detection while executing softwarebased applications [132]. Moreover, NFV improves the elasticity of network function and increases the flexibility
and agility of the service, which further reduces the cost [133]. Further, an efficient VM migration policy can be
used for VM consolidation in virtualized network to reduce energy consumption. There are different research
challenges are still open for academicians and researchers. Firstly, there is a need provide the security mechanism
for SDN-based cloud computing to secure the transfer of data among different cloud datacenters [134]. Adel et
al. [116] developed a low-cost Raspberry-Pi-based micro datacenter for software defined cloud computing, which
saves cost, but reliability of service is still questionable. Secondly, the trade-off between cost and energy
consumption is still existing due to replication of SDN enabled cloud infrastructures. In future, there is a need to
deploy SDN-based cloud computing environment, which can reduce energy consumption and increase reliability
while providing the network virtualization service in a cost-effective manner. Further, we can extend existing data
integration in such SDN environments to support blockchain technologies with enhanced data distribution and
results collection techniques motivated from AI based models.
Open Challenges and Trends: The interested readers can further explore using extensive survey on SoftwareDefined Network [131]. The open challenges and future research directions for Software-Defined Network are
summarized as follows:
1. There is a need provide the security mechanism for SDN-based cloud computing to secure the transfer of data
among different CDCs using IoT devices.
2. Decentralization and virtualization chain of data is required for blockchains to work in SDN paradigm.
3. There is a need to deploy SDN-based cloud computing environment using AI learning models, which can
reduce energy consumption and increase reliability while providing the network virtualization service in a costeffective manner.
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4.8 Big Data Analytics and Data Science
A complicated procedure of examining large datasets to uncover hidden patterns [33], market trends, correlations
and preferences specific to customers that can help the companies to make well informed decisions [127]. In
simple words, these technologies help in analysing data sets and then to draw conclusions from it using cloud
computing platform. It is a form of analytics which involves elements as statistical algorithms, predictive models
etc. Driven by high computing powered systems, it offers several advantages including effective marketing,
revenue opportunities, operational efficiency etc [43] [44] [45]. It allows professionals to analyse the growing
volumes of unstructured, semi structured and structured data. There are few research directions in this area as
discussed below:
4.8.1 Healthcare: Large amount of data is generated in the healthcare industry [34] ranging from medical health
records, X- ray reports, diet regime, record keeping etc. In order to give efficient cloud services, it’s necessary to
analyse this healthcare ecosystem-based data. Also, there is a need to build a fog, edge or cloud-based system for
real time analysis on the enormous data set (collected by IoT devices). Including this, there is a need to keep this
data tamper proof using blockchain models. Further, future research directions can be:
•

Patient Services: Big data analytics-based systems can provide evidence-based medicines, giving faster relief
to the patients as they can detect diseases at the earlier stages based on the clinical data available. This will
help in minimizing drug doses to avoid side effect and reducing readmission rates thereby reducing cost for
the patients. Customized patient treatment could be delivered by monitoring the effect of dosages of medicine
continuously and looking on analysis of the data generated by the patients who already suffered from the
same disease using cloud computing system.
Detecting Diseases: Viral diseases can be predicted earlier before spreading, based on the real time analysis.
This can be identified by analysing the history of the patients suffering from a disease in a particular geolocation [39]. This helps the healthcare professionals to advise the victims by taking necessary preventive
measures.
Hospital Management: Hospital’s inventory could be planned and managed in advance to tackle problems
like seasonal demand, uncertainty and economies of scale.

•

•

4.8.2. Government: Any government of the nation also generates petabytes of data [58]. Big data-based systems
can assist government in providing value added services to its citizens. These systems could help the government
in financial, healthcare, education budget planning by understanding the data patterns and the relationship between
them with the help of machine learning algorithms [35] [63]. Further, future research directions can be:
•

•

Unemployment: Analysing the market conditions and data of students before, government can predict the
jobs. Cloud computing-based system enables government to create curriculum for trainings in order to
absorb youth in the different domains and organizations.
Decision Making: By analysing the sentiments and predicting the future trends, government can improve
the quality and speed of decision making [38]. The government could take advantage of big data-based
cloud computing systems in understanding current conditions and acceptability of the society before taking
any action. It will help in creating more acceptability of the government in citizens.

4.8.3. Retail: With new sources of data like social media, geo location sensor data (IoT or edge devices), it has
created more opportunities for retail companies to get competitive advantage and unprecedented value. Cloud
based Big Data analytic systems can make best decisions flows, uncover hidden patterns and understand customer
behaviour. To better understand the value of big data analytics in the retail industry [36], let’s take a look at the
following use cases, which are currently in production in various leading retail companies.
•

Conversion and Campaign: Customers today interact more than they were before, and these interactions are
happening on new platforms like social media. So, retail companies can get holistic view of customers and
understand their preferences [40]. Data Science and engineering is capable of correlating customer purchase
histories and profile information, with their behaviour on social media sites. And these relations can reveal
unexpected insights, in turn helping the retailer is likely to have higher conversion rates and reductions in
customer acquisition cost. Using data science platforms, retailers can:
➢ Analyse the impact of different promotional campaigns on customer behaviour.
➢ Use customer purchase history to identify the needs then generate personalize promotions catering to
customer’s needs.
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•

➢ Monitor customer social media activity to make timely offers to customers to incent online purchases.
Customer Churn Prediction: Data-driven customer insights are critical to tackle challenge of customer churn
prediction [41] [42]. It is done by predicting future churn from data of the past. Retailers can look at
characteristics of customers that have churned before in order to predict something about current customers.

4.8.4. Operational Analytics: Improvement in complicated product life cycles cause retailers to employ big databased technologies to deploy product distribution strategies to reduce time and costs associated with them [43].
The key to utilizing data science and cloud computing platforms is to increase operational efficiency by unlocking
insights buried in sensor and machine data through machine learning and pattern recognition techniques. These
analyses help in predicting trends, patterns and outliers that can improve decisions [37] and save millions of dollars
in computing world.
Open Challenges and Trends: The interested readers can further explore using extensive surveys on Big Data
Analytics [57] [66] and Data Science [169]. The open challenges and future research directions for Big Data
Analytics and Data Science are summarized as follows:
1. There is a need of bio-inspired based big data analytics mechanisms to process the data of edge devices of IoT
applications at runtime.
2. Efficient blockchain data structures need to be developed for efficient storage and retrieval of large amounts
of data.
3. Cloud based Big Data analytic systems can utilize the AI based techniques to make best decisions flows,
uncover hidden patterns and understand customer behaviour.
4.9 Data Processing
Before diving deep into data processing, Let’s try to understand “What is the need of data processing in today’s
world? “. The present world is overwhelmed with information from various sources such as IoT devices, social
media, smartphones (IoT or edge devices), medical health records, click stream data, ecommerce etc. According
to DOMO’s research, “By 2020, it’s estimated that 1.7MB of data will be created every second for every person
on earth” [103]. Imagine, with current 7.7 billion population of the world, 13 petabytes of data will be created per
second leading to 1 Million petabytes a day. So, with this rapid generation of data, organizations are endeavoring
to find the best tools to deal with this raw data and make sense out of it.
The processing of data is central to any data-related problem. It is one of the most interesting, time consuming
phase of an analytics project. Nearly 70-80% time of a data analyst/scientists is spent in cleaning and processing
the data to make it usable for any kind of statistical modelling. In simple terms, data processing is basically the
collection and manipulation of data to get useful information out of it, which then can be used for analytics,
business intelligence, machine learning, deep learning and reporting purposes etc. The processing of data can
incorporate anything from collection, reporting, aggregation, summarization, validation, structuring the
unstructured data or vice versa etc. Data can be of any kind like time-series, images, videos, textual etc. Depending
on the size of data, processing can be done on a single core machine to multi-core or on cloud and GPU servers
[104]. The processing of big data can be broadly classified into three categories:
•
•
•

Batch processing - an efficient technique to process large amounts of data collected over a period of time
from various IoT or edge devices.
Real time processing - deals with a continuous stream of data inputs and involves processing of data in near
real time i.e. with minimal latency and maximum security (blockchain).
Hybrid processing - takes the volume aspect of batch processing and velocity aspect of real time processing
and it is useful in applications that require analysis of huge volumes of static along with streaming data.

Apache Hadoop (a framework that allows distribution of large data processing across various connected
computers using MapReduce programming model) [105] and Apache Spark (a unified analytics engine with inmemory data processing capabilities and having built-in modules for SQL, machine learning, streaming and graph
processing) are the two main open source tools that are widely used across industry for the processing of big data
[63] [128]. A lot of other data processing tools for specific data types, tasks are also available in the market but
these two precisely dominate the industry.
With organizations investing heavily on Advanced Data Analytics and the growth of data in terms of volume,
variety and velocity increasing, it is becoming expensive and demanding for organizations to scale on-premises
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infrastructure [57]. As a result of this, cloud is becoming a natural choice for these organizations for storage and
processing of data. More and more companies are moving towards cloud services being offered by the big tech
giants like AWS (Amazon Web Services) by Amazon, Microsoft Azure, IBM Cloud, GCP (Google Cloud
Platform) and Google for data processing [61]. These cloud providers have wide variety of tools to manage,
compute and do analysis on data depending upon the volume, variety and velocity of data one has. So, these costeffective cloud services are not only providing organizations with advanced tools for faster data processing but
are also handling the agility and scalability aspects of big data and thus leading to revenue growth [66].
The management of data and extraction of knowledge are two important parts of grand organizations and business
companies. The speed of generation of data at both user and system end leads to various research issues in both
research community and industry [59]. The infrastructure uses to manage data is growing swiftly as collected
from IoT or edge devices, which leads to formation of large cloud data centers (CDC) [58]. The various flexible
data management models (NoSQL/relational) are using in CDCs to handle the current data requirements. Further,
modern large CDCs are more susceptible to failures and needs effective fault tolerance technique for effective
management of data within CDC [63]. Moreover, IoT and scientific applications are increasing which further
needs effective data management mechanism within large scale distributed system. Big Data and Deep Mining
models motivated from AI and machine learning techniques can be used for effective analysis of large-scale data.
Open Challenges and Trends: The interested readers can further explore using extensive survey on Data
Processing [170]. The open challenges and future research directions for Data Processing are summarized as
follows:
1.
2.
3.

IoT and scientific applications are increasing which further needs effective data management mechanism
within large scale distributed system.
To ensure data is protected, Blockchain technology has been adopted in the IoT domain and other real time
systems.
AI provides a lucrative avenue to optimize large systems with huge amounts of data with engineering
simplicity and efficiency by allowing automated decision making instead of human encoded heuristics which
provide more efficient decisions very quickly.

4.10 Application Design
It is estimated that 50 billion devices will be online and 40 % of the world’s data will come from them with total
expenditure of $1.7 trillion by 2020 [58]. This exponential growth of Internet based smart devices and IoT
applications such as healthcare services, real time traffic control systems, precision agriculture, smart cities etc
require faster processing, data storage and privacy along with secure and reliable communication [46] [59] [61].
Also, as the data generated by these devices are used to solve real time problems, integrity, consistency and
availability of data must be guaranteed. Designing these complex applications for IoT devices is a challenge in
itself. So, we need to come out with application designs/architectures that are not only scalable to handle
humongous amount of data from these devices but also reliable and fast enough to give efficient performance
[135]. So, following are the major concerns that need to be taken care of while designing these applications with
cloud infrastructure.
•

•

Latency: Time taken by a data packet for a round trip from IoT devices to cloud and back. It’s a big concern
for time sensitive data as a millisecond can make a huge difference leading to unwanted results [46]. For e.g.,
disaster sensing device fires alarm after the occurrence of a disaster won’t solve the problem. Extremely time
sensitive data should be analysed very near to the data source to provide response in near real time.
Bandwidth: If all the data generated by these devices are sent to cloud for storage and analysis, then the traffic
generated by these devices will be simply gigantic and will consume all the bandwidth, which is not desirable.
Also, as the physical distance between the device and cloud increases, transmission latency increases with it,
increasing response time and stressing out the user. So, some work needs to be offloaded from the cloud,
which can be done by allowing some processing to be done on an edge server that is positioned between cloud
and device and physically closer to the device.

The fog computing allows IoT data storage and some processing locally at IoT devices and thus, avoids an
excessive exploitation of Cloud resources [46]. Also, the fog provides reliability to time-sensitive and dataintensive applications that are large-scale and geospatially distributed [6]. Subsequently, fog computing might be
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viewed as the best decision to empower the IoT to give reliable and secure services/resources to numerous IoT
users.
Big Data Analytics, IoT devices, fog and edge computing are becoming the driving forces for smart city initiatives
throughout the world. Fog computing has great applicability in transportation such as vehicle to vehicle
communications, managing smart sensor-based traffic control systems and also controlling autonomous vehicles,
self-parking etc [46] [128]. It is also a more sustainable approach due to its low energy usage, small footprints
and governments in various countries can use these applications to make the life of the citizens more secure and
environment friendly. It can also be used in emergency services like fire, natural disasters by early notification of
emergency situations to support smart decision making.
Farming applications help to oversee agriculture data like precipitation, wind speed and temperature to improve
the use of climate and land in a productive way, which can assist farmers to have a productive yield [59]. An IoT
agriculture platform for cloud and fog computing is proposed in [101], which can be utilized for pest management
image analysis and monitoring, agricultural monitoring automation etc that can help farmers in better utilisation
of resources. In [102], authors have proposed a fog computing application for precision agriculture that can assist
in agricultural land management using AI based intelligent systems.
Also, it is progressively penetrating into the healthcare domain [61]. A lot of wearable gadgets like fit bit, blood
pressure and heart rate monitoring cuffs, are being used to monitor different parts of human body and also collect
information for diagnosis and interpretation. These devices have made remote healthcare monitoring feasible and
hence doctors can monitor patients' wellbeing remotely and for the most part has given patients more authority
over their lives and treatment. Also, companies like Apple with CareKit, HealthKit, ResearchKit and Google with
Google fit, Microsoft building their health data management on top of Azure are clear examples that tech giants
are investing heavily into digital healthcare [6] [7] [11].
Open Challenges and Trends: The interested readers can further explore using extensive survey on Application
Design [135]. The open challenges and future research directions for Application Design are summarized as
follows:
1. How to design a new application for smart cities to manage IoT based data effectively?
2. Storage capacity and scalability of applications are highly debated due to high cost and maintenance overheads
while providing blockchain based security.
3. Artificial Intelligence algorithms can be used for processing of application data collected from various IoT
based applications such as healthcare, agriculture, smart home etc.
4.11 Serverless Computing
Cloud application is basically comprising of three components: application logic, business logic and database
server [6]. To improve the design of existing cloud applications, serverless computing paradigm is emerged [135].
In serverless application, database server and application logic located in the cloud while business logic is
forwarded to the end user, which can be accessed by using web or mobile application for execution on provisioned
resources without renting the resources (VMs). With the help of serverless computing, the different research
challenges such fault tolerance, load balancing and under or over provisioning of resources are solved [58].
Further, serverless computing also decreases the coding part of developers and reduces the burden on cloud
administrator for management of resources. Serverless provides two different kinds of service: 1) Function as a
Service (FaaS) and Backend as a Service (BaaS) and these services are supported by Amazon AWS, Google Cloud
and Microsoft Azure [128]. Cloud user only runs their application without knowing the internal details about
servers, which are managed by cloud provider.
Serverless computing comes with many challenges and issues. Most works do not consider various aspects
important for scheduling tasks on such execution models. One such aspect is server start-up time for infrequently
used applications where servers are spun-down when the application is not in use. This severely affects the
performance of application and QoS. Recent works like [19] do focus on this aspect but from a limited perspective.
Another aspect is bandwidth consumption in Bag-of-Tasks models where multiple tasks commonly share files.
These files need not be uploaded to cloud nodes separately for each task and task placement can be more intelligent
to maximize file sharing capability. Yet another aspect important in such models is the security and privacy of
applications and critical data [20]. As mentioned in [21], most modern serverless computing models are being
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implemented by integrating the edge of the network. These edge devices are resource-constrained and cannot
support the heavy security applications and firewalls developed for common personal computers. Special
applications and algorithms need to be developed to allow more secure communication as well as ensure the
privacy of data for modern computing platforms which include edge devices as part of the datacentres.
Open Challenges and Trends: The interested readers can further explore using extensive survey on Serverless
Computing [171]. The open challenges and future research directions for Serverless Computing are summarized
as follows:
1. New IoT based applications are required to be developed to allow more secure communication as well as ensure
the privacy of data for modern computing platforms which include edge devices as part of the datacentres.
2. Edge devices of IoT application are resource-constrained and cannot support the heavy security applications
and firewalls developed for common personal computers, so there is a need to implement Blockchain technology
to improve security.
3. AI systems improve the design of application for serverless computing.
4.12 Deep Learning
Deep learning is a class of machine learning programming technology that is based around learning from large
data sets [154] [155]. The core of deep learning is to get high level interactive features from the raw data. Lately
deep learning has been powering Reinforcement Learning to help realise the field of Deep Reinforcement
Learning which is offering hope in crafting better models in the future [129]. The intersection of deep learning
and cloud computing is creating interesting applications wherein both the fields are complementing each other.
We would first discuss how cloud computing is supporting data scientists and later move on to how deep learning
has been leveraging solutions to various traditional problems in cloud computing [49] [50] [51].
Teerapittayanon et. al [48] have demonstrated the use of edge and IoT end devices in realising a distributed
training of a deep neural network. Traditionally distributed learning has been avoided due to communication cost,
however they propose joint training bringing this cost down by 20x. Cloud computing is also helping reduce the
energy consumption of deep neural networks by reducing the feature size achieved through splitting the network
architecture between mobile and cloud [54]. There are various other applications of cloud computing assisted deep
learning leading to value addition in various fields including robotics, autonomous driving, healthcare, personal
assistance and defence. The advances in deep learning have to be realised by performing continuous training on
the real time data. Cloud Chaser [60] is a technique in which the computational load is borne by the cloud and the
power of deep learning can be harnessed on low computing capacity devices. Big Data Analytics can be effectively
performed by employing a hybrid “Machine Learning + Cloud Computing” approach [57]. Hence a cloud-based
deep learning approach is becoming very popular. Recent advances in deep learning and its wide popularity has
led to a demand for learning the models on devices presently accessible to the users. A privacy preserving
approach wherein on-device deep learning can be realised using cloud has been developed by [62]. Similar work
has been carried out by various other groups trying to make deep learning on mobile devices a reality [50].
Nguyen et. al [49] have developed a deep learning model to thwart cyber-attacks in the context of mobile cloud
realm. A Hybrid approach of running deep neural network partially over an IoT device and the cloud can lead to
preserving the privacy over mobile devices [51]. They show a high accuracy (95.84%) with robustness using
variety of datasets. Security has traditionally been the reason hindering adoption of cloud computing by users
which can be addressed using deep learning as shown by many authors recently A persisting problem with cloud
computing is managing and monitoring of large cloud clusters. Stefanini et. al [70] have shown that deep learning
(DeepConv and DeepFFT) can be used to classify clusters with similar behaviour which may improve the
scalability of managing a data centre. QoS violations can be detected ahead in time by “Seer” which is a cloudbased debugging system using deep learning and spatial and temporal data of cloud systems [64]. The prediction
of workload for VMs on cloud has been carried out by [65] [68] [69]. Li et. al [71] have developed a system using
cloud computing and deep learning with the aim of minimizing power consumption by cloud clusters.
Open Challenges and Trends: The interested readers can further explore using extensive survey on Deep Learning
[172]. The open challenges and future research directions for Deep Learning are summarized as follows:
1. An ensemble deep learning based smart healthcare system is required for automatic diagnosis of heart diseases
in integrated IoT and Fog computing environments.
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2. Deep learning-based techniques are required to improve the blockchain structures.
3. How to enable deep learning on IoT devices to improve real world performance in Artificial Intelligence based
intelligent systems?
4.13 Cloud Containers
Container technologies is quite popular in this cloud computing community with the origin of Dockers to execute
the user workloads in an efficient manner. Container technology offers a lightweight cloud environment to deploy
applications because containers are self-contained and stand-alone, which can reduce data dependency among
various units during the execution of user workloads [130]. Container allows the resource sharing among various
applications while running in an isolation manner. The various kernel features of Linux OSs such as libcontainer
and control groups (cgroups) are considered in container technology. Namespaces and cgroups are used by Docker
to execute self-dependent containers within a physical node and offer run resources (network, storage, memory
and processor) in an isolated manner. Moreover, namespace separates the view of an application in running
environment and simplifies the application deployment and increases the implementation efficiency. Further,
container technology becomes a benchmark to develop, publish and execute applications in an isolated manner
and denoted as a Container as a Service (CaaS) [130]. CaaS has three main advantages [63] [47]: 1) container
starts very rapidly and takes less than a second to launch, 2) it uses very less amount of resources as compared to
VMs and 3) container technology allows to run more instances concurrently.
Based on the current research in container technology, there are few research challenges are open which can be
addressed in the future. Firstly, there is a weakness in security of containers due to the sharing of kernel as
compared to VMs, which can be improved in the future by developing new security mechanisms by using
Unikernel. Secondly, the performance improvement of containers is long task and there is a need to consider slack
time to optimize the performance. Finally, there is a need to manage the user’s QoS based container clusters using
emerging cloud computing technologies such as Swarm and Kubernetes.
Open Challenges and Trends: The interested readers can further explore using extensive survey on Cloud
Containers [173]. The open challenges and future research directions for Cloud Containers are summarized as
follows:
1. Container technology can be utilized a cloud environment to deploy IoT applications to reduce data dependency
among various units during the execution of user workloads.
2. there is a weakness in security of containers due to the sharing of kernel as compared to VMs, which can be
improved in the future by adapting Blockchain technology.
3. There is a need to manage the user’s QoS based container clusters using emerging ensemble machine learning
techniques such as Swarm and Kubernetes.
4.14 Quantum Computing
Quantum computing is branch of computing in which we harness and exploit the laws of quantum mechanics to
process the data. Classical computers cannot solve problems of certain size and complexity. Quantum computers
leverage the phenomena of superposition and entanglement to solve the hard problems [136]. Superposition is
phenomena by which quantum computer can be in multiple states at the same time. While entanglement is the
phenomena of having strong correlation between two or more quantum particles that they are inextricably linked,
even if they are separated by large distance. Due to these two principles, a quantum computer can do large number
calculations simultaneously [38]. Think of it this way: whereas a classical computer works with ones and zeros, a
quantum computer will have the advantage of using ones, zeros and “superpositions” of ones and zeros [137].
Certain difficult tasks that have long been thought impossible (or “intractable”) for classical computers will be
achieved quickly and efficiently by a quantum computer.
The future directions [136] [137] [138] [156] for this research area are:
1. Optimization: Consider an example of management company, which wants to invest in large cap value, medium
cap value and blue-chip companies to generate large returns while rebalancing the asset classes to protect
investments. By combining dynamic asset allocation through the use of quantum computers, they can solve this
kind of hard problem optimally. These kinds of problems exist in various domains like airline traffic scheduling,
financial analysis, system design etc. they are the one of the most complex problems [40] of the world with
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potential to transform the lives of the people. Quantum computers will be able to calculate the one-way functions,
including blockchains, that are used to secure the Internet and financial transactions.
2. Machine Learning and AI: Quantum computing can transform field of machine learning field too. Object
detection in which it is very easy for humans to pick different objects from the photograph. But for traditional
computers it is a difficult task. As the programmers don’t know how to write code that can infer many objects by
its own. Machine learning is one of the approaches to solve this problem in which algorithms recognize the objects
by getting trained on large datasets [41]. As the amount of data and its combinations involved in this process are
very large. So, it becomes a computationally expensive problem for the traditional systems to handle. Quantum
computers make these types of problems easy as they can do enormous calculations simultaneously.
3. Material Simulation: Quantum computers make simulating the materials feasible, the material simulation field
can lead to development in various IoT based application in robotic, chemical and optical industry [39].
Open Challenges and Trends: The interested readers can further explore using extensive survey on Quantum
Computing [174]. The open challenges and future research directions for Quantum Computing are summarized
as follows:
1. Quantum computers make simulating the materials feasible, the material simulation field can lead to
development in various IoT based application in robotic, chemical and optical industry.
2. Quantum computers will be able to calculate the one-way functions, including blockchains, that are used to
secure the Internet and financial transactions.
3. Quantum computing can transform field of machine learning field too. Object detection in which it is very easy
for humans to pick different objects from the photograph. As the programmers don’t know how to write code that
can infer many objects by its own. Machine learning is one of the approaches to solve this problem in which
algorithms recognize the objects by getting trained on large datasets.
4.15 Bitcoin Currency
Blockchain was originally developed for digital currency Bitcoin and proposed as solution for settlement of
transactions [106]. The blockchain is an incorruptible chain of data blocks validated with PoW of economic
transactions that can also be programmed to record not just for financial transactions but virtually everything of
value [107]. Blockchains, like Bitcoins and Ethereum offer a new paradigm to run distributed applications. The
developers define smart contracts for Bitcoin currency transactions, and the contracts are executed on the
blockchain virtual machines. Therefore, the blockchain uses a distributed runtime environment with distributed
consensus.
The Bitcoin supporting network also allows block of data to be distributed across ledgers via peer to peer network
without central management. Anyone can join the network, and the data in blockchain is validated by the
participants to make the data secure and open. This feature can be taken advantage by cloud computing, especially
for the security of cloud storage.
Cloud infrastructures provide computing power to run large applications and process huge amount of data.
However, to manage the huge data storage, the centralized data centers connected with the Fog or IoT devices at
the network edge cannot offer an efficient way to provide high availability, real-time and low latency services
[108]. To address these issues, distributed cloud architecture rather than the traditional network architecture is
needed.
Blockchain offers some necessary features to build a distributed cloud [109] [110] [111], such as: 1) It can
facilitate resource usage via distributed applications to enable fine-grained control on resources. 2) QoS can be
improved as blockchain can provide traceable resource usage, thus the user and service provider can verify
whether the QoS is ensured. 3) A market place that everyone can advertise their computing resources and find the
needed resources using AI based techniques or prediction models.
Comparing to cloud computing, blockchains only have limited computing resources to execute distributed
applications, e.g. limited storage, inefficient virtual machines and protocol with high latency. Therefore, for the
latency-aware applications and resource-intensive applications, these issues should be overcome. Combining
blockchain and cloud together to establish the blockchain-based distributed cloud can bring new benefits and
overcome existing limitations. The blockchain-based distributed cloud allows on-demand resource, secure and
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low-cost access to infrastructure, the data is also brought to be closer to the owner and consumer [15]. Meanwhile,
blockchain-based distributed cloud is possible to overcome the expensive and high energy consumption features
of clouds. Another future direction that blockchain can benefit is improving the security of cloud storage. User
data can be split into small blocks and added one more security layer, then the small blocks can be stored in
distributed locations. The hacker can only get a chuck of the data rather than the whole file. The hackers who want
to alter the data can also be removed from the network, and the altered data can be recovered from redundant
copy.
Open Challenges and Trends: The interested readers can further explore using extensive survey on Bitcoin
Currency [175]. The open challenges and future research directions for Bitcoin Currency are summarized as
follows:
1. How IoT botnets affect the “internet of money” cryptocurrency?
2. The blockchain is an incorruptible digital ledger of economic transactions that can also be programmed to
record not just for financial transactions but virtually everything of value. Blockchains, like Bitcoins and
Ethereum offer a new paradigm to run distributed applications.
3. There is a need to investigate how Machine Learning (ML) techniques perform in the prediction of
cryptocurrency prices.
4.16 Software Engineering
Software Engineering (SE) and cloud computing are very close paradigms. For example- Service-oriented SE
combines the best features of the services and cloud computing and thus gives several benefits to software
development process and applications. The only difference between Services oriented SE and cloud computing is
that –the service-oriented SE focuses on architectural design (service discovery and composition) and cloud
computing focuses on the effective delivery of services to users through flexible and scalable resource
virtualization and load balancing [163]. Software Engineering not only evolves hardware technologies, but also
involves customers and software developers [112]. Cloud computing and virtualization allow users to create VMs
and cloud services for projects and software’s with automatic management [113]. With cloud services, the
software development teams can combine development, test and delivery processes seamlessly. Cloud computing
can enhance the software engineering process in the following ways:
1. The development process can be speed up. Cloud computing and virtualization offer sufficient computing
resources, so that developers can use multiple virtual machines rather than stick to a single physical machine.
2. Cloud computing enables the development activity into a more parallel way, as the time to install the necessary
applications can be reduced by fetching cloud services, which can lead to a more efficient development process.
3. Cloud instances and virtualization can greatly enhance the integration and delivery process. With adequate
virtualization resources from their own cloud or public cloud, development can make the build and test process
faster, which are quite time-consuming.
4. Code versions management becomes easier. Code branching is necessary in the code refactoring or function
increment in software development. Cloud computing relieves the efforts to buy or rent physical machines for
storing the codes.
5. Cloud environment provide interfaces to facilitate users’ access to applications and can improve service QoS
via dynamic resource provisioning.
In conclusion, cloud computing removes the heavy dependencies of development servers on fixed physical
machines and makes the development process in software engineering more efficiently [114].
Cloud computing makes the software development process to be more efficiently. However, some challenges exist
in combining software engineering and cloud computing, and these challenges should be addressed. Data
migration is one of the challenges. Since cloud providers offer different APIs for offering cloud services, if the
software’s and data need to be migrated to another cloud, software’s may need to be reimplemented and some
software’s can be the legacy system [115]. To address this issue, when developing and deploying software’s in
clouds, unnecessary dependencies on specific APIs should be avoided. Another challenge is the reliability and
availability. If all the data are migrated to clouds from local, when the cloud is attacked by hackers or influenced
by unpredicted disaster, the data is hard to recover. This requires the developers to prepare local backup.
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Cloud computing provides new possibilities for software engineering researchers to explore multilateral software
development [2]. Several researchers attempted to use cloud computing for reducing the cost of operation, delivery
and software development [164]. In [164] authors explored how to replace Learning Management Systems (LMS)
services with a cloud platform for sharing the knowledge and collaboration among university students. Software
systems are being replaced by cloud-based systems to save the cost and maximum utilization of resources.
In recent years when data is increasing on exponential rate then it is not easy to use the old traditional way of
handling the data. The emerging technologies based on IoT, blockchain, machine learning, and artificial
intelligence are opening a new area of research in software engineering and the major issue in these technologies
are handling the huge amount and variety of data. These researches also giving the opportunity to new researches
and the new ways of handling the data in the cloud and this results for starting of upgraded technologies like- Fog
Computing- first used by Cisco in order to extend the current cloud computing infrastructure [165]. Software
companies working for building enterprise software are building an abstraction layer and offering it as a service,
called Blockchain-as-a-Service [165]. All these emerging areas are new but heavily depend on software
engineering.
Open Challenges and Trends: The interested readers can further explore using extensive survey on Software
Engineering [176]. The open challenges and future research directions for Software Engineering are summarized
as follows:
1. To investigates the feasibility of IoT based Software engineering solutions on how organizations can deliver
high business value through technology and operations strategy engagements at the same time can generate Return
On Investment (ROI) by effectively utilizing the possibilities of IoT in business.
2. There is a need for software engineers to devise specialized tools and techniques for blockchain-oriented
software development.
3. How to program the system “automatically” using Artificial Intelligence instead of writing the software code
manually?
4.17 5G and Beyond
Next generation networks promise not only extremely high data rates and low latency, but also ubiquitous
coverage and massive IoT. Today, dense network deployment is one of the effective strategies to meet the capacity
and connectivity demands of the fifth-generation (5G) cellular system [117]. 5G is the fifth generation of cellular
mobile communications, preceded by 4G (LTE/WiMax), 3G (UMTS), and 2G (GSM) systems. 5G are expected
to provide high-speed data rates, reduced latency, reduced energy consumption, effective cost, enhanced system
capacity, and massive simultaneous device connectivity [118]. One of the main objectives of 5G networks is to
support applications that involve a high density of devices. In this regard, the concepts of massive Machine-Type
Communications (mMTC), enhanced Mobile BroadBand (eMBB) and Ultra-Reliable Low-Latency
Communications (URLLC) are being developed to support such applications [119]. 5G will bring major advances
in the network and communications systems by providing ultra-high-speed data transmission that can be 100 times
faster than the existing 4G [120].
Edge computing as an evolution of cloud computing shifts the application hosting paradigm from the centralized
data centres to the network edge, closer to consumers and the data generated by applications [121]. Edge
computing is considered one of the main enablers for satisfying the demanding Key Performance Indicators (KPIs)
of 5G such as enhanced mobile broadband, low latency and massive connectivity. The boosting computationintensive applications in the Internet of Things (IoT) era along with the growing number of mission-critical tasks
in emerging networks is a main bottleneck in the design of the real-time communication systems [122], [123]. In
order to tackle the massive computing demands and the scarcity of the resources (i.e., small size and low power)
available at the mobile device, Mobile Edge Computing (MEC) is considered as a promising solution to enhance
mobile user’s computation capability and realize low-latency communications [124]. Cloud-like MEC server
along with the Access Point (AP) at the edge of networks [125]. The advantage of MEC enables the resourcelimited mobile users to offload tasks for remote execution at the more powerful MEC server in their proximity,
which brings the benefit of improved computation capacity and reduced latency [126].
The advent of 5G and cloud computing will enhance the capacity, functionality, and flexibility of a network
operators to offer new range of services [117].

Preprint submitted to Internet of Things

18 October 2019

22

Open Challenges and Trends: The interested readers can further explore using extensive survey on 5G and Beyond
[177]. The open challenges and future research directions for 5G and Beyond are summarized as follows:
1. The boosting computation-intensive applications in the IoT era along with the growing number of missioncritical tasks in emerging 5G networks is a main bottleneck in the design of the real-time communication systems.
2. 5G networks needs to use Blockchain technology to deliver secure communication.
3. Data analytics on massive amount of data collected from the massive number of sensors in the Industrial IoT
use cases can be managed in cost effective manner by using 5G based Artificial systems.
4.18 Autoscaling
Elasticity feature of cloud computing has brought about the opportunity for utilizing self-adaptive solutions to
minimize the cost of resources while preserving QoS. Self-additivity is realized through resource auto-scaling,
aka planning, reconfiguration and provisioning. Auto-scaling, i.e. dynamically adjustment of computing resources
like Virtual Machines (VMs), is a widely investigated mechanism [178], by which researchers mainly seek for a)
horizontal adjustments, i.e., adding/removing VMs; b) vertical adjustments, i.e., adding/removing resources of
VMs [158]; c) decision-making methods, including analytical modelling, control theory, and machine learning
[1]; d) leveraging varied pricing model, i.e., On-Demand, Reserved and Spot [159]; and, e) substituting lightweight container-based machines with hypervisors [160]. Motivated by QoS requirements, particularly latency,
auto-scaling mechanisms are always facing two main questions: how to reach a scaling decision timely? And,
how to execute the decision timely?
To reach timely decision, first and foremost is to use forecasting using AI. However, conventional machine
learning might be inefficient when it comes to IoT applications requiring timely error correction, as they lack
automotive correction without human-intervention. Besides, while the need for timely execution and provisioning
of resources, in seconds, in cloud was about to be accomplished by utilizing container-based solution and by
providing burstable performance resource [161], latency-critical IoT applications and microservices requiring
responds in the scale of millisecond appeared—deteriorating the situation. A smart car, for instance, continuously
senses the wheel speed, the pedestrians’ movement, and vehicle surrounding; if tailgating is about to happen, for
example, it must decide in milliseconds and activate the brake-by-wire system, otherwise a disaster might happen.
This challenge requires auto-scaling mechanisms for IoT applications to be aware of mobility, geo-distribution,
and location, for which cloud is unable to provide solutions lonely because of unstable and long-delay links
between cloud and users [156]. In fact, cloud naturally conflicts with Industry 4.0 (i.e. digitization of
manufacturing) principles, e.g. real-time controlling and decentralized decision-making, hence auto-scaling needs
extending.
Filling such gaps requires two main actions: a) collaboration between insular clouds and b) bringing the computing
close to users/IoT applications—Fog/Edge computing. However, such collaborative environments, firstly, raise
serious monetization concerns for cloud providers [162]. Secondly, although Fog/Edge can extend auto-scaling
mechanisms execution so that they can be performed by devices in the close proximity to users or in fog nodes at
the edge of network, as well as cloud, such decentralized environments demands the actual realization of 5G
networks which is still in the infant stages of development. Further effort could be intelligent prediction and
decision-making which is becoming the first-class citizens of every optimization problem; however, tradition
machine learning models, for instance, return inaccurate predictions in some cases which require to be fixed by
the programmers, conflicting with latency requirements of applications.
Open Challenges and Trends: The interested readers can further explore using extensive survey on Autoscaling
[178]. The open challenges and future research directions for Autoscaling are summarized as follows:
1. Extending auto-scaling across the compute continuum from IoT devices to cloud in order for timely
execution/processing of scaling decisions is a challenging problem that needs to be addressed.
2. Blockchain-enabled auto-scaling utilizing Blockchain capabilities such as Smart SCs in order for addressing
first security concerns and second unsolved monetization problem in federated cloud for services provided in
collaborative computing is a new challenge.
3. Self-correction prediction and multi-objective auto-scaling using AI for the trade-off between performance and
cost can be accomplished using Deep Learning. Recently, deep learning, i.e. automation of predictive analytics—
a subset of AI—has gain more attention for solving the problems which have not been yet solved.
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5. Insights of Triumvirate to the Cloud Computing Evolution: A vision
The purpose of the study would be to see how the three new technologies (blockchain, IoT and Artificial
Intelligence) will influence the evolution of cloud computing. We reviewed 140 research papers in this systematic
review and presented them in a categorized manner and it comprises of most recent research work related to cloud
computing paradigms and technologies. We discussed the research issues addressed and open challenges that
needs more attention in future to conduct next level research. Figure 3 shows the insights of the triumvirate
(blockchain, IoT and Artificial Intelligence) to the evolution of cloud computing.
Artificial
Intelligence

AI can reduce energy consumption and carbon footprints.
AI can predict the failures and improve the fault tolerance.
AI can detect and correct the error during the coding of software.

Internet of
Things

IoT environment can help to design more innovative applications.
IoT application can use serverless computing to improve its design.
IoT improves future systems (electronic vehicles, and micro-grids).

Blockchain

Cloud
Computing

Blockchain design introduces energy constraint execution.
Decentralization of data is required for Blockchains to work in SDN.
Blockchain data structures need to be developed for efficient storage.
Figure 3: Insights of Triumvirate to the Cloud Computing Evolution

6. A Conceptual model for Cloud Futurology: Holistic View
To resolve the above-mentioned challenges, there is a requirement of conceptual model to explore the influence
of three emerging paradigms (Blockchain, IoT and Artificial Intelligence) on evolution of cloud computing. Figure
4 shows the conceptual model, which describes the transformation effects of paradigms and technologies on cloud
computing evolution. The model integrates the three paradigms: IoT, Blockchain and Artificial Intelligence to
provide a holistic view of an abstract design encompassing multiple domains in computer science. Various
components of IoT including sensors and actuators communicate with the gateway, all connected through 5G
technology. The user interacts with the model using app interface on the gateway device with compute costing
through Bitcoin (or related cryptocurrency) technology. The gateway layer also contains basic pre-processing data
engine and various IoT applications for task generation and result collection in seamless fashion. The tasks are
sent to and managed by the Broker nodes which authenticate payments and other transactions with sophisticated
energy and resource management modules, backed with fault tolerance and security systems. These nodes are also
connected to the database and external controllers through SDN. The computation tasks are executed on fog or
cloud machines (physical or virtual) having robust data analytics, deep learning and blockchain mining
capabilities. Software engineering and autoscaling allow end-to-end integration with cloud allowing resource
availability from server-based deployments to serverless frameworks. The model is enhanced by quantum
computing technologies. Overall, the model integrates and enables computation using a plethora of technological
advancements and provides an enhanced and holistic setup for next generation computing environments.
7. Summary and Conclusions
Cloud computing is an emerging paradigm, enabling on demand, metered access to compute resources (Process,
Memory, Storage, etc) driving technological innovation and enabling geographically distributed applications. In
this review paper, we have presented the systematic review of computing paradigms and technologies and the
influence of triumvirate (blockchain, IoT and Artificial Intelligence) to the evolution of cloud computing. The
history and background of computing paradigms and technologies has been presented and designed its evolution.
Further, the research areas related to cloud computing have been identified, discussed and the research issues and
challenges are highlighted. We have proposed a conceptual model to explore the influence of three emerging
paradigms (Blockchain, IoT and Artificial Intelligence) on evolution of cloud computing. We hope that this
systemic review will be beneficial for researchers who want to do research in any area concerning to cloud
computing.
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Figure 4: A Conceptual model for Cloud Futurology

Declaration of Competing of Interest
We do not have any conflicts of interest.
Acknowledgments
We would like to thank the editor, area editor and anonymous reviewers for their valuable comments and
suggestions to help and improve our research paper.
References
[1]

Rimal, Bhaskar Prasad, Eunmi Choi, and Ian Lumb. "A taxonomy and survey of cloud computing systems." In INC, IMS and IDC, 2009.
NCM'09. Fifth International Joint Conference on, pp. 44-51. Ieee, 2009.
[2] Flynn, Michael J. "Very high-speed computing systems." Proceedings of the IEEE 54, no. 12 (1966): 1901-1909.
[3] Casavant, Thomas L., and Jon G. Kuhl. "A taxonomy of scheduling in general-purpose distributed computing systems." IEEE
Transactions on software engineering 14, no. 2 (1988): 141-154.
[4] Yu, Jia, and Rajkumar Buyya. "A taxonomy of workflow management systems for grid computing." Journal of Grid Computing 3, no.
3-4 (2005): 171-200.
[5] Compton, Katherine, and Scott Hauck. "Reconfigurable computing: a survey of systems and software." ACM Computing Surveys (csuR)
34, no. 2 (2002): 171-210.
[6] Singh, Sukhpal, and Inderveer Chana. "QoS-aware autonomic resource management in cloud computing: a systematic review." ACM
Computing Surveys (CSUR) 48, no. 3 (2016): 42.
[7] The evolution of Distributed Systems. Available Online: https://medium.com/microservices-learning/the-evolution-of-distributedsystems-fec4d35beffd, 2018
[8] Bonomi, Flavio, Rodolfo Milito, Jiang Zhu, and Sateesh Addepalli. "Fog computing and its role in the internet of things." In Proceedings
of the first edition of the MCC workshop on Mobile cloud computing, pp. 13-16. ACM, 2012.
[9] Alrawais, Arwa, et al. "Fog computing for the internet of things: Security and privacy issues." IEEE Internet Computing 21.2 (2017):
34-42.
[10] Wang, Yifan, Tetsutaro Uehara, and Ryoichi Sasaki. “Fog computing: Issues and challenges in security and forensics.” 2015 IEEE
39th Annual Computer Software and Applications Conference. Vol. 3. IEEE, 2015

Preprint submitted to Internet of Things

18 October 2019

25

[11] S.Nakamoto, Bitcoin: A peer-to-peer electronic cash system, 2008
[12] Antonopoulos A.M.Mastering Bitcoin: “Unlocking Digital Cryptocurrencies” O’Reilly Media, Inc. (2014)
[13] Reyna, Ana, et al. "On blockchain and its integration with IoT. Challenges and opportunities." Future generation computer systems 88
(2018): 173-190.
[14] Kosba A., Miller A., Shi E., Wen Z., “Papamanthou C.Hawk: the blockchain model of cryptography and privacy-preserving smart
contracts” Security and Privacy (SP), 2016 IEEE Symposium on, San Jose, CA, USA, IEEE (2016), pp. 839-858
[15] Tuli, Shreshth, Redowan Mahmud, Shikhar Tuli, and Rajkumar Buyya. "FogBus: A blockchain-based lightweight framework for edge
and fog computing." Journal of Systems and Software (2019). Volume 154, August 2019, Pages 22-36
[16] Stanciu, Alexandru. "Blockchain based distributed control system for edge computing." 2017 21st International Conference on Control
Systems and Computer Science (CSCS). IEEE, 2017.
[17] Samaniego, Mayra, and Ralph Deters. "Blockchain as a Service for IoT." 2016 IEEE International Conference on Internet of Things
(iThings) and IEEE Green Computing and Communications (GreenCom) and IEEE Cyber, Physical and Social Computing (CPSCom)
and IEEE Smart Data (SmartData). IEEE, 2016.
[18] X. Li, P. Jiang, T. Chen, X. Luo, Q. Wen, A survey on the security of blockchain systems, Future Generation Computing Systems (2017).
http://dx.doi.org/10.1016/j. future.2017.08.020
[19] Singh, Sukhpal, and Inderveer Chana. "Q-aware: Quality of service based cloud resource provisioning." Computers & Electrical
Engineering 47 (2015): 138-160.
[20] Gill, Sukhpal Singh, Inderveer Chana, Maninder Singh, and Rajkumar Buyya. "RADAR: Self‐configuring and self‐healing in resource
management for enhancing quality of cloud services." Concurrency and Computation: Practice and Experience 31, no. 1 (2019): e4834.
[21] Glikson, Alex, Stefan Nastic, and Schahram Dustdar. "Deviceless edge computing: extending serverless computing to the edge of the
network." In Proceedings of the 10th ACM International Systems and Storage Conference, p. 28. ACM, 2017.
[22] J. Gubbi, R. Buyya, S. Marusic, and M. Palaniswami, “Internet of Things ( IoT ): A vision , architectural elements , and future directions,”
Futur. Gener. Comput. Syst., vol. 29, no. 7, pp. 1645–1660, 2013.
[23] E. M. Tordera et al., “What is a Fog Node A Tutorial on Current Concepts towards a Common Definition,” 2016.
[24] F. Bonomi, R. Milito, J. Zhu, and S. Addepalli, “Fog Computing and Its Role in the Internet of Things Characterization of Fog
Computing,” Proc. first Ed. MCC Work. Mob. cloud Comput., pp. 13–15, 2012.
[25] J. Lin, W. Yu, N. Zhang, X. Yang, H. Zhang, and W. Zhao, “A Survey on Internet of Things: Architecture, Enabling Technologies,
Security and Privacy, and Applications,” IEEE Internet Things J., vol. 4, no. 5, pp. 1125–1142, 2017.
[26] Singh, Sukhpal, Inderveer Chana, and Maninder Singh. "The journey of QoS-aware autonomic cloud computing." IT Professional 19,
no. 2 (2017): 42-49.
[27] S. N. Shirazi, A. Gouglidis, A. Farshad, and D. Hutchison, “The extended cloud: Review and analysis of mobile edge computing and
fog from a security and resilience perspective,” IEEE J. Sel. Areas Commun., vol. 35, no. 11, pp. 2586–2595, 2017.
[28] M. Iorga, L. Feldman, R. Barton, M. J. Martin, N. Goren, and C. Mahmoudi, “Fog Computing Conceptual Model: Recommendations of
the National Institute of Standards and Technology,” NIST Spec. Publ., pp. 500–325, 2018. [Online] Available:
https://doi.org/10.6028/NIST.SP.500-325
[29] A. M. Rahmani et al., “Exploiting smart e-Health gateways at the edge of healthcare Internet-of-Things: A fog computing approach,”
Futur. Gener. Comput. Syst., vol. 78, pp. 641–658, 2018.
[30] X. Fang, S. Member, S. Misra, G. Xue, and D. Yang, “Smart Grid – The New and Improved Power Grid :,” pp. 1–37, 2011.
[31] H. Madsen, G. Albeanu, B. Burtschy, and F. Popentiu-Vladicescu, “Reliability in the utility computing era: Towards reliable fog
computing,” Int. Conf. Syst. Signals, Image Process., pp. 43–46, 2013.
[32] J. Lin, W. Yu, and X. Yang, “Towards Multistep Electricity Prices in Smart Grid Electricity Markets,” IEEE Trans. Parallel Distrib.
Syst., vol. 27, no. 1, pp. 286–302, 2016.
[33] Michie, D., Spiegelhalter, D.J. and Taylor, C.C., 1994. Machine learning. Neural and Statistical Classification, 13, 1994, 1-298.
[34] Chen, M., Hao, Y., Hwang, K., Wang, L. and Wang, L., 2017. Disease prediction by machine learning over big data from healthcare
communities. Ieee Access, 5, pp.8869-8879.
[35] Jordan, M.I. and Mitchell, T.M., 2015. Machine learning: Trends, perspectives, and prospects. Science, 349(6245), pp.255-260.
[36] Jia, L., Zhao, Q. and Tong, L., 2013, October. Retail pricing for stochastic demand with unknown parameters: An online machine
learning approach. In 2013 51st Annual Allerton Conference on Communication, Control, and Computing (Allerton) (pp. 1353-1358).
IEEE.
[37] Carbonneau, R., Laframboise, K. and Vahidov, R., 2008. Application of machine learning techniques for supply chain demand
forecasting. European Journal of Operational Research, 184(3), pp.1140-1154.
[38] Steane, A., 1998. Quantum computing. Reports on Progress in Physics, 61(2), p.117.
[39] Leuenberger, M.N. and Loss, D., 2001. Quantum computing in molecular magnets. Nature, 410(6830), p.789.
[40] Han, K.H. and Kim, J.H., 2002. Quantum-inspired evolutionary algorithm for a class of combinatorial optimization. IEEE transactions
on evolutionary computation, 6(6), pp.580-593.
[41] Schuld, M., Sinayskiy, I. and Petruccione, F., 2015. An introduction to quantum machine learning. Contemporary Physics, 56(2), pp.172185.
[42] Lloyd, S., Mohseni, M. and Rebentrost, P., 2013. Quantum algorithms for supervised and unsupervised machine learning. arXiv preprint
arXiv:1307.0411.
[43] Singh, I. and Singh, S., 2017. Framework for targeting high value customers and potential churn customers in telecom using Big Data
Analytics. International Journal of Education and Management Engineering, 7(1), pp.36-45.
[44] Singh, I. and Singh, S., 2016. Model for targeting customers based on analytics in telecom domain. International Journal of Modern
Education and Computer Science, 8(11), p.43.
[45] Singh, I., Singh, K.V. and Singh, S., 2017. Big data analytics based recommender system for value added services (VAS). In Proceedings
of Sixth International Conference on Soft Computing for Problem Solving (pp. 142-150). Springer, Singapore.
[46] Gill, Sukhpal Singh, Peter Garraghan, and Rajkumar Buyya. "ROUTER: Fog enabled cloud based intelligent resource management
approach for smart home IoT devices." Journal of Systems and Software, 154, 2019, 125-138
[47] Gill, Sukhpal Singh, Peter Garraghan, Vlado Stankovski, Giuliano Casale, Ruppa K. Thulasiram, Soumya K. Ghosh, Kotagiri
Ramamohanarao, and Rajkumar Buyya. "Holistic resource management for sustainable and reliable cloud computing: An innovative
solution to global challenge." Journal of Systems and Software, 155, 2019, 104-129.
[48] Teerapittayanon, S., McDanel, B. and Kung, H.T., 2017, June. Distributed deep neural networks over the cloud, the edge and end devices.
In 2017 IEEE 37th International Conference on Distributed Computing Systems (ICDCS) (pp. 328-339). IEEE.
[49] Nguyen, K.K., Hoang, D.T., Niyato, D., Wang, P., Nguyen, D. and Dutkiewicz, E., 2018, April. Cyberattack detection in mobile cloud
computing: A deep learning approach. In 2018 IEEE Wireless Communications and Networking Conference (WCNC) (pp. 1-6). IEEE.

Preprint submitted to Internet of Things

18 October 2019

26

[50] Eshratifar, A.E., Esmaili, A. and Pedram, M., 2019. BottleNet: A Deep Learning Architecture for Intelligent Mobile Cloud Computing
Services. arXiv preprint arXiv:1902.01000.
[51] Osia, S.A., Shamsabadi, A.S., Taheri, A., Katevas, K., Sajadmanesh, S., Rabiee, H.R., Lane, N.D. and Haddadi, H., 2017. A hybrid deep
learning architecture for privacy-preserving mobile analytics. arXiv preprint arXiv:1703.02952.
[52] Singh, Sukhpal, and Inderveer Chana. "A survey on resource scheduling in cloud computing: Issues and challenges." Journal of grid
computing 14, no. 2 (2016): 217-264.
[53] Singh, Sukhpal, Inderveer Chana, and Rajkumar Buyya. "STAR: SLA-aware autonomic management of cloud resources." IEEE
Transactions on Cloud Computing (2017) 1-14, DOI: 10.1109/TCC.2017.2648788
[54] Eshratifar, A.E. and Pedram, M., 2018, May. Energy and performance efficient computation offloading for deep neural networks in a
mobile cloud computing environment. In Proceedings of the 2018 on Great Lakes Symposium on VLSI (pp. 111-116). ACM.
[55] Singh, Sukhpal, and Inderveer Chana. "Consistency verification and quality assurance (CVQA) traceability framework for SaaS." In
2013 3rd IEEE International Advance Computing Conference (IACC), pp. 1-6. IEEE, 2013.
[56] Singh, Sukhpal, and Inderveer Chana. "Cloud resource provisioning: survey, status and future research directions." Knowledge and
Information Systems 49, no. 3 (2016): 1005-1069.
[57] Wu, C., Buyya, R. and Ramamohanarao, K., 2016. Big data analytics= machine learning+ cloud computing. arXiv preprint
arXiv:1601.03115.
[58] Gill, Sukhpal Singh, and Rajkumar Buyya. "A taxonomy and future directions for sustainable cloud computing: 360 degree view." ACM
Computing Surveys (CSUR) 51, no. 5 (2018): 104.
[59] Gill, Sukhpal Singh, Inderveer Chana, and Rajkumar Buyya. "IoT based agriculture as a cloud and big data service: the beginning of
digital India." Journal of Organizational and End User Computing (JOEUC) 29, no. 4 (2017): 1-23.
[60] Luo, Z., Small, A., Dugan, L. and Lane, S., 2019, March. Cloud Chaser: real time deep learning computer vision on low computing
power devices. In Eleventh International Conference on Machine Vision (ICMV 2018) (Vol. 11041, p. 110412Q). International Society
for Optics and Photonics.
[61] Gill, Sukhpal Singh, Rajesh Chand Arya, Gurpreet Singh Wander, and Rajkumar Buyya. "Fog-Based Smart Healthcare as a Big Data
and Cloud Service for Heart Patients Using IoT." In International Conference on Intelligent Data Communication Technologies and
Internet of Things, pp. 1376-1383. Springer, Cham, 2018.
[62] Wang, J., Zhang, J., Bao, W., Zhu, X., Cao, B. and Yu, P.S., 2018, July. Not just privacy: Improving performance of private deep learning
in mobile cloud. In Proceedings of the 24th ACM SIGKDD International Conference on Knowledge Discovery & Data Mining (pp.
2407-2416). ACM.
[63] Gill, Sukhpal Singh, and Rajkumar Buyya. "Failure management for reliable cloud computing: A taxonomy, model and future
directions." Computing in Science & Engineering (2018), 1-10, DOI: 10.1109/MCSE.2018.2873866
[64] He, Y., Yu, F.R., Zhao, N., Leung, V.C. and Yin, H., 2017. Software-defined networks with mobile edge computing and caching for
smart cities: A big data deep reinforcement learning approach. IEEE Communications Magazine, 55(12), pp.31-37.
[65] Roopaei, M., Rad, P. and Jamshidi, M., 2017. Deep learning control for complex and large scale cloud systems. Intelligent Automation
& Soft Computing, 23(3), pp.389-391.
[66] Gill, Sukhpal Singh, and Rajkumar Buyya. "Bio-Inspired Algorithms for Big Data Analytics: A Survey, Taxonomy, and Open
Challenges." In Big Data Analytics for Intelligent Healthcare Management, pp. 1-17. Academic Press, 2019.
[67] Singh, Sukhpal, and Inderveer Chana. "Enabling Reusability in Agile Software Development." International Journal of Computer
Applications 50, no. 13 (2012): 33-40.
[68] Kehoe, B., Patil, S., Abbeel, P. and Goldberg, K., 2015. A survey of research on cloud robotics and automation. IEEE Transactions on
automation science and engineering, 12(2), pp.398-409.
[69] Xu, Z., Wang, Y., Tang, J., Wang, J. and Gursoy, M.C., 2017, May. A deep reinforcement learning based framework for power-efficient
resource allocation in cloud RANs. In 2017 IEEE International Conference on Communications (ICC) (pp. 1-6). IEEE.
[70] Stefanini, M., Lancellotti, R., Baraldi, L. and Calderara, S., 2019. A Deep Learning based approach to VM behavior identification in
cloud systems. arXiv preprint arXiv:1903.01930.
[71] Li, P., Li, J., Huang, Z., Gao, C.Z., Chen, W.B. and Chen, K., 2018. Privacy-preserving outsourced classification in cloud computing.
Cluster Computing, 21(1), pp.277-286.
[72] Xiang Li, Xiaohong Jiang, Peter Garraghan, and Zhaohui Wu. 2018. Holistic energy and failure aware workload scheduling in Cloud
datacenters. Future Generation Computer Systems 78 (2018), 887–900.
[73] F. Bonomi, ‘‘Connected vehicles, the Internet of Things, and fog computing,’’ The Eighth ACM International Workshop on Vehicular
InterNetworking (VANET), Las Vegas, USA, 2011, pp. 13–15.
[74] Shreshth Tuli, Nipam Basumatary, Sukhpal Singh Gill, Mohsen Kahani, Rajesh Chand Arya, Gurpreet Singh Wander, and Rajkumar
Buyya, HealthFog: An Ensemble Deep Learning based Smart Healthcare System for Automatic Diagnosis of Heart Diseases in Integrated
IoT and Fog Computing Environments, Future Gerenation Computer Systems, 2019.
[75] Singh, Sukhpal, Inderveer Chana, Maninder Singh, and Rajkumar Buyya. "SOCCER: self-optimization of energy-efficient cloud
resources." Cluster Computing 19, no. 4 (2016): 1787-1800.
[76] Rajkumar Buyya and Sukhpal Singh Gill. “Sustainable Cloud Computing: Foundations and Future Directions.” Business Technology &
Digital Transformation Strategies, Cutter Consortium, Vol. 21, no. 6, Pages 1-9, 2018.
[77] Zhang, Ke, et al. "Mobile edge computing and networking for green and low-latency Internet of Things." IEEE Communications
Magazine 56.5 (2018): 39-45.
[78] Jalali, Fatemeh, et al. "Fog computing may help to save energy in cloud computing." IEEE Journal on Selected Areas in Communications
34.5 (2016): 1728-1739.
[79] Google Edge TPU [Online] Available: https://cloud.google.com/edge-tpu/. [Accessed 15 4 2019]
[80] Khan, Junaid Ahmed, Hassaan Khaliq Qureshi, and Adnan Iqbal. "Energy management in wireless sensor networks: A survey."
Computers & Electrical Engineering 41 (2015): 159-176.
[81] Ventura, Daniela, et al. "ARIIMA: a real IoT implementation of a machine-learning architecture for reducing energy consumption."
International Conference on Ubiquitous Computing and Ambient Intelligence. Springer, Cham, 2014.
[82] Zhang, Qi, Lu Cheng, and Raouf Boutaba. "Cloud computing: state-of-the-art and research challenges." Journal of internet services and
applications 1, no. 1 (2010): 7-18.
[83] Wang, Huaqun, Zhiwei Wang, and Josep Domingo-Ferrer. "Anonymous and secure aggregation scheme in fog-based public cloud
computing." Future Generation Computer Systems 78 (2018): 712-719.
[84] Gill, Sukhpal Singh, and Rajkumar Buyya. "SECURE: Self-protection approach in cloud resource management." IEEE Cloud
Computing 5, no. 1 (2018): 60-72.
[85] Roman, Rodrigo, Javier Lopez, and Masahiro Mambo. "Mobile edge computing, fog et al.: A survey and analysis of security threats and
challenges." Future Generation Computer Systems 78 (2018): 680-698.

Preprint submitted to Internet of Things

18 October 2019

27

[86] Singh, Sukhpal, and Inderveer Chana. "EARTH: Energy-aware autonomic resource scheduling in cloud computing." Journal of
Intelligent & Fuzzy Systems 30, no. 3 (2016): 1581-1600.
[87] Liu, Ximeng, Yang Yang, Kim-Kwang Raymond Choo, and Huaqun Wang. "Security and Privacy Challenges for Internet-of-Things
and Fog Computing." Wireless Communications and Mobile Computing 2018 (2018).
[88] Manco, Filipe, Joao Martins, Kenichi Yasukata, Jose Mendes, Simon Kuenzer, and Felipe Huici. "The case for the superfluid cloud." In
7th {USENIX} Workshop on Hot Topics in Cloud Computing (HotCloud 15). 2015.
[89] Stojmenovic, Ivan, Sheng Wen, Xinyi Huang, and Hao Luan. "An overview of fog computing and its security issues." Concurrency and
Computation: Practice and Experience 28, no. 10 (2016): 2991-3005.
[90] Feng, Shaohan, Zehui Xiong, Dusit Niyato, and Ping Wang. "Dynamic Resource Management to Defend Against Advanced Persistent
Threats in Fog Computing: A Game Theoretic Approach." IEEE Transactions on Cloud Computing (2019).
[91] S. Khan, S. Parkinson and Y. Qin, “Fog computing security: a review of current applications and security solutions,” Journal of Cloud
Computing, vol. 6, no. 1, pp. 19, 2017.
[92] Modi, Chirag, and Dhiren Patel. "A feasible approach to intrusion detection in virtual network layer of Cloud computing." Sādhanā 43,
no. 7 (2018): 114.
[93] Mukherjee, Mithun, Rakesh Matam, Lei Shu, Leandros Maglaras, Mohamed Amine Ferrag, Nikumani Choudhury, and Vikas Kumar.
"Security and privacy in fog computing: Challenges." IEEE Access 5 (2017): 19293-19304.
[94] Novak, Ed, and Qun Li. "Near-pri: Private, proximity based location sharing." In IEEE INFOCOM 2014-IEEE Conference on Computer
Communications, pp. 37-45. IEEE, 2014.
[95] Shi, Yue, Sampatoor Abhilash, and Kai Hwang. "Cloudlet mesh for securing mobile clouds from intrusions and network attacks." In
2015 3rd IEEE International Conference on Mobile Cloud Computing, Services, and Engineering, pp. 109-118. IEEE, 2015.
[96] Shin, Seung Won, and Guofei Gu. "Cloudwatcher: Network security monitoring using openflow in dynamic cloud networks." In Network
Protocols (ICNP) 2012, pp. 1-6. IEEE, 2012.
[97] Song, Dawn Xiaoding, David Wagner, and Adrian Perrig. "Practical techniques for searches on encrypted data." In Proceeding 2000
IEEE Symposium on Security and Privacy. S&P 2000, pp. 19-55. IEEE, 2000.
[98] Tsugawa, Maurício, Andréa Matsunaga, and José AB Fortes. "Cloud computing security: What changes with software-defined
networking?." In Secure Cloud Computing, pp. 77-93. Springer, New York, NY, 2014.
[99] Willis, Dale, Arkodeb Dasgupta, and Suman Banerjee. "ParaDrop: a multi-tenant platform to dynamically install third party services on
wireless gateways." In Proceedings of the 9th ACM workshop on Mobility in the evolving internet architecture, pp. 43-48. ACM, 2014.
[100] Yap, Kok-Kiong, Yiannis Yiakoumis, Masayoshi Kobayashi, Sachin Katti, Guru Parulkar, and Nick McKeown. "Separating
authentication, access and accounting: A case study with OpenWiFi." Open Networking Foundation, Tech. Rep (2011).
[101] Hsu, Tse-Chuan & Yang, Hongji & Chung, Yeh-Ching & Hsu, Ching-Hsien. (2018). A Creative IoT Agriculture Platform for Cloud
Fog Computing. Sustainable Computing: Informatics and Systems. 10.1016/j.suscom.2018.10.006.
[102] Guardo, E & Di Stefano, Alessandro & La Corte, Aurelio & Sapienza, Marco & Scatà, Marialisa. (2018). A fog computing-based IoT
framework for precision agriculture. Journal of Internet Technology. 19. 1401-1411. 10.3966/160792642018091905012.
[103] Oi Hua Lee, 2019, https://flybits.com/resources/blog/big-data-transforming-banking/
[104] C. Ji, Y. Li, W. Qiu, U. Awada and K. Li, "Big Data Processing in Cloud Computing Environments," 2012 12th International Symposium
on Pervasive Systems, Algorithms and Networks, San Marcos, TX, 2012, pp. 17-23.
[105] Jeffrey Dean and Sanjay Ghemawat. 2008. MapReduce: simplified data processing on large clusters. Commun. ACM 51, 1 (January
2008), 107-113.
[106] Mettler M. Blockchain technology in healthcare: The revolution starts here[C]//2016 IEEE 18th International Conference on e-Health
Networking, Applications and Services (Healthcom). IEEE, 2016: 1-3.
[107] Don Tapscott, Alex Tapscott. Blockchain Revolution: How the Technology Behind Bitcoin is Changing Money, Business, and the
World[M]. Penguin, 2016.
[108] Fernández-Caramés, Tiago M., and Paula Fraga-Lamas. "A Review on the Use of Blockchain for the Internet of Things." IEEE Access
6 (2018): 32979-33001.
[109] Maulik Parekh, How helpful is blockchain Technology in Cloud Storage, Open Source for You, Nov 5, 2018. URL:
https://opensourceforu.com/2018/11/how-helpful-is-blockchain-technology-in-cloud-storage/
[110] Gilles Fedak, How can Blockchain Improve Cloud Computing, iEXec, Sep 2, 2016. URL: https://medium.com/iex-ec/how-blockchaincan-improve-cloud-computing-1ca24c270f4f
[111] Ali Dorri, Salil Kanhere S, Raja Jurdak, et al. Blockchain for IoT security and privacy: The case study of a smart home[C]//2017 IEEE
international conference on pervasive computing and communications workshops (PerCom workshops). IEEE, 2017: 618-623.
[112] Guha, Radha, and David Al-Dabass. "Impact of web 2.0 and cloud computing platform on software engineering." In 2010 International
Symposium on Electronic System Design, pp. 213-218. IEEE, 2010.
[113] Simm, William Alexander, et al. "SE in ES: Opportunities for software engineering and cloud computing in environmental science."
Proceedings of the 40th International Conference on Software Engineering: Software Engineering in Society. ACM, 2018.
[114] Nari Kannan, 6 Ways the Cloud Enhances Agile Software Development, Enterprise Architecture, Aug 2012, URL:
https://www.cio.com/article/2393022/6-ways-the-cloud-enhances-agile-software-development.html
[115] Yau, Stephen, and Ho An. "Software engineering meets services and cloud computing." Computer 44, no. 10 (2011): 47-53.
[116] Toosi, Adel Nadjaran, Jungmin Son, and Rajkumar Buyya. "Clouds-pi: A low-cost raspberry-pi based micro data center for softwaredefined cloud computing." IEEE Cloud Computing 5, no. 5 (2018): 81-91.
[117] R. I. Ansari, H. Pervaiz, S. A. Hassan, C. Chrysostomou, M. A. Imran, S. Mumtaz and R. Tafazolli, " A New Dimension to Spectrum
Management in IoT Empowered 5G Networks," in IEEE Network, 2019.
[118] 8Sukhpal Singh and Inderveer Chana, Efficient cloud workload management framework, Master's Thesis, Thapar University, Patiala,
Punjab, India, 2013.
[119] 5G will bring cloud computing to everyone, Cloud Computing by David Linthicum, InfoWorld, Sept. 25, 2018,
https://www.infoworld.com/article/3308378/5g-will-bring-cloud-computing-to-everyone.html
[120] J. G. Andrews et al., "What Will 5G Be?," in IEEE Journal on Selected Areas in Communications, vol. 32, no. 6, pp. 1065-1082, June
2014.
[121] 9Sukhpal Singh and Inderveer Chana, QoS-aware Autonomic Resource Provisioning and Scheduling for Cloud Computing, PhD Thesis,
Thapar University, Patiala, Punjab, India, 2016.
[122] How 5G Will Accelerate Cloud Business Investment, 9 April, 2019, https://www.comparethecloud.net/articles/how-5g-will-acceleratecloud-business-investment/
[123] Sami Kekki et.al., “MEC in 5G networks”, ETSI White Paper No. 28, First edition, June 2018, ISBN No. 979-10-92620-22-1
[124] C.-X. Wang, F. Haider, X. Gao, X.-H. You, Y. Yang, D. Yuan, H. M. Aggoune, H. Haas, S. Fletcher, and E. Hepsaydir, “Cellular
architecture and key technologies for 5G wireless communication networks,” IEEE Commun. Mag., vol. 52, no. 2, pp. 122–130, 2014.

Preprint submitted to Internet of Things

18 October 2019

28

[125] S. Li et al., “Energy-efficient resource allocation for industrial cyber physical IoT systems in 5G era,” IEEE Trans. Ind. Inform., vol. 14,
no. 6, pp. 2618–2628, June. 2018.
[126] C. Wang, C. Liang, F. R. Yu, Q. Chen, and L. Tang, “Computation offloading and resource allocation in wireless cellular networks with
mobile edge computing,” IEEE Trans. Wireless Commun., vol. 16, no. 8, pp. 4924–4938, May. 2017
[127] A. Ndikumana et al., "Joint Communication, Computation, Caching, and Control in Big Data Multi-access Edge Computing," IEEE
Transactions on Mobile Computing. doi: 10.1109/TMC.2019.2908403
[128] Buyya, Rajkumar, Satish Narayana Srirama, Giuliano Casale, Rodrigo Calheiros, Yogesh Simmhan, Blesson Varghese, Erol Gelenbe et
al. "A manifesto for future generation cloud computing: research directions for the next decade." ACM computing surveys (CSUR) 51,
no. 5 (2018): 105.
[129] Tuli, Shreshth, Nipam Basumatary, and Rajkumar Buyya. "EdgeLens: Deep Learning based Object Detection in Integrated IoT, Fog and
Cloud Computing Environments." Proceedings of the 4th IEEE International Conference on Information Systems and Computer
Networks (ISCON 2019, IEEE Press, USA), Mathura, India, November 21-22, 2019.
[130] Rodriguez, M. A., & Buyya, R. (2019). Container‐based cluster orchestration systems: A taxonomy and future directions. Software:
Practice and Experience, 49(5), 698-719.
[131] Son, Jungmin, and Rajkumar Buyya. "A taxonomy of software-defined networking (SDN)-enabled cloud computing." ACM Computing
Surveys (CSUR) 51, no. 3 (2018): 59.
[132] Son, Jungmin, and Rajkumar Buyya. "Priority-aware VM allocation and network bandwidth provisioning in software-defined
networking (SDN)-enabled clouds." IEEE Transactions on Sustainable Computing 4, no. 1 (2018): 17-28.
[133] Toosi, Adel Nadjaran, and Rakumar Buyya. "Acinonyx: Dynamic Flow Scheduling for Virtual Machine Migration in SDN-enabled
Clouds." In 2018 IEEE Intl Conf on Parallel & Distributed Processing with Applications, Ubiquitous Computing & Communications,
Big Data & Cloud Computing, Social Computing & Networking, Sustainable Computing & Communications
(ISPA/IUCC/BDCloud/SocialCom/SustainCom), pp. 886-894. IEEE, 2018.
[134] He, TianZhang, Adel N. Toosi, and Rajkumar Buyya. "Performance evaluation of live virtual machine migration in SDN-enabled cloud
data centers." Journal of Parallel and Distributed Computing 131 (2019): 55-68.
[135] Gill, Sukhpal Singh, and Rajkumar Buyya. "Sustainable Cloud Computing Realization for Different Applications: A Manifesto." In
Digital Business, pp. 95-117. Springer, Cham, 2019.
[136] Bishop, Lev Samuel, Andrew W. Cross, Ismael Faro Sertage, and Jay M. Gambetta. "Job processing in quantum computing enabled
cloud environments." U.S. Patent Application 15/719,872, filed April 4, 2019.
[137] Caleffi, Marcello, Angela Sara Cacciapuoti, and Giuseppe Bianchi. "Quantum internet: from communication to distributed computing!."
arXiv preprint arXiv:1805.04360 (2018).
[138] Zhang, Haimeng, Hannes Leipold, Robert Kosut, and Daniel Lidar. "Demonstration of Channel-Optimized Quantum Error Correction
on Cloud-Based Quantum Computers." In APS Meeting Abstracts. 2019.
[139] Jindal, Neetu, Sandeep Chandran, Preeti Ranjan Panda, Sanjiva Prasad, Abhay Mitra, Kunal Singhal, Shubham Gupta, and Shikhar Tuli.
"DHOOM: Reusing Design-for-Debug Hardware for Online Monitoring." In Proceedings of the 56th Annual Design Automation
Conference 2019, p. 99. ACM, 2019.
[140] Toosi, Adel Nadjaran, Richard O. Sinnott, and Rajkumar Buyya. "Resource provisioning for data-intensive applications with deadline
constraints on hybrid clouds using Aneka." Future Generation Computer Systems 79 (2018): 765-775.."
[141] Skarlat, O., M. Nardelli, S. Schulte, M. Borkowski, and P. Leitner, “Optimized IoT service placement in the fog,” Service Oriented
Computing and Applications, vol. 11, no. 4, pp. 427–443, 2017.
[142] Beloglazov, Anton, and Rajkumar Buyya. "Optimal online deterministic algorithms and adaptive heuristics for energy and performance
efficient dynamic consolidation of virtual machines in cloud data centers." Concurrency and Computation: Practice and Experience 24,
no. 13 (2012): 1397-1420.
[143] Gill, Sukhpal Singh, Rajkumar Buyya, Inderveer Chana, Maninder Singh, and Ajith Abraham. "BULLET: particle swarm optimization
based scheduling technique for provisioned cloud resources." Journal of Network and Systems Management 26, no. 2 (2018): 361-400
[144] Cheng, Mingxi, Ji Li, and Shahin Nazarian. "DRL-cloud: Deep reinforcement learning-based resource provisioning and task scheduling
for cloud service providers." In Proceedings of the 23rd Asia and South Pacific Design Automation Conference, pp. 129-134. IEEE
Press, 2018.
[145] Gill, Sukhpal Singh, Inderveer Chana, Maninder Singh, and Rajkumar Buyya. "CHOPPER: an intelligent QoS-aware autonomic resource
management approach for cloud computing." Cluster Computing 21, no. 2 (2018): 1203-1241.
[146] Russell, Stuart J., and Peter Norvig. Artificial intelligence: a modern approach. Malaysia; Pearson Education Limited,, 2016.
[147] Talia, Domenico. "Cloud Computing and Software Agents: Towards Cloud Intelligent Services." In WOA, vol. 11, pp. 2-6. 2011.
[148] Singh, Sukhpal, and Inderveer Chana. "Resource provisioning and scheduling in clouds: QoS perspective." The Journal of
Supercomputing 72, no. 3 (2016): 926-960.
[149] Singh, Sukhpal, and Inderveer Chana. "QRSF: QoS-aware resource scheduling framework in cloud computing." The Journal of
Supercomputing 71, no. 1 (2015): 241-292.
[150] B. Di Martino, M. Rak, M. Ficco, A. Esposito, S.A. Maisto, S. Nacchia, Internet of things reference architectures, security and
interoperability: A survey, Internet of Things, Volumes 1–2, 2018, Pages 99-112.
[151] Rao, A. Ravishankar, and Daniel Clarke. "Perspectives on emerging directions in using IoT devices in blockchain applications." Internet
of Things (2019): 100079.
[152] Kaur, Amanpreet, V. P. Singh, and Sukhpal Singh Gill. "The future of cloud computing: opportunities, challenges and research trends."
In 2018 2nd International Conference on I-SMAC (IoT in Social, Mobile, Analytics and Cloud), pp. 213-219. IEEE, 2018.
[153] Luiz Bittencourt, Roger Immich, Rizos Sakellariou, Nelson Fonseca, Edmundo Madeira, Marilia Curado, Leandro Villas, Luiz DaSilva,
Craig Lee, Omer Rana, The Internet of Things, Fog and Cloud continuum: Integration and challenges, Internet of Things, Volumes 3–
4, 2018, Pages 134-155
[154] Alli, Adam A., and Muhammad Mahbub Alam. "SecOFF-FCIoT: Machine learning based secure offloading in Fog-Cloud of things for
smart city applications." Internet of Things 7 (2019): 100070.
[155] Ahmed Dawoud, Seyed Shahristani, Chun Raun, Deep learning and software-defined networks: Towards secure IoT architecture,
Internet of Things, Volumes 3–4, 2018, Pages 82-89.
[156] Fedorov, Aleksey K., Evgeniy O. Kiktenko, and Alexander I. Lvovsky. "Quantum computers put blockchain security at risk." (2018):
465.
[157] Sukhpal Singh and Inderveer Chana, Formal specification language based IaaS cloud workload regression analysis, In the Proceedings
of IEEE International Conference on Control, Computing, Communication and Materials-2013 (ICCCCM-2013), UIT, Allahabad, India,
2013, 1-6.
[158] L. M. Vaquero, L. Rodero-Merino, and R. Buyya, “Dynamically scaling applications in the cloud,” ACM SIGCOMM Comput. Commun.
Rev., vol. 41, no. 1, pp. 45–52, 2011.

Preprint submitted to Internet of Things

18 October 2019

29

[159] M. S. Aslanpour, M. Ghobaei-Arani, and A. Nadjaran Toosi, “Auto-scaling web applications in clouds: A cost-aware approach,” J.
Netw. Comput. Appl., vol. 95, 2017.
[160] S. He, L. Guo, Y. Guo, C. Wu, M. Ghanem, and R. Han, “Elastic application container: A lightweight approach for cloud resource
provisioning,” in Advanced information networking and applications (aina), 2012 ieee 26th international conference on, 2012, pp. 15–
22.
[161] C. Wang, B. Urgaonkar, N. Nasiriani, and G. Kesidis, “Using burstable instances in the public cloud: Why, when and how?,” Proc. ACM
Meas. Anal. Comput. Syst., vol. 1, no. 1, p. 11, 2017.
[162] S. Gec, D. Lavbič, M. Bajec, and V. Stankovski, “Smart contracts for container-based video conferencing services: Architecture and
implementation,” arXiv Prepr. arXiv1808.03832, 2018.
[163] Yau, S., & An, H. (2011). Software engineering meets services and cloud computing. Computer, 44(10), 47-53.
[164] Østerlie, T. (2009). Cloud computing: Impact on software engineering research and practice. Norwegian University of Science and
Technology (NTNU).
[165] Ionut Scirlet, (June 2018) , Cloud Technology in the era of IoT, Blockchain, Machine Learning and AI, White paper, available at
https://blog.usejournal.com/cloud-technology-in-the-era-of-iot-blockchain-machine-learning-and-ai-4f1a19476b32
[166] Chana, Inderveer, and Sukhpal Singh. "Quality of service and service level agreements for cloud environments: Issues and challenges."
In Cloud Computing, pp. 51-72. Springer, Cham, 2014.
[167] Hu, Pengfei, Sahraoui Dhelim, Huansheng Ning, and Tie Qiu. "Survey on fog computing: architecture, key technologies, applications
and open issues." Journal of network and computer applications 98 (2017): 27-42.
[168] Khan, Minhaj Ahmad, and Khaled Salah. "IoT security: Review, blockchain solutions, and open challenges." Future Generation
Computer Systems 82 (2018): 395-411.
[169] Mahdavinejad, Mohammad Saeid, Mohammadreza Rezvan, Mohammadamin Barekatain, Peyman Adibi, Payam Barnaghi, and Amit P.
Sheth. "Machine learning for Internet of Things data analysis: A survey." Digital Communications and Networks 4, no. 3 (2018): 161175.
[170] de Assuncao, Marcos Dias, Alexandre da Silva Veith, and Rajkumar Buyya. "Distributed data stream processing and edge computing:
A survey on resource elasticity and future directions." Journal of Network and Computer Applications 103 (2018): 1-17.
[171] Lynn, Theo, Pierangelo Rosati, Arnaud Lejeune, and Vincent Emeakaroha. "A preliminary review of enterprise serverless cloud
computing (function-as-a-service) platforms." In 2017 IEEE International Conference on Cloud Computing Technology and Science
(CloudCom), pp. 162-169. IEEE, 2017.
[172] Pouyanfar, Samira, Saad Sadiq, Yilin Yan, Haiman Tian, Yudong Tao, Maria Presa Reyes, Mei-Ling Shyu, Shu-Ching Chen, and S. S.
Iyengar. "A survey on deep learning: Algorithms, techniques, and applications." ACM Computing Surveys (CSUR) 51, no. 5 (2018):
92.
[173] Casalicchio, Emiliano. "Container Orchestration: A Survey." In Systems Modeling: Methodologies and Tools, pp. 221-235. Springer,
Cham, 2019.
[174] Gyongyosi, Laszlo, and Sandor Imre. "A survey on quantum computing technology." Computer Science Review 31 (2019): 51-71.
[175] Tschorsch, Florian, and Björn Scheuermann. "Bitcoin and beyond: A technical survey on decentralized digital currencies." IEEE
Communications Surveys & Tutorials 18, no. 3 (2016): 2084-2123.
[176] Da Xu, Li, Wu He, and Shancang Li. "Internet of things in industries: A survey." IEEE Transactions on industrial informatics 10, no. 4
(2014): 2233-2243.
[177] Li, Shancang, Li Da Xu, and Shanshan Zhao. "5G Internet of Things: A survey." Journal of Industrial Information Integration 10 (2018):
1-9.
[178] Qu, Chenhao, Rodrigo N. Calheiros, and Rajkumar Buyya. "Auto-scaling web applications in clouds: A taxonomy and survey." ACM
Computing Surveys (CSUR) 51, no. 4 (2018): 73.
[179] Valdeolmillos, Diego, Yeray Mezquita, Alfonso González-Briones, Javier Prieto, and Juan Manuel Corchado. "Blockchain Technology:
A Review of the Current Challenges of Cryptocurrency." In International Congress on Blockchain and Applications, pp. 153-160.
Springer, Cham, 2019.
[180] Salah, Khaled, M. Habib Ur Rehman, Nishara Nizamuddin, and Ala Al-Fuqaha. "Blockchain for AI: review and open research
challenges." IEEE Access 7 (2019): 10127-10149.
[181] Çaliş, Banu, and Serol Bulkan. "A research survey: review of AI solution strategies of job shop scheduling problem." Journal of
Intelligent Manufacturing 26, no. 5 (2015): 961-973

Preprint submitted to Internet of Things

18 October 2019

30

