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Abstract—The Internet of Things (IoT) integrates billions of 

smart devices that can communicate with one another with 

minimal human intervention. IoT is one of the fastest developing 

fields in the history of computing, with an estimated 50 billion 

devices by the end of 2020. However, the crosscutting nature of IoT 

systems and the multidisciplinary components involved in the 

deployment of such systems have introduced new security 

challenges. Implementing security measures, such as encryption, 

authentication, access control, network and application security 

for IoT devices and their inherent vulnerabilities is ineffective. 

Therefore, existing security methods should be enhanced to 

effectively secure the IoT ecosystem. Machine learning and deep 

learning (ML/DL) have advanced considerably over the last few 

years, and machine intelligence has transitioned from laboratory 

novelty to practical machinery in several important applications. 

Consequently, ML/DL methods are important in transforming the 

security of IoT systems from merely facilitating secure 

communication between devices to security-based intelligence 

systems. The goal of this work is to provide a comprehensive 

survey of ML methods and recent advances in DL methods that 

can be used to develop enhanced security methods for IoT systems. 

IoT security threats that are related to inherent or newly 

introduced threats are presented, and various potential IoT system 

attack surfaces and the possible threats related to each surface are 

discussed. We then thoroughly review ML/DL methods for IoT 

security and present the opportunities, advantages and 

shortcomings of each method. We discuss the opportunities and 

challenges involved in applying ML/DL to IoT security. These 

opportunities and challenges can serve as potential future research 

directions. 

Index Terms— Deep Learning, Machine Learning, Internet of 

Things Security, Security based Intelligence, IoT Big Data. 

I. INTRODUCTION 

HE recent progress in communication technologies, such as 

the Internet of Things (IoT), has remarkably transcended 

the traditional sensing of surrounding environments. IoT 

technologies can enable modernisations that improve life 

quality [1] and have the capability to collect, quantify and 

understand the surrounding environments. This situation 

simplifies the new communication forms among things and 

humans and thus enables the realisation of smart cities [2]. IoT 

is one of the fastest emerging fields in the history of computing, 

with an estimated 50 billion devices by the end of 2020 [3, 4]. 

On the one hand, IoT technologies play a crucial role in 
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enhancing real-life smart applications, such as smart healthcare, 

smart homes, smart transportation and smart education. On the 

other hand, the crosscutting and large-scale nature of IoT 

systems with various components involved in the deployment 

of such systems have introduced new security challenges.  

IoT systems are complex and contain integrative 

arrangements. Therefore, maintaining the security requirement 

in a wide-scale attack surface of the IoT system is challenging. 

Solutions must include holistic considerations to satisfy the 

security requirement. However, IoT devices mostly work in an 

unattended environment. Consequently, an intruder may 

physically access these devices. IoT devices are connected 

normally over wireless networks where an intruder may access 

private information from a communication channel by 

eavesdropping. IoT devices cannot support complex security 

structures given their limited computation and power resources 

[5]. Complex security structures of the IoT are due to not only 

limited computation, communication and power resources but 

also trustworthy interaction with a physical domain, 

particularly the behaviour of a physical environment in 

unanticipated and unpredictable modes, because the IoT system 

is also part of a cyber-physical system; autonomously, IoT 

systems must constantly adapt and survive in a precise and 

predictable manner with safety as a key priority, particularly in 

settings where threatening conditions, such as in health 

systems, might occur [6]. Moreover, new attack surfaces are 

introduced by the IoT environment. Such attack surfaces are 

caused by the interdependent and interconnected environments 

of the IoT. Consequently, the  security is at higher risk in IoT 

systems than in other computing systems, and the traditional 

solution may be ineffective for such systems [7, 8]. 

A critical consequence of the extensive application of IoT is 

that IoT deployment becomes an interconnected task. For 

example, IoT systems should simultaneously consider energy 

efficiency, security, big IoT data analytics methods and 

interoperability with software applications [4] during the 

deployment stage. One aspect cannot be ignored when 

considering advances in another [4]. This integration provides 

a new opportunity for researchers from interdisciplinary fields 

to investigate current challenges in IoT systems from different 

perspectives. However, this integration also introduces new 

security challenges due to the distribution nature of IoT devices, 
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which provide a large and vulnerable surface. This 

characteristic of IoT devices presents many security issues. 

Moreover, the IoT platform generates a large volume of 

valuable data. If these data are not transmitted and analysed 

securely, then a critical privacy breach may occur.  

Applying existing security protection mechanisms, for 

example encryption, authentication, access control, network 

security and application security, is challenging and inadequate 

for large systems with several connected devices, with each part 

of the system having inherent vulnerabilities. For example, 

‘Mirai’ is an exceptional type of botnets that has recently caused 

large-scale DDoS attacks by exploiting IoT devices[7, 9]. 

Existing security mechanisms should be enhanced to fit the IoT 

ecosystem [7]. However, the implementation of security 

mechanisms against a specified security threat is quickly 

conquered by new types of attacks created by attackers to 

circumvent existing solutions. For example, amplified DDoS 

attacks utilise spoofed source IP addresses for the attack 

location to be untraceable by defenders. Consequently, attacks 

that are more complex and more destructive than Mirai can be 

expected because of the vulnerabilities of IoT systems. 

Moreover, understanding which methods are suitable for 

protecting IoT systems is a challenge because of the extensive 

variety of IoT applications and scenarios [7]. Therefore, 

developing effective IoT security methods should be a research 

priority [7, 9]. 

As shown in Figure 1, having the capability to monitor IoT 

devices can intelligently provide a solution to new or zero-day 

attacks. Machine learning and deep learning (ML/DL) are 

powerful methods of data exploration to learn about ‘normal’ 

and ‘abnormal’ behaviour according to how IoT components 

and devices interact with one another within the IoT 

environment. The input data of each part of the IoT system can 

be collected and investigated to determine normal patterns of 

interaction, thereby identifying malicious behaviour at early 

stages. Moreover, ML/DL methods could be important in 

predicting new attacks, which are often mutations of previous 

attacks, because they can intelligently predict future unknown 

attacks by learning from existing examples. Consequently, IoT 

systems must have a transition from merely facilitating secure 

communication amongst devices to security-based intelligence 

enabled by DL/ML methods for effective and secure systems. 

 
Figure 1 Illustration of the potential role of ML/DL in IoT security
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Figure 2 shows a thematic taxonomy of ML/DL for IoT 

security. The remaining parts of the paper adopt the 

classification presented on the thematic taxonomy.  The present 

survey comprehensively reviews ML/DL algorithms (Even 

though DL is a ML sub-field, in this paper ML algorithms is 

referred to that require engineered features, while DL 

algorithms refer to recent advances learning methods that utilise 

several non-linear processing layers for discriminative or 

generative feature abstraction and transformation for pattern 

analysis [10]) for IoT security that can provide researchers and 

developers a manual guide to developing an effective and end-

to-end security solution based on intelligence. This survey also 

aims to highlight the list of challenges of using ML/DL to 

secure IoT systems. Section II provides an overview of general 

IoT systems, but the purpose of such an overview is to 

summarise the method used by the IoT model and its 

characteristics for increasing security risk. The summary points 

are provided at the end of Section III. Section IV presents the 

IoT security properties and threats and discusses the potential 

vulnerabilities and attack surfaces of IoT systems (IoT attack 

surfaces are categorised into physical device, network service, 

cloud service and web and application interfaces). Moreover, 

we discuss a new attack surface caused by the IoT 

environment. In Section V, we discuss the most promising ML 

and DL algorithms, their advantages, disadvantages and 

applications in the IoT security and then present the comparison 

and summary table for the reviewed ML/DL methods at the end 

of each section. Section VI discusses and comprehensively 

compares the application of ML/DL methods in securing each 

IoT layer, and a summary table of the studies that used ML and 

DL for IoT security is presented. In this section, we also present 

the enabling technology of ML/DL deployment for IoT 

security. In Section VII, the issues, challenges and future 

directions in using ML/DL for effectively securing IoT systems 

are presented and classified; the challenges are related to IoT 

data issues, learning strategies, operations under the 

interdependent, interconnected and interactive 

environments, possible misuse of ML and DL algorithms by 

attackers, inherent privacy and security issues of ML and DL 

and inherent properties of an IoT device. These challenges 

prevent the implementations of effective ML/DL methods for 

IoT system security (i.e. computational complexity or security 

vs. other trade-offs) and are presented as future directions. 

Furthermore, we present other future directions, such 

as integrating ML/DL with other technology (e.g. edge 

computing and blockchain) to provide reliable and effective IoT 

security methods. Section VIII presents the conclusions drawn 

from this survey. The key contributions of this survey are listed 

as follows: 

 Comprehensive discussion on the potential 

vulnerabilities and attack surfaces of IoT systems: We 

discuss various threats and attack surfaces in IoT 

systems. The attack surfaces are categorised into 

physical device, network service, cloud service and 

web and application interfaces, with several examples 

of security threat and potential vulnerabilities for each 

attack surfaces. We also discuss a new attack surface 

caused by the interdependent, interconnected and 

interactive environments of IoT systems. 

 In-depth review of the ML and recent advances in DL 

methods for IoT security: The most promising ML and 

DL algorithms for securing IoT systems are reviewed, 

and their advantages, disadvantages and applications 

in IoT security are discussed. Furthermore, 

comparisons and summary tables for ML and DL 

methods are presented to provide learned lessons.  

 Application of ML/DL for each IoT layers: The 

application of ML/DL for securing perception, 

network and application layers is reviewed. The works 

reviewed are compared on the basis of the type of 

learning method used,  the type of attack surfaces 

secured and the type of threats detected. The enabling 

technologies of ML/DL deployment for IoT security 

are discussed. 

 Challenges and future directions: Several potential 

research challenges and future directions of ML/DL 

for IoT security are presented. 

The following subsection discusses related works to 

highlight the major differences of this survey from the previous 

survey on IoT security. 

A.  Related Work 

Several researchers have conducted surveys on the IoT 

security to provide a practical guide for existing security 

vulnerabilities of IoT systems and a roadmap for future works. 

However, most of the existing surveys on IoT security have 

not particularly focused on the ML/DL applications for IoT 

security. For example, Surveys [11-17] reviewed extant 

research and classified the challenges in encryption, 

authentication, access control, network security and application 

security in IoT systems. Granjal, Monteiro and Silva [18] 

emphasised the IoT communication security after reviewing 

issues and solutions for the security of IoT communication 

systems. Zarpelão et al. [19] conducted a survey on intrusion 

detection for IoT systems. Weber [20] focused on legal issues 

and regulatory approaches to determine whether IoT 

frameworks satisfy the privacy and security requirements. 

Roman, Zhou and Lopez [21] discussed security and privacy in 

the distributed IoT context. These researchers also enumerated 

several challenges that must be addressed and the advantages of 

the distributed IoT approach in terms of security and privacy 

concerns. Survey [22] reviewed evolving vulnerabilities and 

threats in IoT systems, such as ransomware attacks and security 

concerns. Xiao et al. [23] briefly considered the ML methods 

for protecting data privacy and security in the IoT context. Their 

study also indicated three challenges in future directions of ML 

implementation in IoT systems (i.e. computation and 

communication overhead, backup security solutions and partial 

state observation).  

Other survey papers such as [24, 25] focused on the uses of 

data mining and machine learning methods for cybersecurity to 

support intrusion detection. The surveys  mainly discussed the 

security of the cyber domain using data mining and machine 
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learning methods and mainly reviewed misuse and anomaly 

detections in cyberspace [24, 25].  

Various classes of artificial intelligence approaches were 

studied [26] in the perspective of a context-aware framework, 

and the possibilities of implementing those strategies in IoT 

systems were examined. Nevertheless, the study did not focus 

on the role of DL in context reasoning. A survey of ML 

techniques for WSNs was provided [27]. The main focus was 

to study ML approaches in the practical aspect of WSNs, such 

as routing, localisation and clustering, as well as impractical 

aspects such as security and QoS. The application of DL in the 

design of WSNs were discussed in [28]. DL approaches were 

emphasised [29] with respect to network traffic control 

systems. However, this effort focuses on network organisation 

and varies from our work that emphasises on ML and DL 

approaches for IoT security. 

Several classical ML methods were studied [30]  along with 

advanced methods containing DL for handling common big 

data. In particular, the association of different ML approaches 

with signal processing methods were emphasised to process and 

investigate appropriate big data applications. A comprehensive 

review focused on state-of-the-art approaches of DL  [31]. The 

review covered the open research challenges of different 

proposed solutions along with their evolution and uses. The 

fundamental principles of numerous DL models were analysed 

with their uses and advances of DL in certain applications [32], 

such as computer vision, pattern recognition and speech 

processing. A survey of development in DL was conducted for 

recommendation models, which play a vital role in mobile 

advertising [33].   

Numerous effective ML practices were also used in self-

organising networks [34]. The study discussed advantages and 

disadvantages of different approaches, and provided future 

research directions in this domain. Challenges and 

opportunities of integrating artificial intelligence into future 

network designs were likewise discussed [35]. The importance 

of artificial intelligence in 5G environment was emphasised. 

Data mining for network intrusion detection was discussed in 

[36]. Inherited research challenges were also emphasised for 

such applications. Multimedia mobile application was also 

reviewed using DL [37]. State-of-the-art DL practices in speech 

recognition, language translation, mobile ambient intelligence, 

mobile security, mobile healthcare and wellbeing were covered. 

A survey was similarly conducted on recent state-of-the-art DL 

approaches used in different applications for data analytics in 

IoT [38].   

However, in contrast to other surveys, our survey presents a 

comprehensive review of cutting-edge machine and recent 

advances in   deep learning methods from the perspective of IoT 

security. This survey identifies and compares the opportunities, 

advantages and shortcomings of various ML/DL methods for 

IoT security. We discuss several challenges and future 

directions and present the identified challenges and future 

directions on the basis of reviewing the potential ML/DL 

applications in the IoT security context, thereby providing a 

useful manual for researchers to transform the IoT system 

security from merely enabling a secure communication among 

IoT components to end-to-end IoT security-based intelligent 

approaches. 

B. Overviews of IoT 

IoT [39] consists of many context-aware products and 

technologies, ranging from analogue and digital sensors to 

global positioning systems (GPS) and radio frequency 

identification devices (RFID), near field communication (NFC) 

sensors, weather detectors and emergency alarms. All these IoT 

devices collect data, process and communicate in real time. 

Such real-time communication is often subject to monitoring, 

connecting and interacting with many systems. These IoT 

devices store critical information ranging from sound data, light 

intensity, temperature reading, electricity consumption, 

mechanics movements, chemical reaction to impact, biological 

changes and geo-location. IoT devices are employed for 

machine-to-machine connection, machine-to-man interaction, 

and man-to-man activities.  

C. IoT security  

 Various IoT applications have different kinds of industry 

standards and specifications, yet no unified IoT security 

standards have been developed. Various organisations, such as 

IEEE and ETSI, attempt to create IoT standards for security. 

The development of security standards in IoT has been reported 

[4]. Current IoT-based frameworks are standalone in small 

networks, whereas relatively few frameworks are known for 

large-scale networks. As the development of IoT reach 

maturity, small networks converge into a large network. A large 

IoT network requires complex measures for security. Solving 

those security challenges will be crucial towards sustainable 

IoT development.  

IoT structure is broadly categorised into three layers, namely, 

application, network and perception layers. A few IoT solutions 

also utilise different support technologies for networks, such as 

network processing, third-party middleware, and distributed 

technology, as a processing layer. These layers of IoT structure 

were also explained in an analysis of potential threats and 

requirements to secure IoT architecture [5] [6].  
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Figure 2 Thematic Taxonomy of ML/DL for IoT Security 

II.  TAXONOMY OF ML/DL FOR IOT SECURITY  

ML/DL for IoT security can be categorised and compared 

through multiple parameters. Figure 2 represents the taxonomy 

for IoT security using ML/DL. IoT security can be classified 

into the following five categories: IoT system, IoT security 

threats, learning methods for IoT security, ML/DL for layers 

security and finally the issues, challenges and future directions. 

Detailed explanations of each category are given below. 

A. IoT System 

The key attributes that differentiate IoT security issues from 

traditional ones are its ubiquity and wide deployment as a 

distributed network. These attributes of heterogeneity and 

complexity lead to difficulties in ensuring IoT security. This 

study presents challenges and highlights the research 

opportunities in IoT security. New research areas and their 

possible solutions are likewise previously discussed in [40]. 

B. IoT Security Threats 

Each IoT layer is vulnerable to security loopholes and their 

activities. These activities can be active or passive and can start 

from remote systems or internal networks (insider attack [1]). 

An active attack disturbs the operation of running services, 

whereas a passive attack enumerates IoT network information 

without disturbing the live service. All layers of IoT devices and 

services are vulnerable to denial of service (DoS) attacks. As a 

result, the device and network resources become unresponsive 

and degrade customer service. The following paragraphs cover 

a detailed analysis of the security problems corresponding to 

each layer [41]. 

C. Learning Methods for IoT Security 

Learning methods for IoT security have been grouped into ML, 

DL and RL methods. ML methods consist of supervised and 

unsupervised approaches. The supervised approaches are 

further categorised into DT, SVM, NB, KNN, RF, AR and EL. 

Moreover, the unsupervised method only consists of two 

methods, which are K-means and PCA. DL methods are also 

grouped into supervised, unsupervised and hybrid approaches. 

Supervised approaches consist of CNN and RNN methods. 

Unsupervised approaches also consist of AE, RBMs and DBNs 

methods. Lastly, hybrid approaches consist of GAN and 

EDLNs methods. No further categorisation was found under RL 

methods. 
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D. ML/DL for layer security 

In this parameter, the layers are categorised into ML/DL 

perception layer security, ML/DL network layer security, 

ML/DL application layer security, and enabling technology for 

ML/DL deployment for IoT security. 

E. Issues, Challenges and Future Directions 

Under this parameter, we present a list of issues, challenges and 

future directions for using ML and DL methods to mitigate 

security weaknesses in IoT systems. The issues are classified 

based on data, learning strategies for effective IoT security, ML 

and DL challenges, integrating ML/DL with other technologies 

for IoT security, ML/DL for securing IoT interdependent, 

interconnected and social environments, computational 

complexity and security versus trade-offs in IoT application. 

III. OVERVIEW OF THE IOT SYSTEM  

This section provides an overview of the general IoT 

systems. However, the objective of this section is to highlight 

the characteristics of IoT systems that may increase security 

risk. The summary points are provided at the end of this section. 

IoT converts a physical object from a conventional object to 

a smart object by utilising technologies, such as communication 

technologies, Internet protocols and applications, sensor 

networks and ubiquitous and pervasive computing [42]. The 

implementation of a flawless IoT system is crucial in the 

academe and industry due to the wide range of applications that 

can enable the execution of smart city concepts through billions 

of connected smart devices [43]. The IoT model can be defined 

as the interconnection of massive heterogeneous devices and 

systems in diverse communication patterns, such as thing-to-

thing human-to-human or human-to-thing [13, 42]. The IoT 

architecture consists of physical objects that are integrated into 

a communication network and supported by computational 

equipment with the aim of delivering smart services to users. 

The IoT architecture generally has three layers, namely, 

application, network and perception [14]. This architecture can 

be further taxonomized for simplicity and improved analysis, as 

shown in Figure 3. Each level is described in the following 

subsections. 

 
Figure 3 IoT architecture
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A.  Physical objects 

The physical object level involves IoT physical sensors. The 

main function of physical objects is to sense, collect and 

possibly process information. This level adopts sensors and 

actuators, such as temperature, humidity, motion and 

acceleration sensors, to implement diverse sensing 

functionalities. The plug-and-play mechanism must be 

applicable at this level to configure heterogeneous sensors [42, 

44, 45]. IoT sensors are resource-constrained devices because 

they have limited battery capacity and computational 

capability. Understanding the sensor data delivered by these 

objects is a key step in achieving a context-aware IoT system 

[46, 47]. A large part of the big data of IoT is generated at this 

level. The increase in IoT devices and the extensive increment 

in data volume indicate a positive correlation between the 

growth of big data and of IoT devices. Effective analysis of the 

big data of IoT can result in improved decision making for a 

highly secure IoT implementation. 

One of the promising applications of ML/DL methods is 

perception-layer authentication. Traditional physical-layer 

authentication techniques apply assumption checks and relate 

the randomness and exclusiveness of the radio channel between 

‘Alice’ and ‘Bob’ to detect spoofing attacker ‘Eve’ in a wireless 

network. Nonetheless, such an approach is not always practical 

specifically in dynamic networks [48].  

B.  Connectivity  

One of the main objectives of the IoT platform is to connect 

heterogeneous sensors cooperatively and subsequently provide 

smart services [42]. The sensors implemented in the IoT 

platform are resource-constrained because they are powered by 

batteries and have a limited computation and storage capability 

[47, 49]. Therefore, IoT sensors must work with low-power 

resources under a lossy and noisy communication environment 

[42]. The following connectivity challenges are encountered in 

the deployment of IoT devices.  

 The first one is providing unique IPs to billions of 

devices connected to the Internet. This challenge can 

be mitigated by incorporating 6LoWPAN that uses 

IPv6.  

 The second challenge is developing low-power 

communication for transmitting data generated by 

sensors.  

 The third challenge is implementing effective routing 

protocols that consider the limited memory of sensors 

and support the flexibility and mobility of smart 

objects. 

 The recent communication technologies employed in IoT 

are 6LoWPAN, Bluetooth, IEEE 802.15.4, WiFi, ultra-wide 

bandwidth, RFID and near-field communication (NFC) [42].  

C. Middleware  

A middleware aims to effectively represent the complexities 

of a system or hardware, thus allowing developers to focus only 

on the issue to be solved without interruption at the system or 

hardware level [50, 51]. These complexities are commonly 

related to communication and computational issues. A 

middleware offers a software level amongst applications, the 

operating system and the network communication levels; it 

enables cooperative processing. From the computational 

perspective, a middleware offers a level between an application 

and the system software [47, 50, 52]. Its main functions can be 

summarised as follows. First, it enables cooperation between 

heterogeneous IoT objects so that the diverse categories of IoT 

can interact with one another effortlessly through middleware 

assistance [47, 50, 52]. One of key roles of middleware is to 

provide interoperability between the IoT devices. Second, a 

middleware must provide scalability amongst several devices 

that are likely to interact in the IoT realm. The future growth of 

IoT devices should be handled by the middleware by providing 

vital modifications when the organisation scales [47]. The third 

function is device discovery [47] and context awareness, which 

should be provided by a middleware to support the objects’ 

awareness of all other surrounding IoT objects. A middleware 

should provide context-aware computing to understand sensor 

data. Sensor data can be utilised to obtain the context, and the 

obtained context can be used to provide smart services to users 

[53]. The last function is to provide security and privacy to IoT 

devices because the data collected by IoT devices are generally 

related to humans or an industry. Security and privacy concerns 

must be addressed in such circumstances. A middleware must 

construct mechanisms to provide a secure IoT system [47]. 

D. Big Data Analytics  

The huge amounts of data produced or captured by IoT are 

extremely valuable. ML can play an analytical role in building 

intelligent IoT systems to deliver smart services in the IoT 

realm [54]. Big data are created [55] by several physical objects 

that are used in various IoT applications. However, physical 

devices produce volumes of data that should be analysed in real 

time to acquire useful knowledge. To obtain insights from these 

data, researchers [54-60] have discussed different methods of 

integrating big data analytical methods with IoT design. Unlike 

traditional analytical methods, ML and DL can effectively 

derive unobserved insights from big data and convert big data 

into useful data with minimal human assistance [55]. Analytical 

methods can be categorised into three: descriptive, predictive 

and perspective analytics [55]. Descriptive analytics is used for 

analysing data to describe current or past events. Predictive 

analytics is used for analysing data to predict the future based 

on the patterns that occur in current events. Prescriptive 

analytics is used for analysing data to make decisions by 

examining various real scenarios and providing a set of 

recommendations to decision makers. The big data related to 

the behaviour of IoT systems are vital in building ML/DL to 

secure IoT systems. 

E. Applications  

IoT has several applications. The commonly known 

applications include smart healthcare, smart transportation, 

smart grid and smart building. These applications are briefly 

discussed in the following subsections. 

1)  Smart healthcare  

IoT devices have become popular in health applications in 
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recent years. The IoT system is rapidly becoming a key 

instrument in healthcare [61]. IoT devices are used in healthcare 

sectors to closely observe and record patient conditions and 

send warnings to the concerned healthcare system in critical 

circumstances to provide a rapid and timely treatment to 

patients. Internet of medical things (IoMT) devices have been 

adopted in approximately 60% of the healthcare sector [62]. 

IoMT is believed to have a significant role in transforming the 

healthcare field by empowering the evolution from 

disorganised healthcare to synchronised healthcare. In 2015, 

30.3% of 4.5 billion IoT devices are IoMT devices. This 

number is estimated to rise to 20–30 billion IoMT devices by 

2020.  

However, in contrast to other applications, the IoT in 

healthcare systems must be secured whilst providing flexible 

access to devices to save lives in emergency cases. For example 

[63], an individual who has an implanted IoT-based medical 

device has experienced an emergency situation where he/she 

suddenly must be admitted into a hospital rather than only 

regularly visiting. In this case, the staff at the new hospital must 

be able to access the implanted IoT-based medical device 

easily. Therefore, a complex security requirement may be not 

acceptable, and the security method must consider and balance 

between security and flexible access during emergency 

situations. 

Moreover, IoT sensors are widely used to monitor daily 

health-related activities. A smartphone is usually employed to 

monitor health-related activities, such as daily activity (number 

of steps, walking and running distance and cycling distance), 

and sleep analysis. IoT has prodigious opportunities to 

potentially advance healthcare systems and a wide range of 

applications [64]. The recent development in traditional 

medical devices towards interactive environment medical 

devices can be further advanced by the IoT system by 

connecting implanted, wearable and environmental sensors 

collaboratively within the IoT system to monitor users’ health 

effectively and ensure real-time health support [61]. However, 

securing IoT systems remains a critical issue [65, 66], and 

further investigation is required to securely implement IoT 

devices in healthcare. 

2)  Smart transportation  

Smart or intelligent transport systems have become attainable 

with the help of IoT systems. The main objective of smart 

transport is to manage daily traffic in cities intelligently by 

analysing data from well-connected sensors located in different 

places and implementing data fusion (data from CCTV, mobile 

devices, GPS, accelerometers, gyroscope-based applications 

and weather sensors). The data are then explored and integrated 

to provide smart choices to users [67]. Moreover, the data 

analytics of smart transport can implicitly enhance shipment 

schedules, advance road safety and improve delivery time [55]. 

3)  Smart governance  

IoT can facilitate smart governance. Integrating data from 

different governmental sectors can provide authorities with 

abundant information from a wide range of sensor data (from 

weather-related data to security-related data). The huge amount 

of data generated by IoT sensors can overcome the limitations 

of conventional monitoring systems in an exceptional manner, 

thereby presenting a knowledge-based system from information 

fusion sources that compiles and correlates data from different 

sectors to deliver an optimal decision considering multiple 

perspectives. 

4)  Smart agriculture 

 IoT systems can be applied to improve the agriculture sector. 

IoT sensors can be implemented to enable real-time monitoring 

of the agriculture sector. IoT sensors can collect useful data on 

humidity level, temperature level, weather conditions and 

moisture level. The collected data can then be analysed to 

provide important real-time mechanisms, such as automatic 

irrigation, water quality monitoring, soil constituent monitoring 

and disease and pest monitoring [68]. 

5)  Smart grid  

The latest development in power grids was achieved by using 

the IoT platform to construct a smart grid in which the 

electricity between suppliers and consumers is handled smartly 

to improve efficiency, safety and real-time monitoring[69-71]. 

The IoT platform plays a significant role in effective grid 

management. Applying IoT technology in a smart grid can help 

prevent disasters, decrease power transmission to enhance the 

reliability of power transmission and minimise economic losses 

[72]. Moreover, analysing the data generated by IoT sensors can 

help decision makers select a suitable electricity supply level to 

deliver to customers.  

6)  Smart homes  

IoT components are used to realise smart homes. Home IoT-

based machines and systems (e.g. fridge, TV, doors, air 

conditioner, heating systems and so on) are now easy to observe 

and control remotely [42, 73]. A smart home system can 

understand and respond to surrounding changes, such as 

automatically switching on air conditioners based on weather 

predictions and opening the door based on face recognition. 

Intelligent homes should consistently collaborate with their 

internal and external environments [74]. The internal 

environment involves all home IoT devices that are managed 

internally, and the external environment involves objects that 

are not managed by the smart home but play important roles in 

the construction of the smart home, such as smart grids [42, 74]. 

7)  Smart supply chain  

An important application of IoT technology in real life is the 

development of easier and more flexible business processes 

than before. The development in IoT-embedded sensors, such 

as RFID and NFCE, enables the interaction between IoT 

sensors embedded on the products and business supervisors. 

Therefore, these goods can be tracked throughout production 

and transportation processes until they reach the consumer. The 

monitoring process and the data generated through this process 

are crucial in making appropriate decisions, which can in turn 

improve machine uptime and the service provided to customers 

[71]. 

F. Collaboration and Business Objective  

At this level, IoT service is delivered to users, and the data 

captured and analysed at the lower levels are integrated into the 

business objective. This level mainly involves human 

interaction with all of the levels of the IoT model. The aim at 
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this level is to effectively utilise the data captured, transmitted 

and analysed at different levels of the IoT model to improve 

social and economic growth. The analysis of big data generated 

by IoT devices can be incorporated into the business objective 

at this stage to identify factors that can improve the business 

outcome and create optimal strategic business plans.  

G. Lessons learned  

The major contribution of Section III is an overview of IoT 

systems by generally describing an IoT system, highlighting its 

characteristics and systems that may increase security risks. 

Furthermore, from the above discussions, we can conclude that 

the nature of IoT systems can increase security risks because of 

the following reasons. 

 By nature, IoT is a multipart model with various 

applications that have diverse requirements. This 

nature demonstrates the massive complexity of such 

systems through extensive IoT applications, from 

smart homes, smart cars, to smart healthcare. These 

drivers and various IoT applications can present a 

challenge whilst developing an effective security 

scheme. An effective security method proposed for a 

specific application or requirement may be unsuitable 

for others with different requirements. 

 IoT systems are vastly heterogeneous in protocols, 

platforms and devices that are accessible worldwide 

and consist mainly of constrained resources, 

construction by lossy links [7, 8] and lack of 

standardisation. Such features of IoT systems become 

bottlenecks that prevent the development of effective 

and generalised security schemes. 

 IoT devices can be designed to autonomously adapt to 

the surrounding environment. Consequently, IoT 

devices can be controlled by other devices [7]. In such 

cases, an effective IoT security must not only be 

proposed to secure each device independently but also 

to provide an end-to-end security solution. 

 IoT generates valuable data, which can be analysed to 

understand the behaviour of individuals and their daily 

activities. Therefore, policymakers can use such 

information to adjust their products smartly and satisfy 

individual preferences and requirements. However, 

this result can turn IoT devices into eavesdropping 

devices that capture user information including 

biometric data, such as voices, faces and fingerprints 

that can aid in IoT device intrusion. 

 Physical attacks can increase by implementing IoT 

systems because most of the physical things of IoT 

(e.g. sensors) may be ubiquitously and physically 

reachable [21, 75]. Physical threats may likewise be 

caused by unintended damage from natural disasters, 

such as floods or earthquakes, or disasters caused by 

humans, such as wars [76, 77]. Therefore, an effective 

security solution must be context-aware and consider 

such characteristics of IoT systems. 

 IoT systems do not have exact boundaries and are 

constantly adjusted whilst new devices are added due 

to user mobility. Such characteristics allow the IoT 

model to continually expand possible attack surfaces 

and introduce several vulnerabilities. 

Therefore, methods that can comprehensively understand 

and gain knowledge on the behaviour of things and other IoT 

components within such large systems are required. However, 

ML/DL methods can predict the expected behaviour of a system 

by learning from previous experiences. Therefore, applying 

ML/DL methods can significantly advance the security 

methods by transforming the security of IoT systems from 

simply facilitating secure communication between devices to 

security-based intelligence systems. 

IV.  IOT SECURITY THREATS 

IoT integrates the Internet with the physical world to provide 

an intelligent interaction between the physical world and its 

surroundings. Generally, IoT devices work in diverse 

surroundings to accomplish different goals. However, their 

operation must meet a comprehensive security requirement in 

cyber and physical states [76, 78]. IoT systems are complex and 

contain multidisciplinary arrangements. Therefore, maintaining 

the security requirement with the wide-scale attack surface of 

the IoT system is challenging. To satisfy the desired security 

requirement, the solution should include holistic 

considerations. However, IoT devices mostly work in an 

unattended environment. Consequently, an intruder may 

physically access these devices. IoT devices are normally 

connected over wireless networks where an intruder might 

expose private information from the communication channel by 

eavesdropping. IoT devices cannot support complex security 

structures because of their limited computation and power 

resources [5]. Therefore, securing the IoT system is a complex 

and challenging task. Given that the main objective of the IoT 

system is to be accessed by anyone, anywhere and anytime, 

attack vectors or surfaces also become accessible to attackers 

[21, 79]. Consequently, causing potential threats to become 

more probable. A threat is an act that can exploit security 

weaknesses in a system and exerts a negative impact on it [5, 

80]. Numerous threats, such as passive attacks (e.g. 

eavesdropping) and active threats (e.g. spoofing, Sybil, man-in-

the-middle, malicious inputs and denial of service (DoS)), 

might affect the IoT system. Figure 4 shows the potential 

attacks that can affect the main security requirements 

(authentication, integrity non-repudiation, confidentiality 

availability and authorisation).  
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Figure 4 Potential threats in the IoT system

The following main security properties should be considered 

while developing an effective IoT security method. 

Confidentiality: Confidentiality is a vital security 

characteristic of IoT systems. IoT devices may store and 

transfer sensitive information that should not be revealed by 

unauthorised individuals. Medical (patient related), personal, 

industry and military data are highly confidential and must be 

secured against unauthorised access [5, 81]. However, in 

specific scenarios, such as IoT medical devices, although 

communications are encrypted and data are confidentially 

stored and transferred, attackers can still sense the existence of 

the physical device and can even track the holder. In such a 

situation, the location confidentiality of the holder is exposed 

and put at risk [63].  

Integrity: Data from IoT devices are generally transferred 

through wireless communication and must be changed only by 

authorised entities. Integrity features are thus fundamental in 

ensuring an effective checking mechanism to detect any 

modification during communication over an insecure wireless 

network. Integrity features can secure the IoT system from 

malicious inputs that might be used to launch structured query 

language (SQL) injection attacks [82]. A deficiency in integrity 

inspection can allow for modification of the data stored on the 

memory of IoT devices, which can affect the main operational 

functions of the physical devices for a long time without being 

detected easily. IoT systems have various integrity 

requirements. For example, IoT implantable medical devices 

require effective integrity checking against random errors 

because they affect human lives directly. Loss, errors or 

modification of information in several circumstances can lead 

to loss of human lives [63, 83, 84]. 

Authentication: The identity of entities should be perfectly 

established prior to performing any other process. However, 

due to the nature of IoT systems, authentication requirements 

differ from system to system. For example, authentication 

should be robust in an IoT system where a service needs to offer 

robust security rather than high flexibility. Trade-offs are a 

major challenge in developing an effective authentication 

scheme. For example, the trade-off between security and safety 

in IoT medical devices is that both security and safety must be 

balanced when designing an authentication scheme. Similarly, 

the trade-off can be between an effective authentication scheme 

and battery-based devices or between privacy and security [85]. 

Therefore, an IoT system requires an effective authentication 

that can balance system constraints and provide robust security 

mechanisms [86]. 

Authorisation: Authorisation includes granting users access 

rights to an IoT system, such as a physical sensor device. The 

users may be machines, humans or services. For example, the 

data collected by sensors should only be delivered to and 
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accessed by authorised users (authorised objects and service 

requesters) [13, 87]. In other words, an action must be 

performed only if the requester has satisfactory authorisation to 

command it. The main challenge in authorisation in IoT 

environments is how to grant access successfully in an 

environment where not only humans but also physical sensors 

(things) should be authorised to interact with the IoT system 

[12]. In addition, in handling huge amounts of data in such a 

heterogeneous environment, the data must be protected 

throughout the sensing and transmission process and should be 

made available only to authorised parties [88]. 

Availability: The services delivered by IoT systems must 

always be available to authorised entities. Availability is a 

fundamental feature of a successful deployment of IoT systems. 

However, IoT systems and devices can still be rendered 

unavailable by many threats, such as DoS or active jamming. 

Therefore, ensuring the continuous availability of IoT services 

to users is a critical property of IoT security. 

Non-repudiation: The non-repudiation property is meant to 

provide access logs that serve as evidence in situations where 

users or objects cannot repudiate an action. Generally, non-

repudiation is not considered a key security property for many 

IoT systems [5]. However, non-repudiation can be an important 

security property in specific contexts, such as payment systems 

where both parties cannot repudiate a payment transaction [5]. 

For an effective IoT security scheme, the security properties 

above should be considered. However, these properties can be 

exploited by several security threats, as shown in Figure 4. In 

the following subsection, we briefly discuss potential security 

threats to understand how different security properties should 

be maintained in a secure IoT environment. 

A.  Threats in IoT 

Security threats can be categorised as cyber and physical. 

Cyber threats can be further classified as passive or active. The 

following subsection provides a brief discussion of these 

threats. 

1) Cyber Threats 

Passive threats: A passive threat is performed only by 

eavesdropping through communication channels or the 

network. By eavesdropping, an attacker can collect information 

from sensors, track the sensor holders, or both. Currently, 

collecting valuable personal information, particularly personal 

health data, has become rampant on the black market [78]. The 

value of personal health information on the black market is $50 

compared with $1.50 for credit card information and $3 for a 

social security number [78]. Moreover, an attacker can 

eavesdrop on communication channels to track the location of 

the IoT device holder if its communication channel is within 

range [89, 90], thus causing a violation of privacy. 

Active threats: In active threats, the attacker is not only 

skilful in eavesdropping on communication channels, but also 

in modifying IoT systems to change configurations, control 

communication, deny services and so on. Attacks may include 

a sequence of interventions, disruptions and modifications. For 

example, potential attacks on an IoT system (shown in Figure 

4) may involve the following active attacks: impersonation (e.g. 

spoofing, Sybil and man-in-the-middle), malicious inputs, data 

tampering and DoS. An impersonation attack is intended to 

impersonate an IoT device or authorised users. If an attack path 

exists, active intruders can attempt to partially or fully 

impersonate an IoT entity [21]. Malicious input attacks are 

intended to insert malicious software into the targeted IoT 

system. This software will run a code injection attack. The 

injected malicious software has a dynamic nature, and new 

types of attacks are constantly introduced to violate IoT 

components remarkably because IoT systems have a naturally 

large, well-connected surface [22, 91]. Meanwhile, data 

tampering is the act of intentionally changing (deleting, 

changing, manipulating or editing) information via 

unauthorised operations. Data are commonly transmitted or 

stored. In both situations, data might be captured and tampered, 

which might affect the significant functions of IoT systems, 

such as changing the billing price in the case of an IoT-based 

smart grid [92]. Many types of DoS attacks can be utilised 

against IoT. These types range from conventional Internet DoS 

attacks that are established to deplete the resources of the 

service provider and network bandwidth to signal jamming that 

targets wireless communication. Distributed DoS (DDoS) is a 

severe DoS where several attacks are launched with different 

IPs, which makes discriminating it from normal traffic of 

normal devices challenging compared with the attack with a 

huge traffic form signal or limited number of devices that is 

easier to discriminate from normal traffic and devices. 

Although different forms of DoS attacks exist, they have a 

common aim: to interfere with the availability of IoT services 

[19]. IoT systems have billions of connected devices that can 

be exploited through destructive DDoS, such as Mirai. Mirai is 

an exceptional type of botnets that has recently caused large-

scale DDoS attacks by using IoT devices [7, 9]. 

2) Physical Threats 

Physical threats can be in terms of physical destruction. In 

these threats, the attacker generally does not have technical 

capabilities to conduct a cyber-attack. Therefore, the attacker 

can only affect the reachable physical objects and other 

components of IoT that lead to terminating the service. By 

adopting IoT systems, these types of attacks may become wide-

scale because most of the physical objects of IoT (sensors and 

cameras) are expected to be everywhere and physically 

accessible [21, 75]. Physical threats may also be caused by 

unintended damage from natural disasters, such as floods or 

earthquakes, or disasters caused by humans, such as wars [76, 

77].  

B. Attack Surfaces 

In this section, we discuss possible IoT system attack 

surfaces and the potential threats related to each surface. As 

shown in Figure 5, IoT attack surfaces can be categorised into 

physical device, network service, cloud service, web and 

application interface. The new IoT environment introduces 

threat surfaces. 
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Figure 5 IoT attack surfaces

 

1) Physical Device Surface  

Physical devices, such as RFID, are a main part of IoT 

systems. In an embedded communication system, RFID plays a 

significant role in implementing microprocessors for wireless 

communication [93]. The key characteristic of RFID tags is 

automatic identification through a unique identifier that 

involves fast information transmission between tags (RFID is 

tagged to an object that can be anything, from human to animal) 

and readers [94]. The main function of RFID technology is to 

supervise the process of objects in real time; this bridges the 

interaction between virtual and actual worlds. Consequently, 

these tiny physical devices can be expended in an exceptionally 

wide range of applications [93]. However, most physical 

devices suffer from many security-related issues. Another unit 

of physical device surface is the sensor node. Sensor nodes 

mainly consist of sensors used for sensing and actuators used 

for actuating devices in accordance with specified instructions. 

Sensors nodes commonly have high latency. 

Most physical devices are resource-constrained and contain 

valuable information, which makes them a potential surface for 

attackers; for example, they can be exploited to track their 

holders, flooding them with many access requests that cause 

DoS or other attacks, such as eavesdropping, spoofing and 

counterfeiting [95, 96]. Moreover, this surface is highly 

vulnerable to physical threats because it is the most physically 

accessible surface for an attacker.  

2)  Network Service Surface  

The IoT system contains physical objects (sensors and 

actuators) that are connected through wired and wireless 

technologies. Sensor networks (SNs) are significant resources 

for realising IoT systems. SNs can be constructed without an 

IoT system. However, an IoT system cannot be constructed 

without SNs [53, 97]. An IoT system consists of SNs and a 

wired network, thus creating a large-scale network surface. 

Such a wide network surface can be potentially vulnerable. 

Moreover, IoT systems face new security threats that are 

inherited from wired and wireless SNs. These new threats are 

introduced when traditional networks are directly integrated 

into IoT networks. The direct integration of a wireless SN into 

an IoT network poses several issues because traditional 

networks are no longer secure within IoT environments; for 
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example, the resilience of WSNs (the sensors within a WSN 

openly provide its information to external parties) makes this 

network completely vulnerable to attacks in IoT environments 

[53, 97]. 

Other threats can be designed by attackers to target the 

routing protocol that may lead to network failure. Accordingly, 

designing a secure routing protocol is important to IoT system 

security [95, 98]. Attacks can also be launched at a port by 

searching and examining open ports. Detection of open ports 

can encourage attackers to launch an attack on the services 

operating on these open ports. Such an attack can extract 

detailed information about the network, such as IP address, 

MAC address, router and gateway [9, 99].  

IoT has expanded network connectivity, mobility and 

collaboration between users. Such features increase network 

service surfaces, leading to frequent security risks and attacks, 

such as hacking, interruption, acknowledgement spoofing, 

DoS, man-in-the-middle attack protocol tunnelling and 

interception [100]. Furthermore, the Internet network, which is 

a key component that connects IoT devices, has different 

players ranging from business subscribers to individual 

subscribers and from a local network area (LAN) to a 

worldwide network area (WAN), thereby connecting a wide 

range of devices and servers [101]. On the one hand, the 

Internet can provide a wide range of services and applications 

that can work in synergy with the information collected from 

sensors to achieve a fully functional IoT system for providing 

intelligent services. On the other hand, the continuous use of 

traditional Internet protocol (TCP/IP) to connect billions of 

objects and devices worldwide is highly vulnerable to 

numerous security and privacy threats, such as viruses, 

intrusion and hacking, replay attack and identity theft [13, 64, 

102]. 

3) Cloud Service Surface  

Cloud computing provides a set of innovative services that 

are introduced to offer access to stores and processes for 

obtaining information from anywhere and at any time; 

accordingly, the requirement for hardware equipment is either 

limited or eliminated [103]. Cloud computing can be defined as 

enabling remote access to shared service resources [104, 105]. 

Cloud computing can serve as a platform that can be used as a 

base technology to realise the vision of IoT [106]. Cloud 

computing has significant characteristics that can benefit IoT 

systems, such as computational and energy efficiencies and 

storage, service and application over the Internet [106]. The 

integration of cloud and IoT offers great opportunities for IoT 

systems. IoT can benefit from the unrestrained resources of the 

cloud, thereby overcoming the main constraints of IoT, such as 

computational and energy capabilities [107]. The integration of 

cloud and IoT offers opportunities for the cloud as well. The 

cloud can use an IoT device as a bridge to be integrated into 

real-life applications through a dynamic and distributed means, 

consequently supplying cloud services to a large consumer base 

[106, 108]. However, with the integration of cloud and IoT 

systems, several security concerns arise because such a 

distributed system is vulnerable to numerous attacks, such as 

(1) malicious attacks that can manipulate flaws in data security 

to obtain unauthorised access (e.g. cross-site scripting (XSS), 

SQL injection flaws, cross-site request forgery (CSRF) and 

insecure storage [109]); (2) insufficient integrity controls at the 

data level that can result in security threats by avoiding the 

authorisation process to directly access the database [109, 110]; 

and (3) a security threat may exist in all virtualisation software 

which can be utilised by intruders (e.g. the vulnerability of a 

virtual server might allow a guest OS to run codes on the host). 

Consequently, the vulnerability of the virtual server could be 

exploited to allow the elevation of privileges [109, 110]. 

Cloud computing has substantial consequences on 

information privacy and confidentiality. Privacy and 

confidentiality risks differ significantly according to the terms 

and conditions between the cloud service provider and the cloud 

service consumers. However, the integration of IoT devices 

with cloud computing introduces several privacy concerns, 

such as exposing highly confidential data (e.g. personal medical 

data of the holder or home-based sensor data). Privacy is a vital 

factor that prevents users from adopting IoT devices. Therefore, 

development should be accompanied with effective privacy 

protection for a successful IoT system deployment [111-113]. 

Moreover, multi-tenancy, which is one of the main features of 

cloud computing, can cause security threats that may lead to 

private information leakage. Multi-tenancy allows multiple 

users to store their data using the cloud via the application 

interface (API). In such a condition, the data of several users 

can be stored at the same locality, and data in such an 

environment can be accessed by one of these users. By either 

hacking through the loop holes in API or inserting the client 

code into the cloud system, an unauthorised operation attack 

can be launched against the data [109]. Authorised cloud users 

might also misuse their permissible access to gain unauthorised 

privileges and launch attacks, such as internal DoS. Such 

attacks can be called insider attacks [99], which can introduce 

a critical trust issue when the cloud is integrated with IoT. 

4) Web and Application Interface 

Most services provided by IoT systems provide users remote 

access via the Web or mobile applications. For example, in a 

smart home, the smart things that are connected to home 

appliances are designed to be controlled by users using their 

mobile applications or by webpage interfaces in a few cases. 

Mobile applications have also been developed for smart cars, 

watches, belts, shoes, glasses, lights, parking and other things 

that are becoming IoT-based devices controlled by mobile 

applications. With the rapid development of IoT, virtual and 

real worlds are being integrated, and soon the difference 

between the two worlds will become undefinable. IoT devices 

can interact with one another in real time. This scenario can be 

ultimately achieved with the help of smartphone applications  

[114]. Smartphones have become ubiquitous because of the 

extensive services they provide to users through their 

applications. Android-based devices are among the popular 

smart devices. They have captured a massive market because of 

their open architecture and the popularity of their application 

programming interface (APIs) among developer groups [115, 

116]. However, the open nature of mobile operating systems 

permits users to download diverse applications involving 
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malicious applications that are uploaded by a third-party to 

online application stores without thorough security checks 

[115, 117]. The growing popularity of Android-based devices 

and other operating system devices has attracted malware 

developers, followed by a huge increase in Android malware 

[115]. Malware developers can control smartphones by utilising 

platform vulnerabilities, extracting private user information or 

constructing botnets. Furthermore, Android applications may 

release private information carelessly or maliciously. 

Consequently, their functioning behaviours, operational models 

and usage patterns should be recognised to develop practical 

security methods for mobile devices [115]. Mobile devices are 

exposed to risks and threats, such as bluesnarfing, bluejacking, 

eavesdropping, tracking and DoS [13, 92, 118].  

5)  New attack surfaces introduced by IoT  

In this section, we discuss new attack surfaces introduced by 

the IoT environment.  

a) Threats caused by IoT interdependent 

environment 

With the rapid growth of IoT objects, the collaboration 

between objects has become more automated and require less 

human involvement. IoT objects no longer merely interact with 

one another like devices within a network. Many IoT devices 

nowadays are designed to achieve the vision of a smart city, 

such that many of these devices are controlled by other devices 

or depend on the operational condition of other devices or the 

surrounding environment. For example, if a GPS sensor is 

aware of the traffic situation in a different road from the user’s 

home to work and the user’s health condition (asthma) is 

known, then the GPS should select the route from the user’s 

home to work that is most suitable for his health condition (less 

traffic and air pollution) based on the health information and 

traffic and pollution sensors. Similarly, [119] provided another 

example where a sensor senses that the indoor temperature is 

raised and a smart plug senses that the air cooler is turned off; 

then, the windows automatically open. Such interdependent 

processes are common in applications that utilise IoT devices 

to achieve a fully automated process. In this environment, the 

targeted IoT device may be unreachable by an attacker, but the 

attacker could modify the operation mode of another device or 

its sensing parameter through the environment that has direct 

interdependence to launch a threat [119]. Therefore, attacking 

one surface, such as reducing the temperature or manipulating 

pollution data, can cause severe effects on other sensors whose 

operations depend on the information from these sensors. In 

such an interdependent environment, the attacker can select the 

weakest nodes in the systems to interrupt the entire systems. 

b) Interconnected environment 

IoT systems connect billions of devices. This architecture 

does not only expend the surface of the attack but also the 

magnitude of the attack. With these densely interconnected 

devices, an infected thing can become a destructive attack that 

infects numerous things at a large scale, thus affecting a large 

part of a city. This situation of nuclear destruction of technology 

can be described as ‘IoT goes nuclear’ [120]. Research [120] 

shows that IoT devices, even with secured industry-standard 

cryptographic methods, may be exploited by attackers to 

produce a new-fangled category of security risks that can be 

circulated from one IoT device to all its physically connected 

devices through the IoT medium. Consequently, an attacker can 

launch rapid and destructive attacks that may not be easy to 

control. To illustrate the impact of this scenario, an 

experimental case was conducted in [120], where an infection 

attack was launched by exploiting the popular Philips Hue 

smart lamps. The malware was diffused by moving directly 

from one lamp to the adjacent lamp through wireless 

connectivity provided by the built-in ZigBee and physical 

proximity. The researchers [120] found that the global AES-

CCM key can be used to encrypt and authenticate new firmware 

without knowing any real updates on smart lamps by using 

cheap available equipment. This situation shows how 

vulnerable such devices are, even the devices produced by a 

well-known company that applies reliable cryptographic 

methods for security. Such attacks can start at a single point at 

any location and may end up infecting the entire city, thereby 

allowing the attackers to control the lights of the city or use IoT 

lamps in DDoS attacks [120]. Consequently, an infection attack 

may spread rapidly to large-scale devices and components due 

to the interconnected nature of IoT systems. 

c)  Social IoT environment 

The Social Internet of Things (SIoT) was introduced recently to 

integrate social networking into IoT. The basis of such 

integration is that each thing (object) can obtain preferred 

services through its social objects called friends in a distributed 

manner with just local information[121].  

Consequently, the threats caused by this IoT environment can 

be related to privacy concerns that may cause exposing 

sensitive information about the objects when integrated into a 

social network of IoT devices [122].  

C. Lessons learned 

IoT systems are complex and contain multidisciplinary 

components. As such, providing effective security requirement 

with the wide-scale attack surface of IoT systems is 

challenging. To satisfy the necessary security, the solution 

should incorporate holistic considerations. However, this 

approach leads to several challenges. For instance, IoT devices 

typically work in an unattended environment. Consequently, an 

intruder may physically access these devices. IoT devices are 

normally connected over wireless networks where an intruder 

may expose private information from the communication 

channel through eavesdropping. In addition, IoT devices cannot 

support complex security structures because of their limited 

computation and power resources [5]. Section IV discusses the 

main security properties that require consideration in 

developing effective IoT security methods, namely, 

confidentiality, integrity, authentication, authorisation, 

availability and non-repudiation (see Figure 4 in Section IV for 

further description). The description shows potential threats in 

an IoT system. Here, we also provide privacy and threats 

examples, such as collecting data (e.g. eavesdropping and 

tracking users) and attack examples (e.g. impersonation of the 
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programmer and IoT Objects, man-in-the-middle) and the 

categories to which they belong (see Figure 4). 

V.  REVIEW OF MACHINE LEARNING AND DEEP LEARNING 

APPLICATIONS IN IOT SECURITY  

Learning algorithms have been widely adopted in many real-

world applications because of their unique nature of solving 

problems. Such algorithms handle the construction of machines 

that progress automatically through experience [123]. Recently, 

learning algorithms have been widely applied in practice. The 

current advancement of learning algorithms has been driven by 

the development of new algorithms and the availability of big 

data, in addition to the emergence of low-computation-cost 

algorithms [123]. ML and DL have advanced considerably over 

the past few years, starting from laboratory curiosity and 

progressing to practical machinery with extensive, significant 

applications [123]. Even though DL is a ML sub-field, in this 

paper ML methods is referred to that require engineered 

features, while DL methods refer to recent advances learning 

methods that utilise several non-linear processing layers for 

discriminative or generative feature abstraction and 

transformation for pattern analysis [10]. 

 Generally, learning algorithms aim to improve performance 

in accomplishing a task with the help of training and learning 

from experience. For instance, in learning intrusion detection, 

the task is to classify system behaviour as normal or abnormal. 

An improvement in performance can be achieved by improving 

classification accuracy, and the experiences from which the 

algorithms learn are a collection of normal system behaviour. 

Learning algorithms are classified into three main categories: 

supervised, unsupervised and reinforcement learning (RL).  

Supervised learning methods form their classification or 

prediction model on the basis of a learnt mapping [123] and 

produce by observing the input parameters. In other words, 

these methods capture the relationships between the input 

parameters (features) and the required output. Therefore, at the 

initial stage of supervised learning, learning examples are 

needed to train the algorithms, which are then used to predict or 

classify the new input [124]. Recent prodigious advancement in 

supervised learning engages deep networks. These networks 

can be viewed as multilayer networks with threshold units 

[123], each of which calculates the function of its input [125, 

126].  

Although many practical realisations of DL have originated 

from supervised learning methods for learning representations, 

recent works have achieved progress in improving DL systems 

that learn important representations of the input without the 

necessity of pre-labelled training data [127]. These learning 

algorithms are unsupervised learning methods, which are 

generally intended to analyse unlabelled data. The objective of 

an unsupervised learning algorithm is to categorise the input 

data into distinctive groups by examining the similarity 

between them. 

The third common type of ML is RL [128, 129]. RL 

algorithms are trained by the data from an environment. RL 

aims to understand an environment and discover the best 

approaches to a given agent in different environments [130]. 

The training data in RL are halfway between those of 

supervised and unsupervised learning. In place of the training 

samples in which the right output is provided for a specified 

input, the training data in RL are assumed to indicate whether 

an action is right or not; if an action is not right, then the 

problem remains until the right action is discovered [123]. 

Thus, RL is trial-and-error learning. 

  In this section, we discuss the most promising ML and DL 

algorithms in IoT security perspective. Firstly, we discuss the 

traditional ML algorithms, their advantages, disadvantages and 

applications in IoT security. Secondly, we discuss DL 

algorithms, their advantages, disadvantages and applications in 

IoT security.  

A. Machine learning (ML) methods for IoT security 

In this subsection, we discuss the common ML algorithms 

(i.e. 1) supervised ML, 2) unsupervised ML,3) semi-supervised 

ML, and 4) reinforcement learning (RL) methods. 

1) Supervised Machine learning  

In this subsection, we discuss the common supervised ML 

approaches (i.e. decision trees (DT), support vector machines 

(SVM), Bayesian algorithms, k-nearest neighbour (KNN), 

random forest (RF), association rule (AR) algorithms, ensemble 

learning) )) and their advantages, disadvantages and 

applications in IoT security. 

a)  Decision Trees (DTs) 

DT-based methods mainly classify by sorting samples 

according to their feature values. Each vertex (node) in a tree 

represents a feature, and each edge (branch) denotes a value that 

the vertex can have in a sample to be classified. The samples 

are classified starting at the origin vertex and with respect to 

their feature values. The feature that optimally splits the 

training samples is deemed the origin vertex of the tree [131]. 

Several measures are used to identify the optimal feature that 

best splits the training samples, including information gain 

[132] and the Gini index [133]. 

Most DT-based approaches consist of two main processes: 

building (induction) and classification (inference) [134]. In the 

building (induction) process, a DT is constructed typically by 

initially having a tree with unoccupied nodes and branches. 

Subsequently, the feature that best splits the training samples is 

considered the origin vertex of the tree. This feature is selected 

using different measures, such as information gain. The premise 

is to assign the feature root nodes that maximally reduce the 

intersection area between classes in a training set, consequently 

improving the discrimination power of the classifier. The same 

procedure is applied to each sub-DT until leaves are obtained 

and their related classes are set. In the classification (inference) 

process, after the tree is constructed, the new samples with a set 

of features and unknown class are classified by starting with the 

root nodes of the constructed tree (i.e. the tree constructed 

during the training process) and proceeding on the path 

corresponding to the learnt values of the features at the inner 

nodes of the tree. This procedure is sustained until a leaf is 

acquired. Finally, the related labels (i.e. predicted classes) of 

the new samples are obtained [134].  

Authorized licensed use limited to: McMaster University. Downloaded on May 03,2020 at 01:08:58 UTC from IEEE Xplore.  Restrictions apply. 



1553-877X (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/COMST.2020.2988293, IEEE
Communications Surveys & Tutorials

 

 

16 

Researchers in [134] summarised the main points for 

simplifying DT construction. Firstly, pre-pruning or post-

pruning is applied to the tree to reduce the tree size. Secondly, 

the space of the states searched is adjusted. Thirdly, the search 

algorithm is enhanced. Next, the data features are reduced by 

removing or disregarding redundant features through the search 

process. Finally, the structure of the tree is converted into an 

alternative data structure, such as a set of rules. The main 

weaknesses of DT-based methods are summarised as follows 

[134]. Firstly, they require large storage because of the nature 

of construction. Secondly, understanding DT-based methods is 

easy only if few DTs are involved. However, certain 

applications involve a massive construction of trees and several 

decision nodes. In these applications, the computational 

complexity is high, and the underlying model for classifying 

samples is complex.  

A DT is used as a main classifier or collaborative classifier 

with other ML classifiers in security applications, such as 

intrusion detection [135, 136]. For example, a previous study 

proposed the use of a fog-based system call system to secure 

IoT devices [137]. The research used DT to analyse network 

traffic to detect suspicious traffic sources and consequently 

detect DDoS behaviour. 

b)  Support Vector Machines (SVMs) 

SVMs are used for classification by creating a splitting 

hyperplane in the data attributes between two or more classes 

such that the distance between the hyperplane and the most 

adjacent sample points of each class is maximised [138]. SVMs 

are notable for their generalisation capability and specifically 

suitable for datasets with a large number of feature attributes 

but a small number of sample points [139, 140]. Theoretically, 

SVMs were established from statistical learning [138]. They 

were initially created to categorise linearly divisible classes into 

a two-dimensional plane comprising linearly separable data 

points of different classes (e.g. normal or abnormal). SVMs 

should produce an excellent hyperplane, which delivers 

maximum margin, by increasing the distance between the 

hyperplane and the most adjacent sample points of each class. 

The advantages of SVMs are their scalability and their 

capabilities to perform real-time intrusion detection and update 

the training patterns dynamically. 

SVMs have been widely used in various security 

applications, such as intrusion detection [141-143], and are 

efficient in terms of memory storage because they create a 

hyperplane to divide the data points with a time complexity 

equal to 𝑂(𝑁2), where N refers to the number of samples [139, 

140]. In relation to the IoT environment, a study [144] 

developed an Android malware detection system to secure IoT 

systems and applied a linear SVM to their system. They 

compared the detection performance of SVM with other ML 

algorithms, namely, naïve Bayes (NB), RF and DT. The 

comparison results showed that SVM outperformed the other 

ML algorithms. Such results confirmed the robust application 

of SVM for malware detection. Nevertheless, additional studies 

are essential to investigate the performance of SVMs with 

enriched datasets and datasets that are created with different 

environments and attack scenarios. Moreover, comparing the 

performances of SVM with DL algorithms, such as 

convolutional neural network (CNN) algorithms, in such a 

situation may be interesting.  

In a previous work, an SVM was used to secure a smart grid, 

and attack detection in a smart grid was empirically studied  

[145]. This research showed that the ML algorithms SVM, 

KNN, perceptron, ensemble learning and sparse logistic 

regression are effective in detecting known and unknown 

attacks, performing better than traditional methods used for 

attack detection in smart grids.  

In another research direction, SVM was recently used as a 

tool to exploit device security. The results in [146, 147] showed 

that ML methods can break cryptographic devices and that 

SVM is more effective in breaking cryptographic devices than 

the traditional method (i.e. template attack). 

c)  Bayesian theorem-based algorithms 

Bayes’ theorem explains the probability of an incident on the 

basis of previous information related to the incident [148]. For 

instance, DoS attack detection is associated with network traffic 

information. Therefore, compared with assessing network 

traffic without knowledge of previous network traffic, using 

Bayes’ theorem can evaluate the probability of network traffic 

being attack (related or not) by using previous traffic 

information. A common ML algorithm based on Bayes’ 

theorem is the Naive Bayes (NB) classifier. 

The NB classifier is a commonly used supervised classifier 

known for its simplicity. NB calculates posterior probability 

and uses Bayes’ theorem to forecast the probability that a 

particular feature set of unlabelled examples fits a specific label 

with the assumption of independence amongst the features. For 

example, for intrusion detection, NB can be used to classify the 

traffic as normal or abnormal. The features that can be used for 

traffic classification, such as connection duration, connection 

protocol (e.g. TCP and UDP) and connection status flag, are 

treated by the NB classifier independently despite that these 

features may depend on one another. In NB classification, all 

features individually contribute to the probability that the traffic 

is normal or abnormal; thus, the modifier “naïve” is used. NB 

have been used for network intrusion detection [149, 150] and 

anomaly detection [151, 152]. The main advantages of NB 

classifiers include simplicity, ease of implementation, 

applicability to binary and multi-class classification, low 

training sample requirement [153] and robustness to irrelevant 

features (The features are preserved independently.). However, 

NB classifiers cannot capture useful clues from the 

relationships and interactions among features. The interactions 

among features can be important for accurate classification, 

particularly in complex tasks in which the interactions among 

features can significantly help the classifier increase its 

discrimination power among classes [154]. 

d)  k-Nearest neighbour (KNN) 

KNN is a nonparametric method. KNN classifiers often use 

the Euclidean distance as the distance metric [155]. Figure 6 

demonstrates KNN classification, in which new input samples 
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are classified. In the figure, the red circles represent malicious 

behaviours, and the green circles represent the normal 

behaviours of the system. The newly unknown sample (blue 

circle) needs to be classified as malicious or normal behaviour. 

The KNN classifier categorises the new example on the basis 

of the votes of the selected number of its nearest neighbours; 

i.e. KNN decides the class of unknown samples by the majority 

vote of its nearest neighbours. For instance, in Figure 6, if the 

KNN classification is based on one nearest neighbour (k = 1), 

then it will categorise the class of the unseen sample as normal 

behaviour (because the nearest cycle is a green cycle). If the 

KNN classification is based on two nearest neighbours (k = 2), 

then the KNN classifier will categorise the class of the unseen 

sample as normal behaviour because the two nearest circles are 

green (normal behaviour). If the KNN classification is based on 

three and four nearest neighbours (k = 3, k = 4), then the KNN 

classifier will categorise the class of the unknown sample as 

malicious behaviour because the three and four nearest circles 

are red circles (malicious behaviour). Testing different values 

of k during the cross-validation process is an important step to 

determine the optimal value of k for a given dataset. Although 

the KNN algorithm is a simple classification algorithm and 

effective for large training datasets [156], the best k value 

always varies depending on the datasets. Therefore, 

determining the optimal value of k may be a challenging and 

time-consuming process. KNN classifiers have been used for 

network intrusion detection and anomaly detection [157-162]. 

Considering the IoT environment, a study [163] proposed a 

model for the detection of U2R and R2L attacks. The model 

reduced the dimensionality of the features to enhance efficiency 

using two layers of feature reduction and then applied a two-

tier classification model that uses NB and KNN classifiers; the 

proposed model showed good detection results for both attacks. 

Another research developed intrusion detection system-based 

KNN [164]. The developed system was meant for use in 

classifying nodes as normal or abnormal in a wireless sensor 

network (WSN), which is an important unit of IoT systems; the 

proposed system exhibited efficient and accurate intrusion 

detection. 

 

 

 

 

Figure 6 KNN working principle 

e)  Random forest (RF)  

RFs are supervised learning algorithms. In an RF, several 

DTs are constructed and combined to acquire a precise and 

robust prediction model for improved overall results [165, 166]. 

Therefore, an RF consists of numerous trees that are 

constructed randomly and trained to vote for a class. The most 

voted class is selected as the final classification output [165]. 

Even though the RF classifier is constructed mainly using DTs, 

these classification algorithms substantially differ. Firstly, DTs 

normally formulate a set of rules when the training set is fed 

into the network, and this set of rules is subsequently used to 

classify a new input. RF uses DTs to construct subsets of rules 

for voting a class; thus, the classification output is the average 

of the results and RF is robust against over-fitting. Moreover, 

RF bypasses feature selection and requires only a few input 

parameters [24]. However, the use of RF may be impractical in 

specific real-time applications in which the required training 

dataset is large because RF needs the construction of several 

DTs. RF algorithms have been used for network intrusion 

detection and anomaly detection [167, 168]. In a previous study  

[169], RF, SVM, KNN and ANN were trained to detect DDoS 

in IoT systems, and RF provided slightly better classification 

results than did the other classifiers when limited feature sets 

were used to avoid additional computational overhead and 

improve the applicability of the system to real-time 

classification. RF was trained using features obtained from 

network traffic with the purpose of correctly recognising IoT 
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device categories from the white list. The authors extracted and 

manually labelled network traffic data from 17 IoT devices. 

These devices belonged to nine categories of IoT devices and 

adopted to train a multi-class classifier using RF algorithms. 

The study concluded that ML algorithms, in general, and 

specifically RF, hold practical significance in correctly 

identifying unauthorised IoT devices [170]. 

f)  Association Rule (AR) algorithms 

AR algorithms [171] have been used to identify an unknown 

variable by investigating the relationship among various 

variables in a training dataset. For example, let 𝑋, 𝑌 and 𝑍 be 

variables in a dataset 𝑇. An AR algorithm aims to study the 

relationship among these variables to discover their correlations 

and consequently construct a model. Subsequently, this model 

is used to predict the class of new samples. AR algorithms 

identify frequent sets of variables [24], which are combinations 

of variables that frequently co-exist in attack examples. For 

example, in a previous study [172], the associations between 

TCP/IP variables and attack types were investigated using ARs, 

and the occurrence of various variables, such as service name, 

destination port, source port and source IP, were examined to 

predict the attack type. The AR algorithm reported in [173] 

exhibited favourable performance in intrusion detection. The 

researchers used fuzzy association rules in an intrusion 

detection model, which yielded a high detection rate and a low 

false positive rate [173]. However, compared with other 

learning methods, AR methods are not commonly used in IoT 

environments; thus, further exploration is suggested to check 

whether an AR method can be optimised or combined with 

another technique to provide an effective solution to IoT 

security. The main drawbacks of AR algorithms in practice are 

as follows. Firstly, the time complexity of AR algorithms is 

high. Association rules increase rapidly to an unmanageable 

quantity, particularly when the frequency among variables is 

decreased. Although several different approaches have been 

introduced to tackle the issue of efficiency, they are not always 

effective [174]. Moreover, AR algorithms are based on simple 

assumptions among variables (direct relationships and 

occurrence). In certain cases, these assumptions are 

inapplicable, especially to security applications, in which 

attackers usually attempt to imitate the behaviour of normal 

users.   

g)  Ensemble learning (EL) 

One of promising directions in ML is EL. EL combines the 

outputs of numerous basic classification methods to produce a 

collective output and consequently improve classification 

performance. EL aims to combine heterogeneous or 

homogeneous multi-classifiers to obtain a final result [175]. At 

the initial stage of ML development, every learning method has 

its advantages and achievements in specific applications or with 

specific datasets. Experimental comparisons in [176] found that 

the best learning method differs by application. The underlying 

learning theory used for a classifier depends on the data. Given 

that the nature of data apparently changes with the application, 

the best learning method that suits the given application data 

may not be the best for other applications. Therefore, 

researchers have started combining different classifiers to 

improve accuracy. EL uses several learning methods; thus, it 

reduces variance and is robust to over-fitting. The combination 

of different classifiers can provide results beyond the original 

set of hypotheses; thus, EL can adapt well to a problem [177]. 

However, the time complexity of an EL-based system is more 

than that of a single classifier-based system because EL 

comprises several classifiers [178, 179]. EL has been 

effectively used for intrusion, anomaly and malware detection 

[180-183].  

A previous study [184] showed that the time complexity of 

such learning models can be reduced to make them suitable for 

devices with limited hardware resources, such as IoT devices. 

the authors proposed a lightweight, application-independent, 

ensemble learning-based framework for detecting online 

anomalies in the IoT environment. The proposed framework 

aims to tackle two issues: 1) accomplishing automated and 

distributed online learning approaches to identifying anomalies 

for resource-constrained devices and 2) evaluating the proposed 

framework with real data. The study reported that the ensemble-

based method outperformed each individual classifier [184]. 

2) Unsupervised ML 

In this subsection, we discuss the common unsupervised ML 

approaches (i.e.k-means clustering and principal component 

analysis (PCA)) and their advantages, disadvantages and 

applications in IoT security 

a)  K-Means clustering 

K-Means clustering is based on an unsupervised ML 

approach. This method aims to discover clusters in the data, and 

k refers to the number of clusters to be generated by the 

algorithm. The method is implemented by iteratively allocating 

each data point to one of the k clusters according to the given 

features. Each cluster will contain samples with similar 

features. The k-means algorithm applies iterative refinement to 

generate an ultimate result. The inputs of the algorithm are the 

number of clusters (k) and dataset, which contains a set of 

features for each sample in the dataset. Firstly, the k centroids 

are estimated, and then each sample is assigned to its closest 

cluster centroid according to the squared Euclidean distance. 

Secondly, after all the data samples are assigned to a specific 

cluster, the cluster centroids are recalculated by computing the 

mean of all samples assigned to that cluster. The algorithm 

iterates these steps until no sample that can modify the clusters 

exists [185, 186]. The main limitations of k-means clustering 

are as follows. Firstly, the user has to select k in the beginning. 
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Secondly, this algorithm assumes that all spherical clusters have 

an approximately equal numbers of samples. The k-means 

algorithms can be applied to anomaly detection by 

distinguishing normal behaviour from abnormal behaviour by 

feature similarity calculations[187, 188]. Muniyandi, Rajeswari 

and Rajaram [189] proposed an anomaly detection method 

using k-means with DT (i.e. C4.5 DT algorithm). However, the 

performance of k-means was less effective than those of 

supervised learning methods, specifically in detecting known 

attack [190]. Unsupervised algorithms are generally a good 

choice when generating the labelled data is difficult. However, 

the application of clustering methods, in general, and k-means 

in particular, to IoT system security is still at its infancy and 

should be explored further. 

Unsupervised ML methods have many applications in 

securing IoT systems. For instance, k-means clustering was 

used for securing WSNs by detecting intrusions [191]. In a 

study on Sybil detection in industrial WSNs [192], a kernel-

oriented scheme was proposed to differentiate Sybil attackers 

from normal sensors by clustering the channel vectors. A 

clustering algorithm showed the potential to preserve private 

data anonymisation in an IoT system [193]. The use of 

clustering to develop data anonymisation algorithms can 

significantly advance data exchange security [193]. 

b)  Principal component analysis (PCA) 

PCA is a feature-reduction technique that can be applied to 

transform a large set of variables into a reduced set that 

preserves most of the information represented in the large set. 

This technique converts a number of probably correlated 

features into a reduced number of uncorrelated features, which 

are called principal components [194]. Therefore, the main 

working principle of PCA can be utilised for feature selection 

to realise real-time intrusion detection for IoT systems; a 

previous work proposed a model that uses PCA for feature  

reduction and adopts softmax regression and KNN algorithm 

as classifiers. The author reported that the combination of PCA 

with these classifiers provided a time- and computing-efficient 

system that can be utilised in real time in IoT environments 

[195]. 

3) Semi-supervised ML 

The most common ML approaches is supervised ML, which 

achieved their learning from the training process on labelled 

data. In the one hand building predictive models using labelled 

data is time consuming, expensive and require human efforts 

and skills. In the other hands, the objective of unsupervised 

learning that works on unlabelled data is often of exploratory 

nature (for example clustering, compression). Therefore, by 

introducing semi-supervised approach, the researchers aim to 

solve the issue of creating huge labelled data that is needed for 

training supervised ML algorithms by augmenting unlabelled 

data [196, 197]. Consequently, Semi-Supervised Learning uses 

both labelled and unlabelled data for training a ML classifier. 

However, it is important to note that even though semi-

supervised learning sounds like an effective solution to the 

issues of both supervised and unsupervised approaches, semi-

supervised learning may not success to provide detection 

accuracy that achieved by supervised machine learning . 

Therefore, there only few studies that used semi-supervised 

apaches for IoT security. For example, Authors in [198] 

developed a semi-supervised multi-Layered Clustering 

((SMLC)) approach  for the detection and prevention of 

network intrusion. SMLC has shown to be effective to learn 

from partially labelled instances at the same time accomplished 

a detection performance comparable to that of supervised 

machine learning for detection and prevention System. Authors 

[199] in  proposed an Extreme Learning Machine(ELM)-based 

Semi-Supervised Fuzzy C-Means (ESFCM) method that 

integrates a Semi-supervised Fuzzy C-Means with the Extreme 

Learning Machine (ELM) classifier to enhance efficient attack 

detection in IoT . 

4) Reinforcement learning (RL) methods  

Learning from the surrounding environment is one of the first 

learning methods humans experience. Humans naturally start 

learning by interacting with their environment. RL is inspired 

by the psychological and neuroscientific perspectives on animal 

behaviour and of the mechanism by which agents can enhance 

their control of the environment [128, 129]. RL involves 

making an agent learn how to map situations to actions 

appropriately to achieve the highest rewards [129]. The agent 

does not have previous knowledge of which actions to 

implement but has to learn which actions produce the most 

rewards by attempting them through trial and error. The 

features ‘trial’ and ‘error’ are the main and unique features of 

RL. Thus, the agent continues to learn from its experience to 

increase its rewards.  

RL has been implemented to solve several IoT issues. Studies 

by [200, 201] proposed an anti-jamming scheme that is based 

on reinforcement learning for wideband autonomous cognitive 

radios (WACRs). In [200], information about sweeping jammer 

signal and unintentional interference was used to distinguish it 

from other WACRs; RL was used with this information to learn 

a sub-band selection policy accurately to evade the jammer 

signal and interference from other WACRs. Similarly, in [201], 

an RL method based on Q-learning was trained to effectively 

avoid jamming attacks sweeping over a wide spectrum of 

hundreds of MHz in real time. In the same direction, [202] used 

RL to develop an anti-jamming scheme for cognitive radios and 

integrate the scheme with deep CNN to improve the efficiency 

of RL in a large number of frequency channels. A similar 

scheme against aggressive jamming was proposed using deep 

RL in [203], in which jamming was considered activated in an 

aggressive environment, which is normally expected in tactical 

mobile networking; the results showed that RL is a promising 

method of developing schemes against aggressive jamming. 

5) Lessons learned  

In this section, we discuss the most promising ML algorithms 

in IoT security perspective together with their advantages, 

disadvantages and applications in IoT security. The main 

application of ML algorithm is where the data is small and 

limited. However, improving the accuracy of these algorithms 

require feature engineering, which is time consuming and 

require domain knowledge. Table 1 presents the advantages, 

disadvantages and applications of each ML method. 
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Table 1 Potential ML methods for securing IoT system

Method Working principle 

 

Advantages 

 

Disadvantages Potential Application in IoT 

Security 

 

DT 

 

 

DT-based method uses a DT to establish 

a model (i.e. a prediction model) to learn 

from training samples by representing 

them as branches and leaves. The pre-

trained model is then used to predict the 

class of the new sample. 

 

DT is a simple, easy-to-use and 

transparent method. 

 

DT requires large storage 

because of its construction 

nature. Understanding DT-

based methods is easy only 

if few DTs are involved. 

 

Detection of intrusion [135, 

136]and suspicious traffic 

sources [137] 

SVM 

 

SVMs form a splitting hyperplane in the 

feature dimension of two or more 

classes such that the distance between 

the hyperplane and the most adjacent 

sample points of each class is 

maximised [138]. 

SVMs are known for their 

generalisation capability and 

suitability for data consisting of 

a large number of feature 

attributes but a small number of 

sample points [139, 140]. 

The optimal selection of a 

kernel is difficult. 

Understanding and 

interpreting SVM-based 

models are difficult. 

Detection of intrusion [141-

143], malware [144] and 

attacks in smart grids [145] 

NB NB calculates the posterior probability. 

It uses Bayes’ theorem to forecast the 

probability that a particular feature set 

of unlabelled samples fits a specific 

label with the assumption of 

independence amongst features. 

NB is known for its simplicity, 

ease of implementation, low 

training sample requirement 

[153] and robustness to 

irrelevant features (The features 

are preserved independently.). 

NB handles features 

independently and thus 

cannot capture useful clues 

from the relationships and 

interactions among features. 

(It may work effectively in 

applications whose samples 

have dependent and related 

features.) 

Detection of network intrusion  

[149, 150]. 

KNN KNN classifies the new sample on the 

basis of the votes of the selected number 

of its nearest neighbours; i.e. KNN 

decides the class of unknown samples 

by the majority vote of its nearest 

neighbours. 

KNN is a popular and effective 

ML method for intrusion 

detection. 

The optimal k value usually 

varies from one dataset to 

another; therefore, 

determining the optimal 

value of k may be a 

challenging and time-

consuming process. 

Detection of intrusions [163] 

and anomalies [157-162]. 

RF In an RF, several DTs are constructed 

and combined to acquire a precise and 

established prediction model for 

improved overall results. 

RF is robust to over-fitting. RF 

bypasses feature selection and 

requires only a few input 

parameters. 

RF is based on constructing 

several DTs; thus, it may be 

impractical in specific real-

time applications in which 

the required training dataset 

is large. 

Detection of intrusion [167], 

anomalies [168], DDoS attacks 

[169] and unauthorised IoT 

devices [170] 

AR 

algorith

m 

AR algorithms aim to study the 

relationship among the variables in a 

given training dataset T to discover 

correlations and consequently construct 

a model. This model is then used to 

predict the class of new samples. 

AR algorithms are simple and 

easy to use. 

The time complexity of the 

algorithms is high. AR 

algorithms use simple 

assumptions among 

variables (direct 

relationships and 

occurrence). In certain 

cases, these assumptions are 

inapplicable, especially to 

security applications.  

Detection of intrusion [173] 

 

EL 

 

EL combines the outputs of numerous 

basic classification methods to produce 

a collective output and consequently 

improve classification performance. 

EL reduces variance and is 

robust to over-fitting. EL 

provides results beyond the 

original set of hypotheses; 

therefore, EL can adapt better 

than can a single classifier-based 

method to a problem. 

The time complexity of an 

EL system is higher than 

that of a single classifier-

based system. 

Detection of intrusion, 

anomalies and malware [180-

184]. 

k-Means 

clusterin

g 

 

k-Means clustering is an unsupervised 

learning approach that identifies clusters 

in the data according to feature 

similarities. k refers to the number of 

clusters to be generated by the 

algorithm. 

Unsupervised algorithms are 

generally a good choice when 

generating the labelled data is 

difficult. k-Means clustering can 

be used for private data 

anonymisation in an IoT system 

because it does not require 

labelled data. 

k-Means clustering is less 

effective than supervised 

learning methods, 

specifically in detecting 

known attacks [190]. 

Sybil detection in industrial 

WSNs [192] and private data 

anonymisation in an IoT 

system [193] 

PCA 

 

PCA is a process that converts a number 

of probably correlated features into a 

reduced number of uncorrelated 

features, which are called principal 

components [194]. 

PCA can achieve dimensionality 

reduction and consequently 

reduce the complexity of the 

model. 

PCA is a feature-reduction 

method that should be used 

with other ML methods to 

establish an effective 

security approach.  

PCA can be used for real-time 

detection systems in IoT 

environments [195] by 

reducing the model features. 

Authorized licensed use limited to: McMaster University. Downloaded on May 03,2020 at 01:08:58 UTC from IEEE Xplore.  Restrictions apply. 



1553-877X (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/COMST.2020.2988293, IEEE
Communications Surveys & Tutorials

 

 

21 

 
Figure 7 Illustration of NNs Working Principle for IoT Security

 

B. Deep learning (DL) methods for IoT Security  

Recently, the applications of DL to IoT systems have become 

an imperative research topic [204]. The most vital advantage of 

DL over traditional ML is its superior performance in large 

datasets. Several IoT systems produce a large amount of data; 

thus, DL methods are suitable for such systems. Moreover, DL 

can automatically extract complex representations from data 

[204]. DL methods can enable the deep linking of the IoT 

environment [205]. Deep linking is a unified protocol that 

permits IoT-based devices and their applications to interact 

with one another automatically without human intervention. 

For example, the IoT devices in a smart home can automatically 

interact to form a fully smart home [204]. 

DL methods provide a computational architecture that 

combines several processing levels (layers) to learn data 

representations with several levels of abstraction. Compared 

with traditional ML methods, DL methods have considerably 

enhanced state-of-the-art applications [10]. DL is a ML sub-

field that utilises several non-linear processing layers for 

discriminative or generative feature abstraction and 

transformation for pattern analysis. DL methods are also known 

as hierarchical learning methods because they can capture 

hierarchical representations in deep architecture. The working 

principle of DL is inspired by the working mechanisms of the 

human brain and neurons for processing signals. Deep networks 

are constructed for supervised learning (discriminative), 

unsupervised learning (generative learning) and the 

combination of these learning types, which is called hybrid DL. 

In the following subsections, we discuss the common DL 

algorithms (i.e. 1) supervised DL, 2) unsupervised DL,3) semi-

supervised DL, and 4) deep reinforcement learning (DRL) 

methods). 

  

1) Supervised DL (discriminative learning) 

In this subsection, we discuss the common supervised DL 

approaches. CNNs and recurrent neural networks (RNNs) are 

examples of discriminative DL methods. 

a) Convolutional neural networks (CNNs) 

CNNs were introduced to reduce the data parameters used in 

a traditional artificial neural network (ANN). The data 

parameters are reduced by utilising three concepts, namely, 

sparse interaction, parameter sharing and equivariant 

representation [206]. Reducing the connections between layers 

increases the scalability and improves the training time 

complexity of a CNN.  
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A CNN consists of two alternating types of layers: 

convolutional layers and pooling layers. The convolutional 

layers convolute data parameters with the help of multiple 

filters (kernels) of equal size [207]. The pooling layers perform 

down-sampling to decrease the sizes of the subsequent layers 

through max pooling or average pooling. Max pooling divides 

the input into non-overlapping clusters and selects the 

maximum value for each cluster in the previous layer [208, 

209], whereas average pooling averages the values of each 

cluster in the previous layer. Another important layer of a CNN 

is the activation unit, which performs a non-linear activation 

function on each element in the feature space. The non-linear 

activation function is selected as the rectified linear unit (ReLU) 

activation function, which involves nodes with the activation 

function 𝑓(𝑥)  =  𝑚𝑎𝑥(0, 𝑥) [210].The working principle of 

CNN applied to IoT Security is shown in Figure 8. 

The main advantage of a CNN is that it is extensively applied 

to the training approaches in DL. It also allows for the automatic 

learning of features from raw data with high performance. 

However, a CNN has high computational cost; thus, 

implementing it on resource-constrained devices to support on-

board security systems is challenging. Nevertheless, distributed 

architecture can solve this issue. In this architecture, a light deep 

neural network (DNN) is implemented and trained with only a 

subset of important output classes on-board, but the complete 

training of the algorithm is achieved at cloud level for deep 

classification [211]. 

The development of CNNs is mainly directed towards image 

recognition advancement. Accordingly, CNNs have become 

widely used, leading to developing successful and effective 

models for image classification and recognition with the use of 

large public image sources, such as ImageNet [212, 213]. 

Furthermore, CNNs demonstrate robustness in numerous other 

applications. For IoT security, a study [214] proposed a CNN-

based malware detection method for Android. With the 

application of the CNN, the significant features related to 

malware detection are learnt automatically from the raw data, 

thereby eliminating the need for manual feature engineering. 

The key point in using a CNN is that the network is trained to 

learn suitable features and execute classification conjointly, 

thus eliminating the extraction process required in traditional 

ML and consequently providing an end-to-end model [214]. 

However, the robust learning performance of CNNs can be used 

by attackers as a weapon. A previous study [215] showed that a 

CNN algorithm can break cryptographic implementations 

successfully.   

b)  Recurrent neural networks (RNNs) 

An RNN is a vital category of DL algorithms. RNNs were 

proposed to handle sequential data. In several applications, 

forecasting the current output is based on the analysis of the 

associations from several previous samples. Thus, the output of 

the neural network depends on the present and past inputs. In 

such an arrangement, a feed-forward NN is inappropriate 

because the association between the input and output layers are 

preserved with no dependency [216]. Therefore, when the 

backpropagation algorithm was introduced, its most remarkable 

application was the training of RNNs [10, 217]. For 

applications that consist of sequential inputs (e.g. speech, text 

and sensor data), RNNs are recommended [10, 217].  

An RNN integrates a temporal layer to capture sequential 

data and then learns multifaceted variations through the hidden 

units of the recurrent cell [218]. The hidden units are modified 

according to the data presented to the network, and these data 

are continually updated to reveal the present condition of the 

network. The RNN processes the present hidden state by 

estimating the subsequent hidden state as an activation of the 

formerly hidden state. RNNs are used because of their 

capability of managing sequential data effectively. This 

capability is advantageous for various tasks, such as threat 

detection, in which the patterns of the threat are time dependent. 

Therefore, using recurrent connections can improve neural 

networks and reveal important behaviour patterns. The main 

drawback of RNNs, however, is the issue of vanishing or 

exploding gradients [219]. 

RNNs and their variants have achieved excellent 

performance in many applications with sequential data, such as 

machine translation and speech recognition [220-222]. 

Moreover, RNNs can be used for IoT security. IoT devices 

generate large amounts of sequential data from several sources, 

such as network traffic flows, which are among the key features 

for detecting several potential network attacks. For example, a 

previous study [223] discussed the feasibility of an RNN in 

examining network traffic behaviour to detect potential attacks 

(malicious behaviour) and confirmed the usefulness of the RNN 

in classifying network traffic for accurate malicious behaviour 

detection. Thus, RNNs provide a practical solution in real-

world scenarios. Exploring RNNs and their variants are of 

significance in improving IoT system security, specifically for 

time series-based threats. 
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Figure 8  Illustration of CNN Working Principle for IoT Security

2) Unsupervised DL (generative learning) 

In this subsection, we discuss the common unsupervised DL 

approaches. Deep autoencoders (AEs), deep belief networks 

(DBN), restricted Boltzmann machines (RBMs), 

a)  Deep autoencoders (AEs)  

A deep AE is an unsupervised learning neural network 

trained to reproduce its input to its output. An AE has a hidden 

layer h, which defines a code used to represent the input [206]. 

An AE neural network is divided into two parts: the encoder 

function ℎ = 𝑓(𝑥) and the decoder function, which attempts to 

reproduce the input 𝑟 = 𝑔(ℎ).The encoder obtains the input and 

converts it into an abstraction, which is generally termed as a 

code. Subsequently, the decoder acquires the constructed code, 

which was initially produced to represent the input, to rebuild 

the original input. The training process in AEs should be 

accomplished with minimum reconstruction error [224]. 

However, AEs cannot learn to replicate the input perfectly. AEs 

are also restricted because they can produce an approximate 

copy only, merely copying the inputs that are similar to the 

training data. The model is required to prioritise which 

characteristics of the inputs should be copied; thus, it frequently 

learns useful characteristics of the data [206]. AEs are 

potentially important for feature extraction. AEs can be 

successfully used for representation learning to learn features 

(in place of the manually engineered features used in traditional 

ML) and reduce dimensionality with no prior data knowledge. 

AEs, nevertheless, consume high computational time. Although 

AEs can effectively learn to capture the characteristics of the 

training data, they may only complicate the learning process 

rather than represent the characteristics of the dataset if the 

training dataset is not representative of the testing dataset. 

AEs were used to detect network-based malware in [225]; the 

AEs were trained to learn the latent representation of a diverse 

feature set; particularly, AEs were trained on the feature vector 

extracted from the cybersystems. The AEs exhibited better 

detection performance than did the traditional ML algorithms 

SVM and KNN [225]. In another study [226], an AE was 

combined with a DBN to construct a malware detection method 

and used for data dimensionality reduction by non-linear 

mapping to extract only the significant features; subsequently, 

the DBN learning algorithm was trained to detect malicious 

code. 

b) Restricted Boltzmann machines (RBMs) 

RBMs are deep generative models developed for 

unsupervised learning [227]. An RBM is a completely 

undirected model with no link between any two nodes in the 

same layer. RBMs consist of two types of layers: visible and 

hidden layers. The visible layer holds the known input, whereas 

the hidden layer consists of multiple layers that include the 

latent variables. RBMs hierarchically understand features from 

data, and the features captured in the initial layer are used as 

latent variables in the following layer. 

The research in [228] developed a network anomaly 

detection model that can overcome the inherent challenges in 

developing such a model. These challenges include the 

generation of labelled data required for the effective training of 

the model because a network traffic dataset is multi-part and 

irregular. The second challenge is the constant evolution of 

anomaly behaviour with time. Therefore, the model should be 
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dynamically adapted to detect any new form of attacks and 

generalised to detect the anomaly in different network 

environments. To solve these challenges, the researchers in 

[228] proposed a learning model that is based on a 

discriminative RBM, which they selected due to its capability 

to combine generative models with suitable classification 

accuracy to detect network anomaly in a semi-supervised 

fashion even with incomplete training data. However, their 

experimental results showed that the classification performance 

of the discriminative RBM was affected when the classifier was 

tested on a network dataset that differed from the network 

dataset on which the classifier was trained. This finding should 

be further investigated, and how a classifier can be generalised 

to detect an anomaly in different network environments should 

be further studied. 

The feature representation capability of a single RBM is 

limited. However, RBM can be substantially applied by 

stacking two or more RBMs to form a DBN. This process is 

discussed in the following section.  

c)  Deep belief networks (DBNs) 

DBNs are generative methods [229]. A DBN consists of 

stacked RBMs that execute greedy layer-wise training to 

accomplish robust performance in an unsupervised 

environment. In a DBN, training is accomplished layer by layer, 

each of which is executed as an RBM trained on top of the 

formerly trained layer (DBNs are a set of RBMs layers used for 

the pre-training phase and subsequently become a feed-forward 

network for weight fine-tuning with contrastive convergence.) 

[218]. In the pre-training phase, the initial features are trained 

through a greedy layer-wise unsupervised approach, whereas a 

softmax layer is applied in the fine-tuning phase to the top layer 

to fine-tune the features with respect to the labelled samples 

[221]. 

 DBNs have been successfully implemented in malicious 

attack detection. A previous study [230] proposed an approach 

to secure mobile edge computing by applying a DL-based 

approach to malicious attack detection. The study used a DBN 

for automatic detection, and the proposed DBN-based model 

showed vital improvement in malware detection accuracy 

compared with ML-based algorithms [230]. This result 

demonstrated the superiority of DL, in general, and DBNs in 

particular, to traditional manual feature engineering methods in 

malware detection. In another study [226], an AE was 

combined with a DBN to establish a malware detection method, 

and an AE DL algorithm was used for the reduction of data 

dimensionality by non-linear mapping to extract only the 

significant features; subsequently, the DBN learning algorithm 

was trained to detect malicious code. 

DBNs are unsupervised learning methods trained with 

unlabelled data iteratively for significant feature representation. 

However, even though DBNs use contrastive convergence to 

reduce computational time, these networks are still inapplicable 

to on-board devices with limited resources.  

3) Semi-supervised or hybrid DL 

In this subsection, we discuss the common hybrid DL 

approaches. Generative adversarial networks (GANs) and 

ensemble of DL networks (EDLNs) are examples of hybrid DL 

methods. 

a)  Generative adversarial networks (GANs) 

Introduced by [231], GANs have recently emerged as 

promising DL frameworks. A GAN framework simultaneously 

trains two models, namely, generative and discriminative 

models, via an adversarial process as shown in Figure 9. The 

generative model learns the data distribution and generates data 

samples, and the discriminative model predicts the possibility 

that a sample originates from the training dataset rather than the 

generative model (i.e. evaluates the sample for authenticity). 

The objective of training the generative model is to increase the 

probability that the discriminative model misclassifies the 

sample [231]. In each stage, the generative model, which is the 

generator, is prepared to deceive the discriminator by 

generating a sample dataset from random noise. By contrast, the 

discriminator is fed with several real data samples from the 

training set, accompanied by the samples from the generator. 

The discriminator aims to classify real (from the training 

dataset) and unreal (from the generative model) samples. The 

performances of the discriminative and generative models are 

measured by the correctly and incorrectly classified samples, 

respectively. Subsequently, both models are updated for the 

next iteration. The output discriminative model assists the 

generative model to enhance the samples generated for the 

subsequent iteration [224]. 

GANs have been recently implemented in IoT security. For 

example, the study in [232] proposed an architecture for 

securing the cyberspace of IoT systems, and the proposed 

architecture involves training DL algorithms to classify the 

system behaviour as normal or abnormal. GAN algorithms were 

integrated into the proposed architecture for preliminary study, 

whose evaluation results showed the effectiveness of the GAN-

based architecture in detecting abnormal system behaviour 

[232]. 

GANs may have a potential application in IoT security 

because they may learn different attack scenarios to generate 

samples similar to a zero-day attack and provide algorithms 

with a set of samples beyond the existing attacks.  

GANs are suitable for training classifiers through a semi-

supervised approach.  

GANs can generate samples more rapidly than can fully 

visible DBNs because the former is not required to generate 

different entries in the samples sequentially. In GANs, 

generating a sample needs only one pass through the model, 

unlike in RBMs, which require an unidentified number of 

iterations of a Markov chain [231, 233].  

However, GAN training is unstable and difficult. Learning to 

generate discrete data, such as text, by using a GAN is a 

challenging task [231, 233]. 

 

b)  Ensemble of DL networks (EDLNs) 

Several DL algorithms can work collaboratively to perform 

better than independently implemented algorithms. EDLNs can 

be accomplished by merging generative, discriminative or 
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hybrid models. EDLNs are often used to handle complex 

problems with uncertainties and high-dimensional features. An 

EDLN comprises stacked individual classifiers, either 

homogenous (classifiers from the same family) or 

heterogeneous (classifiers from different families), and is used 

to enhance diversity, accuracy, performance and generalisation 

[234]. For instance, authors in  [235] leverage SAE for feature 

extraction and regression layer with softmax activation function 

for classifier. The experiment results demonstrated that our 

semi-supervised for intrusion detection approach can achieve 

more accurate attack detection rate compared to the earlier work 

.Although EDLNs have achieved remarkable success in 

many applications, such as human activity recognition, EDLNs 

application in IoT security needs further investigation, 

particularly the possibility of implementing light homogenous 

or heterogeneous classifiers in a distributed environment to 

improve the accuracy and performance of an IoT security 

system and solve challenges related to computational 

complexity.  

Table 2 shows Potential DL methods for securing IoT 

systems and their advantages, disadvantages and applications in 

IoT security. 

 

 

 
Figure 9 GAN working principle 

4) Deep Reinforcement learning (DRL) 

Reinforcement Learning (RL) has developed  to become an 

effective method that allows a learning agent to adjust its policy 

and derive an optimal solution via trial and error to accomplish 

the optimal long-term aim without requiring any prior 

knowledge of the environment [236]. Deep Reinforcement 

Learning (DRL) methods such as deep Q-network (DQN) have 

been introduced as a strong alternative to solve the high-

dimensional problems and establish  scalability and offloading 

efficiency in various mobile edge computing  based 

applications[237]. One of the recent successful RL methods is 

the deep Q network [128]. Extensions of deep Q networks have 

been suggested, including double Q-learning [238], continuous 

control with deep RL [239] and prioritised experience replay 

[240]. Authors in [237] have jointly investigated access control 

and computation offloading by combining blockchain and DRL 

for the mobile edge-cloud computation offloading systems in 

IoT networks.   In other research direction, DLR has been 

applied to secure cyber-security , authors in  [241] have 

investigated several  DRL approaches established for cyber 

security , including DRL-based security methods for cyber-

physical systems, autonomous intrusion detection techniques, 

and multi-agent DRL-based game theory simulations for 

defense strategies against cyber-attacks.   Exploring these 

approach within IoT eco-system holds potential future 

direction.  

5) Lessons learned  

In this section, we discuss the most promising DL algorithms 

in IoT security together with their advantages, disadvantages 

and applications. DL techniques offer a computational 

architecture that combines several processing levels (layers) to 

learn data representations with several levels of abstraction. 

Compared with traditional ML methods, DL methods have 

considerably enhanced state-of-the-art applications. DL 

algorithms have a key advantage over ML, which is the capacity 

to eliminate the need for manual feature engineering process 

while providing effective accuracy. However, DL algorithms 

need a large dataset to learn effectively, while several 

augmentation approaches may be used to compensate the 

shortage of training data. Table 2 presents the advantages, 

disadvantages and applications of each DL method. 
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Table 2 Potential DL methods for securing IoT systems 

Methods 

 
Working principle 

 

Advantages 

 

Disadvantages Potential Application in IoT 

Security 

  

CNNs 

CNNs mainly aim to reduce data 

parameters used by applying sparse 

interactions, parameter sharing and 

equivariant representations [206], thereby 

reducing the connections between layers 

to quantities less than those in ANNs. 

CNNs are robust supervised DL 

methods with highly competitive 

performance. With the new 

features of CNNs, their 

scalability is increased and their 

training time complexity is 

improved compared with those 

of ANNs. CNNs have potential 

application in IoT security as 

they can automatically learn 

features from security raw data.  

CNNs have high 

computational cost; thus, 

implementing them on 

resource-constrained devices 

to support on-board security 

systems is challenging. 

Malware detection [214]; CNNs 

can automatically learn features of 

raw security data; therefore, they 

can construct an end-to-end 

security model for IoT systems 

[214]. 

 

RNNs 

 

RNNs integrate a temporal layer to take 

sequential data and then learn multi-

faceted variations with the hidden unit of 

the recurrent cell [218]. 

RNNs and their variants have 

achieved excellent performance 

in many applications with 

sequential data. In certain cases, 

IoT security data consist of 

sequential data; thus, RNNs 

have potential application in IoT 

security.  

The main drawback of RNNs 

is the issue of vanishing or 

exploding gradients 

[219]. 

RNNs can classify network traffic 

with high accuracy in detecting 

malicious behaviour [223]. RNNs 

and their variants show 

considerable potential in improving 

IoT system security, specifically 

for time series-based threats. 

 AEs An AE has a hidden layer ℎ, which has a 

code to represent the input. An AE neural 

network is divided into two parts: the 

encoder function ℎ = 𝑓(𝑥) and the 

decoder function, which attempts to 

reproduce the input 𝑟 = 𝑔(ℎ). The 

encoder obtains the input and converts it 

into an abstraction, which is generally 

termed as a code. Subsequently, the 

decoder acquires the constructed code that 

was initially produced to represent the 

input to rebuild the original input. 

AEs are potentially important 

for feature extraction. AEs can 

be effectively used for 

representation learning to learn 

features in place of the manually 

engineered features used in 

traditional ML and reduce 

dimensionality with no prior 

data knowledge. 

AEs consume considerable 

computational time. Although 

AEs can effectively learn to 

capture the characteristics of 

the training data, if the 

training dataset is not 

representative of the testing 

dataset, then the AEs may 

only complicate the learning 

process rather than represent 

the characteristics of the 

dataset. 

AEs can be used for detecting 

malware [225]. AE has been 

combined with a DBN to establish 

a malware detection method [226]. 

 RBMs RBMs are deep generative models 

developed for unsupervised learning 

[227]. They are completely undirected 

models with no link between any two 

nodes in the same layer. 

Using a feedback mechanism on 

RBMs allows for the extraction 

of numerous vital features 

through an unsupervised 

approach. 

RBMs have high 

computational cost; thus, 

implementing them on 

resource-constrained IoT 

devices to support on-board 

security systems is 

challenging. 

RBMs can be used for network 

anomaly detection [228]. 

DBNs DBNs consist of stacked RBMs that 

execute greedy layer-wise training to 

accomplish robust performance in an 

unsupervised environment. 

DBNs are unsupervised learning 

methods trained with unlabelled 

data iteratively for significant 

feature representation. 

DBNs present high 

computational cost due to the 

extensive initialisation 

process caused by the large 

number of parameters. 

DBNs can be used for malicious 

attack detection [230]. 

GANs The GAN framework simultaneously 

trains two models (i.e. generative and 

discriminative models) via an adversarial 

process. The generative model learns the 

data distribution and generates data 

samples, and the discriminative model 

predicts the possibility that a sample 

originates from the training dataset rather 

than the generative model (i.e. evaluates 

the instance for authenticity). 

In GANs, generating a sample 

needs only one pass through the 

model, unlike in DBNs and 

RBMs in which an unidentified 

number of iterations of a 

Markov chain is required [231, 

233]. 

GAN training is unstable and 

difficult. Learning to generate 

discrete data by using GAN is 

a difficult task  [231, 233]. 

GANs can be used to build an 

architecture for securing the 

cyberspace of IoT systems [232]. 

EDLNs 

 

EDLNs can be accomplished by merging 

generative, discriminative or hybrid 

models.   

Combining DL classifiers can 

help achieve model diversity, 

improve model performance and 

expand model generalisation. 

The time complexity of the 

system can be significantly 

increased. 

The use of GANs in securing IoT 

systems needs further investigation, 

particularly the possibility of 

implementing light homogenous or 

heterogeneous classifiers in a 

distributed environment to improve 

the accuracy and performance of a 

system. 

DRL DRL  allows a learning agent to adjust its 

policy and derive an optimal solution via 

trial and error 

DRL agent to take sequential 

actions optimally without or 

with limited prior 

information of the environment, 

and therefore, DRL approaches  

can be  

Efficiently adaptable in 

adversarial environments. 

DRL needs a series of 

assumptions that are rarely 

satisfied in real practice. 

jamming, spoofing, false data 

injection, malware, DoS, DDoS, 

brute force [242] 
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VI. IOT SECURITY LAYERS BASED ON ML AND DL METHODS  

In this section, we classify previous studies on ML and DL 

methods for IoT security according to the layers that they were 

designed to protect. Although these methods may be applied to 

protect more than one layer or the end-to-end system (which is 

the advantage over other methods and holds potential future 

uses), the following classification is proposed to highlight the 

conceptualisation of ML and DL methods for IoT security. The 

technology tools that can essentially enable ML/DL 

deployment for IoT security are listed at the end of this section. 

A.  Perception layer  

One of the promising applications of DL methods is physical-

layer authentication. Traditional physical-layer authentication 

techniques apply assumption checks and relate the randomness 

and exclusiveness of the radio channel between “Alice” and 

“Bob”, to detect spoofing attacker “Eve” in a wireless network. 

Nonetheless, such an approach is not always practical, 

specifically in dynamic networks [48]. Wang, Jiang, Lv and 

Xiao [48] used a learning model to construct a physical-layer 

authentication model that uses past data generated from a 

spoofing model as learning vectors to train an extreme learning 

machine. The proposed model exhibited improved spoofing 

detection performance and consequently achieved considerably 

enhanced authentication accuracy compared with that of state-

of-the-art methods. 

Shi, Liu, Liu and Chen [243] proved that the present Wi-Fi 

signals generated by IoT objects can be adopted to detect 

distinctive human behavioural and physiological features and 

can be utilised to authenticate individuals on the basis of an 

understanding of their daily activities. The authors proposed a 

scheme which adopts a single pair of Wi-Fi signals generated 

by IoT devices to mine Wi-Fi channel state information and 

thus obtain the amplitude and the relative phase for precise user 

authentication without the need for user participation. Using 

these features, the authors developed a DL model (i.e. Deep 

Neural Network (DNN)) to identify the daily human activity 

distinctiveness of each individual and subsequently generate a 

fingerprint for each user, called Wi-Fi fingerprint, to capture the 

distinct characteristics of different users; the proposed DL-

based authentication method exhibited high accuracy [243]. 

This study validates the potential application of DL algorithms 

in constructing authentication systems.  

In another study [203], a scheme against aggressive jamming 

was developed using RL, and jamming was considered 

activated in an aggressive environment, which is normally 

expected in tactical mobile networking. RL was found effective 

in developing a method against aggressive jamming [203]. 

The research in [244] also considered the issue of jamming 

in an IoT network and introduced a centralised approach to 

addressing possible jamming attacks in an IoT environment, 

which consists of resource-constrained devices. The idea of the 

proposed model is to use the IoT access point to protect against 

the jamming attacker by distributing its power over the sub-

carriers in an intelligent manner and using an evolutionary-

based algorithm. The proposed method can converge in a 

practical iteration number; thus, it can provide a better solution 

than a random power allocation strategy.  

Along the same direction, two previous studies [200, 201] 

proposed RL-based anti-jamming schemes for WACRs. In 

[200], the authors used information about sweeping jammer 

signal and unintentional interference to distinguish it from those 

of other WACRs. This information and RL were combined to 

learn a sub-band selection policy accurately to evade the 

jammer signal and interference from other WACRs. Similarly, 

in [201], an RL method based on Q-learning was trained to 

effectively avoid jamming attacks sweeping over a wide 

spectrum of hundreds of MHz in real-time. In the same 

direction, [202] used RL to develop an anti-jamming scheme 

for cognitive radios and integrate it with deep CNN to improve 

the efficiency of RL in a large number of frequency channels. 

Incorporating cognitive radio (CR) capability into IoT 

devices has paved the way for an innovative research on IoT 

systems [245]. Currently, many researchers are conducting 

studies on communication and computing in IoT systems. 

According to two previous studies [246, 247], IoT systems 

cannot be sustained without comprehensive cognitive 

capability because of growing issues. CRs are radio devices that 

can learn and change in accordance with their dynamic 

environment [248]. The main step towards accomplishing such 

cognitive operation is enabling CRs to sense and understand 

their working environment. Ideally, CRs should be able to work 

over a wide frequency range. However, sensing all required 

frequencies in real time is a challenging task, specifically with 

the existence of jamming attacks. CRs can become increasingly 

useful and reliable communication systems if they can 

eliminate the incidence of accidental interference or deliberate 

jamming attacks [201].  

B. Network layer 

The network layer forms the largest surface of the IoT 

system. This layer is responsible for transmitting and routing 

data. It provides a ubiquitous access environment to the 

perception layer, i.e. data communication and storage 

functionalities [249]. Therefore, securing the IoT network layer 

should be of high technical priority. Along the same line of 

thought, Yavuz  [250] proposed a DL-based model to detect the 

routing protocol for IoT systems and created a dataset for 

training and testing the DL model by using the Cooja IoT 

simulator with simulations up to 1000 nodes within 16 networks 

to detect three types of attacks, namely decreased rank attack, 

hello flood attack and version number attack. The DNN 

achieved high performance in detecting the three attacks. 

However, the authors did not mention the statistics as to how 

many normal and anomalous samples were in the created 

dataset. Precision, recall and f-measure were used as evaluation 

metrics; however, in model evaluation, they may not reflect the 

actual performance of the model and tend to be biased if the 

created dataset is imbalanced. 

Nobakht, Sivaraman and Boreli [251]  proposed an intrusion 

detection framework that is implemented at the network level 

and constructed ML algorithms to protect smart devices 

installed in home environments. They used precision and recall 

metrics to measure the performance of the classifiers. However, 

the dataset used was unbalanced, with the number of illegal 

access samples forming the majority of the samples in the 

dataset; thus, both evaluation metrics may not precisely reflect 
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the model performance. In case of imbalanced data, other 

performance metrics such as the area under the receiver 

operating characteristic curve (AUC) can be better choice to 

evaluate the performance than accuracy, recall and precision 

metrics [252, 253]. 

A previous study [223] discussed the viability of an RNN 

(i.e. large short-term memory [LSTM] network) in the analysis 

of network traffic behaviour to detect potential attacks 

(malicious behaviour) and confirmed the effectiveness of the 

RNN in precisely classifying network traffic to detect malicious 

behaviour; thus, the LSTM network can be adopted as a 

practical solution in real-world scenarios. 

  Cañedo and Skjellum [254]  used ML to detect anomalies, 

specifically training ANN algorithms to detect whether the data 

sent from an edge to the smart object in an IoT system are valid 

or invalid. They generated the data from the edge to the device 

nodes and then inserted invalid and valid data to train the 

model; the experimental results showed that the ANN can 

effectively detect invalid data. However, diverse and enriched 

datasets that contain various data tampering attacks should be 

used to train and test the ANN to reconfirm whether it can 

maintain high accuracy in practical settings or other advanced 

learning algorithms are required. An investigation in this 

research direction is recommended to generate enriched 

datasets.  

In another study [255], an intrusion detection system (IDS) 

based on a hybrid detection method (i.e. unsupervised ML 

method with specification-based method) was used for an IoT 

system. For this purpose, the author proposed a local intrusion 

detection method at the local node by using a specification-

based intrusion detection approach; the method examined the 

behaviour of the host nodes and sent analysis results to the 

global node, which used an ML-based intrusion detection 

method (i.e. unsupervised optimum-path forest algorithm [256] 

for clustering the data from local node on the basis of the 

MapReduce design [257]). 

A generative model (i.e. unsupervised model) using AEs was 

proposed in [225] to detect malware network-based anomaly in 

cybersystems. The AEs were trained to learn the latent 

representation of a diverse feature set, and they received a 

feature vector extracted from the cybersystems; compared with 

SVM and KNN, the AEs exhibited improved detection 

performance [225]. 

Wi-Fi technology is an IoT-enabling technology, especially 

for smart homes [258]. Wi-Fi technology is of practical 

importance to the expansion of IoT [259]. A previous study 

[260] aimed to detect impersonation attacks in a Wi-Fi 

environment by developing a method called weighted feature 

selection for extracting and selecting deep features, which were 

combined with the features generated by a stacked AE (SAE) 

algorithm. The combined features were then fed into a neural 

network to train it for classifying the input data into two classes 

(i.e. impersonation or normal) [260]. This combination of 

unsupervised DL algorithm (i.e. SAE) and supervised DL 

algorithm (i.e. ANN) showed high detection accuracy, 

confirming the potential applications of deep algorithms in 

securing Wi-Fi networks from impersonation attacks. A similar 

study [261] used a combination of two unsupervised algorithms 

(SAE) for mining features and k-means clustering for 

categorising the input into two classes: benign and malicious. 

 The research in [228] developed a network anomaly 

detection model that can overcome the inherent challenges in 

developing such a model. These challenges include the 

generation of labelled data required for the effective training of 

the model because a network traffic dataset is multi-part and 

irregular. The second challenge is the constant evolution of 

anomaly behaviour with time. Therefore, the model should be 

dynamically adapted to detect any new form of attacks and 

generalised to detect the anomaly in different network 

environments. To solve these challenges, the researchers in 

[228] proposed a learning model that is based on a 

discriminative RBM, which they selected due to its capability 

to combine generative models with suitable classification 

accuracy to detect network anomaly in a semi-supervised 

fashion even with incomplete training data. However, their 

experimental results showed that the classification performance 

of the discriminative RBM was affected when the classifier was 

tested on a network dataset that differed from the network 

dataset on which the classifier was trained. This finding should 

be further investigated, and how a classifier can be generalised 

to detect an anomaly in different network environments should 

be further studied. 

  Saied, Overill and Radzik [262] used an ANN to detect 

known and unknown DDoS attacks in a real-time environment. 

The proposed defence technique aimed to thwart fake packets 

and permit real packets to pass through. They assessed the 

ANN’s performance in unknown DDoS detection when it is 

trained with old and updated datasets and reported that the 

further they trained the algorithm with the latest features of 

known DDoS attacks, the more they improved the detection 

probabilities for known and unknown DDoS attacks. The ANN 

algorithm learns from training samples and then detects zero-

day attack features, which are comparable to the features on 

which it was trained [262].  

Chen, Zhang and Maharjan [230] developed a DL-based 

model for malicious attack detection to secure mobile edge 

computing. The approach used a DBN for automatic detection, 

and the model exhibited improved accuracy in malware 

detection compared with ML-based algorithms, confirming the 

effectiveness of the automatic feature learning characteristic of 

DL compared with traditional feature engineering methods.  

Meidan et al. [263] implemented ML algorithms for precise 

IoT device identification by utilising network traffic features, 

which are then fed into a multi-stage classifier. The classifier 

categorises the devices that are connected to the network as IoT 

or non-IoT devices; the ML algorithms identify unauthorised 

links of IoT devices automatically and accordingly alleviate the 

disruptions that may occur due to threats. 

In a previous study [264], the abnormal behaviour of IoT 

objects was profiled, and the generated dataset from profiling 

was used to train the classifier to detect abnormal behaviour. 

The author investigated how a partial variation (assuming that 

the attacker can utilise such changes for malicious purposes) of 

sensed data can influence the accuracy of the learning algorithm 

and used SVM and k-means clustering as experimental cases 

for examining the impact of such changes on the detection 

accuracy of both ML algorithms. The results showed that both 

algorithms (i.e. SVM and k-means) suffered from detection 

accuracy drops. The zero-day attacks are mostly variations of 

existing attacks; thus, the accuracy of the classifier in detecting 

Authorized licensed use limited to: McMaster University. Downloaded on May 03,2020 at 01:08:58 UTC from IEEE Xplore.  Restrictions apply. 



1553-877X (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/COMST.2020.2988293, IEEE
Communications Surveys & Tutorials

 

 

29 

variations and changes in the dataset is research topic for future 

investigation. 

A system called ‘IoT SENTINEL’, which is based on the RF 

classification algorithm, was proposed in [265] to recognise the 

types of devices connected to an IoT system automatically and 

execute an action to restrain any of vulnerable connections 

accordingly to reduce damage that may be caused by 

compromised devices. 

A previous study [266] developed an IDS for IoT by 

combining fuzzy c-means clustering [267] and the feature 

selection method PCA [194]. The results of the study indicated 

that the proposed method can increase detection effectiveness. 

In [268], the authors proposed a framework to recognise all 

potential attack paths and alleviate the effects of attacks on the 

IoT system; the proposed framework contains a graphical 

security model. The framework consists of five connected 

stages starting with data processing, in which the information 

from the system and the security metrics is fed and processed. 

In the second stage, which is the security model generation, a 

gap model is generated; this model contains all potential attack 

paths in the IoT system; an attack path identifies the structure 

of the nodes that the intruder can compromise to gain access to 

the required node. In the third and fourth stages, the IoT 

network, including the attack paths, is visualised (i.e. security 

visualisation) and analysed (i.e. security analysis), respectively. 

Finally, the security model is updated on the basis of the 

analysis of the attack paths and patterns captured in the previous 

stages. However, this study used basic statistical analysis to 

obtain the security model; therefore, whether the proposed 

framework can be improved by integrating it with intelligent 

methods, such as ML or DL methods, should be investigated. 

In [269], a solution was proposed to detect and restrain 

malware diffusion in an IoT network. The solution is based on 

fog computing, which can simultaneously maximise malware 

detection and minimise the possibility of privacy breach. The 

proposed malware detection system was constructed using an 

IDS, and deployment was accomplished at cloud and fog 

computing to avoid the restrictions on IDS deployment in smart 

objects [269]. The authors also presented a framework to show 

the possible application of malware dissemination restraint in 

IoT networks. 

C.  Application layer 

Currently, most IoT services have application and user 

interfaces; for example, the Android platform is becoming a 

vital element for enabling the IoT system [65]. In the related 

security literature, a previous study [270] showed the effective 

performance of DL in accurately detecting Android malware, 

and the authors of the study constructed a DL model to learn 

features from Android apps. Subsequently, the learning model 

was used to identify unspecified Android malware; the authors 

showed the effectiveness of using DL in Android malware 

detection in terms of performance accuracy and time efficiency, 

indicating that DL can be adapted to real-world applications. 

A past work [214] proposed an Android malware detection 

method that utilises a CNN. With the application of the CNN, 

the significant features related to malware detection are learnt 

automatically from the raw data, thereby eliminating the need 

for manual feature engineering. The main advantage of using 

DL algorithms, such as CNNs, is that the network is trained to 

learn suitable features and execute classification conjointly, 

eliminating the extraction process required in traditional ML 

and consequently providing an end-to-end model [214].  

 The study in [232] proposed an architecture for securing the 

cyberspace of IoT systems, and the proposed architecture 

involves training ML algorithms to classify the system 

behaviour as normal or abnormal. They used GAN algorithms, 

which were integrated into the proposed architecture for 

preliminary study, whose results showed the effectiveness of 

DL-based architecture in detecting abnormal system behaviour. 

Cybersecurity remains to be a serious challenge, especially 

with the steadily increasing number of objects connecting to the 

cyberspace, such as IoT. Cyberattacks, including zero-day 

attacks, are incessantly evolving; consequently, the 

vulnerabilities and opportunities open to attackers increase with 

the rapid growth of IoT. Many of these attacks are minor 

variations of formerly identified cyberattacks [271]. Therefore, 

the recent improvements in effective learning algorithms are 

significant. Effective learning algorithms can be trained to 

adapt to attack variations in the cyberspace with high-level 

feature abstraction capability; thus, they can provide resilient 

solutions to the variations of formerly identified cyberattacks or 

new attacks [271]. A previous study [271] proposed a DL model 

to enhance cybersecurity and enable attack detection in IoT 

systems and verified the appropriateness of the DL model in 

securing the cyberspace of IoT systems. Similarly, [272] 

proposed a distributed DL model to deliver accurate protection 

against cyberattacks and threats in fog-to-things computing and 

used an SAE algorithm to construct their learning model. The 

authors confirmed that the DL models are more suitable for 

such cyberattack protection than are traditional methods in 

terms of scalability, accuracy and false alarm rate.  

 Table 3 and 4 shows the comparison and summary of studies 

on ML and DL for IoT security. 

D. Enabling technology for ML/DL deployment for IoT 

security  

On the one hand, realising ML/DL to construct an 

intelligence-based security for IoT systems can be practically 

challenging because robust software and hardware are required 

to implement such complex algorithms. On the other hand, 

recent advancements in computational capability of tiny 

devices and in several ML/DL implementation platforms can 

result in successful implementation of these methods in 

onboard devices, such as smartphones [273] or in fog and edge 

computing platforms [273]. Figure 10 shows that the 

technology tools that essentially enable ML/DL deployment for 

IoT security can be generally listed as a large growth of IoT 

data, robust software frameworks for facilitating the 

development of security models based on ML/DL methods and 

sophisticated hardware equipment to deploy the developed 

security model. Large growth of IoT data: The large data 

growth results in producing large-volume data, which contain 

useful information about the system behaviour under different 

modes, that is, ‘normal’ and ‘attack’ modes. The current data 

volume is larger than that in the past. Data are the main 

elements for successful implementation of ML/DL-based 

systems.  
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VII. ISSUES, CHALLENGES AND FUTURE DIRECTIONS  

In this section, we present a list of Issues, challenges and future 

directions for using ML and DL methods to mitigate security 

weakness IoT systems, which are classified based on data, 

learning strategies, IoT environments, inherent ML and DL 

Challenges, opportunities to integrated ML/DL with other 

technology, computational complexity issues and security vs 

other trades off requirements. IoT data related issues  

1)  Availability of security related datasets 

The general purpose of learning algorithms is capturing the 

patterns from the available partial training dataset and then 

constructing a model to categorise the new inputs on the basis 

of the learnt patterns. In this process, a question to investigate 

is the volume of training data required to train the learning 

algorithms sufficiently for these algorithms to be generalised 

for new input in the given domain [274]. In the context of the 

application of ML and DL for IoT security, the major challenge 

encountered by ML and DL, in general, and the supervised ML 

and DL methods in particular, is how to extract or generate a 

realistic and high-quality training dataset that contains various 

possible attack types. A high-quality training dataset is an 

essential ingredient to train the ML and DL algorithms 

accurately. The training datasets should be comprehensive and 

diverse. They should contain information that reflects nearly all 

of the strategies of real-world attacks because these training 

datasets are the basis for obtaining model knowledge. This 

condition can directly influence model accuracy. Given that IoT 

systems generate large volumes of data, real-time data 

streaming data quality maintenance remains a challenge. 

A vital future research direction is the use of crowd-sourcing 

methods for generating datasets related to IoT threats and 

attacks. Rich datasets that include nearly all attack patterns 

should be generated for training ML and DL algorithms. 

Furthermore, such datasets can be used to benchmark the 

accuracy of newly proposed algorithms against that of existing 

methods for attack detection. Although generating collaborative 

IoT threat datasets, which can be continuously updated with 

new attacks, is of great importance, it is challenging technically 

due to the wide diversity of IoT devices. Furthermore, a privacy 

issue prevails because datasets may contain sensitive or critical 

information that are not meant to be shared publicly, 

specifically for industrial and medical IoT devices. 

2) Learning to secure IoT with low-quality data 

Most of the proposed DL representations are generally for 

high-quality data [221]. However, IoT systems comprise 

heterogeneous connected devices, and large-scale streaming, 

leading to the possibility of high-noise and corrupted data to be 

gathered from such systems[224, 275]. Therefore, learning to 

secure IoT systems requires effective DL models that can 

handle and learn from low-quality data, particularly when 

obtaining high-quality training data is practically infeasible. 

Therefore, multi-modal and effective DL models should be 

developed to secure IoT systems with large-scale streaming, 

heterogeneous and high-noise data. 

3) Augmentation of IoT security data to improve learning 

algorithm performance 

Intuitively, richer the data that ML and DL algorithms have 

to learn from, the more accurate they can be [276]. Although 

obtaining a large dataset is relatively easy in certain domains, 

such as image and natural language processing, acquiring a 

large dataset for ML and DL is relatively difficult in the domain 

of data security in IoT systems. Therefore, finding alternative 

means to obtain substantial amounts of data in this domain is 

desirable. Data augmentation is used to expand limited data by 

generating new samples from existing ones. In the 

augmentation of IoT security data, the limited amount of 

existing IoT security samples can be utilised to generate new 

samples. 

The key challenge in data augmentation is producing new 

data samples that preserve the appropriate data distribution for 

each class, normally necessitating domain knowledge [218, 

277]. In view of this problem, suitable methods for the 

augmentation of IoT security data should be investigated to 

improve the classification accuracy of learning methods. 
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Figure 10 Technology tools that can essentially enable ML/DL deployment for IoT security

 

B.  Learning Strategies for Effective IoT Security 

1)  Zero-day attacks on IoT 

The main advantage of ML and DL methods over traditional 

security methods, such as the threat signature-based method, is 

their capability to detect zero-day attacks. Zero-day attacks, 

which are evolving threats, were previously anonymous to 

detection systems. These attacks have varying potentials, such 

as metamorphic malware attacks that automatically reprogram 

themselves each time they are circulated or transmitted. 

Consequently, detecting these malware attacks by traditional 

methods is difficult [278, 279]. The number of emerging IoT 

security threats [22]., such as zero-day attacks, is continuously 

growing at an alarming rate [22]. For example, the Mirai botnet 

and its derivations are becoming an alarming threat to the 

security of IoT systems [7, 9]. The development of the recent 

derivation of the Mirai botnet, Satori, proves that other 

malicious IoT botnets are emerging to exploit known and zero-

day vulnerabilities [280].  

On the one hand, recent derivations of Mirai suggest that IoT 

malware continues to grow because Mirai’s open source code 

allows creators of IoT malware to produce new variants of 

Mirai that exploit known and zero-day vulnerabilities to attack 

IoT devices [7, 9, 22, 280]. On the other hand, intelligent 

monitoring and control of IoT security provides an important 

solution to these new attacks or the zero-day attack and its 

variations. ML and DL algorithms are powerful analysis tools 

for learning normal or abnormal behaviour on the basis of 

interactions among the systems and devices within an IoT 

ecosystem. Input data from each element of an IoT system and 

its devices can be collected and examined to determine normal 

patterns of interaction and consequently identify malicious 

behaviour at an early stage. Moreover, in view of the capability 

of ML and DL methods to learn from existing samples to 

intelligently predict future unknown samples, these methods 

have the potential to predict new attacks, which, in many cases, 

are simple derivations and mutations of previous attacks. 

Therefore, IoT security systems need to advance from the 

simple facilitation of secure communication between devices to 

intelligent security enabled by DL and ML methods. 

2) Lifelong Learning for learning IoT threats  

One of main characteristics of the IoT environment is 

dynamism; several new things join and numerous objects leave 

the system given the numerous and diverse IoT devices used to 

manage different applications and scenarios. Given IoT’s 
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nature, normal structures and patterns of IoT systems may 

considerably change with time, and threats and attacks targeting 

the IoT system may likewise persistently vary with time. 

Therefore, distinguishing between normal and abnormal IoT 

system behaviour cannot be always pre-defined. Thus, the 

frequent updating of security models is required to handle and 

understand IoT modifications. In an actual IoT environment, 

the short-term learning of threats and attacks targeting IoT 

systems may be ineffective for long-term protection. 

Consequently, the concept of lifelong learning can hold realistic 

significance in long-term real-world applications. The concept 

of lifelong ML [123, 281, 282] is directed towards the 

construction of a model that can repeatedly perform the 

retraining process for learning new emerging patterns related to 

each behaviour. The model should be able to continuously 

adapt to and learn from new environments [123, 281, 282]. 

Researchers have reported that the further training an algorithm 

receives with the latest features of known DDoS attacks, the 

more these improved the detection probabilities for known and 

unknown DDoS attacks. The ANN algorithm learns from 

training samples and then detects zero-day attack features, 

which are comparable to the features on which it was trained 

[262]. Therefore, frequently updating training samples is 

important for developing effective real-world security models 

for IoT-related threats. 

3) Transfer learning  

Transfer learning refers to the idea of transferring knowledge 

from a domain with sufficient training data to a domain with 

insufficient training data. The main purpose of transfer learning 

is to reduce the time and effort required for the new learning 

process. The main concern in transfer learning deals with the 

part of knowledge that can be transferred as knowledge that is 

common between the domains. Therefore, transferring such 

knowledge is useful. Meanwhile, transferring knowledge that is 

specific for a particular domain and does not hold any 

importance to other domains must be avoided [283].  

The concept of transfer learning, which consists of different 

elements such as devices, WSNs and cloud computing, can be 

useful for securing IoT systems. The security of these elements 

has already been extensively studied, and well-established 

training samples on different attacks have been generated. 

Consequently, if transfer learning is accomplished successfully 

from IoT elements, then such learning may considerably 

improve the security performance of an entire IoT system with 

less effort and cost in constructing training samples. 

C. ML and DL for IoT security in interdependent, 

interconnected and interactive environments 

In this section, we present the opportunities for using ML and 

DL methods to mitigate internal security issues arising from the 

structures of IoT systems, which are interdependent, 

interconnected and interactive environments. 

As explained previously, with the rapid increase in the 

number of IoT devices, the collaboration among devices is 

becoming increasingly autonomous; i.e. they require reduced 

human involvement. IoT devices no longer simply interact with 

one another like devices within a network. Many current IoT 

devices are designed to achieve the vision of a smart city, in 

which many of the devices are controlled by other devices or 

depend on the operational condition of other devices or the 

surrounding environment  

The advantage of using ML and DL in securing IoT devices 

in such an environment is that these methods can be developed 

to go beyond simply understanding the operational behaviour 

of specific devices to understanding the operational behaviour 

of entire systems and their devices.  

Moreover, IoT systems connect billions of devices; thus, not 

only the surface of the attack but also the magnitude of the 

attack should be considered in IoT systems. With these densely 

interconnected devices, an infected thing can result in a 

destructive attack that infects a considerable number of things 

at a large scale, even affecting a substantial part of a city.  

For interconnected systems, the benefit of using ML and DL 

for securing IoT devices is that ML the DL methods can provide 

intelligence to systems for detecting abnormal behaviours of a 

thing or groups of things and thus automatically respond at an 

early stage. This strategy may mitigate the impact of the attack 

and lead to learning for the prevention of future occurrences of 

similar attacks on the basis of a solid understanding of the 

current causes. 

Along the same direction, ML and DL can be effective for 

securing IoT devices in an interactive environment In SIoT. 

Suitable instructions should be established for objects to choose 

their appropriate friends because these instructions impact the 

service outputs built on top of social networks [121]. The 

advancement in SIoT increases critical security and privacy 

concerns regarding the disclosure of sensitive information 

related to the objects [122]. 

ML and DL methods can potentially contribute to securing 

the integration of social networking into IoT. However, this 

direction is still in its infancy and needs further investigation. 

D. ML and DL Challenges 

1) Possible misuse of ML and DL algorithms by attackers 

(breaking cryptographic implementations by ML and DL 

methods) 

Recent advances in ML and DL algorithms have enabled 

them to be used in breaking cryptographic implementations. For 

example, two previous studies [146, 147] used ML to break 

cryptographic systems using SVMs, which outperformed the 

template attack. Similarly, the authors in [215] investigated 

different DL algorithms to break cryptographic systems and 

reported that DL can break cryptographic systems. Specifically, 

CNN and AE algorithms performed better than did ML 

algorithms (SVM and RF) and the rational profiling method 

template attack. 

A previous study showed that RNNs can learn decryption. 

Specifically, an RNN with a 3000-unit LSTM can learn the 

Enigma machine decryption function by learning effective 

internal representations of these ciphers; the results suggested 

that DL algorithms, such as RNNs, can capture and learn the 

algorithmic representations of polyalphabetic ciphers for 

cryptanalysis [284]. Consequently, future work should consider 

the ability of ML/DL as a major factor while designing IoT 
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security methods.  

2) Privacy of ML and DL  

Recent studies [285-287] have shown that ML and DL 

algorithms can leak data. Privacy-preserving ML and DL 

algorithms are vulnerable to dominant attacks [285]. A study 

showed that federated, distributed or even decentralised DL 

methods are easily broken and unable to maintain training set 

privately [285]. The authors developed an attack to manipulate 

the real-time nature of a learning process in which the adversary 

was allowed to train a GAN that creates samples similar to those 

in the targeted training dataset, which was supposed to be 

private; the samples produced by the GAN were supposed to 

originate from the same distribution as the training dataset 

[285]. Therefore, DL algorithms themselves are vulnerable to 

potential attacks when generating the training data. 

Consequently, attackers can build a DL system that can 

recognise how DL-based detection methods work and generate 

attacks that cannot be detected easily. This area of research is 

still in its infancy and needs further investigation to find the 

appropriate solution to such an issue. 

3)  Security of ML and DL methods  

Researchers have recently investigated various threats that 

can be launched against ML and DL algorithms. These 

algorithms are susceptible to many threats that either decrease 

the accuracy and performance of the classifiers or expose 

sensitive data used in the training process of the classifiers. 

Examples of the potential threats that can be utilised by 

attackers include poisoning, evasion, impersonation and 

inversion attacks s [288]. Poisoning is a threat in which the 

attacker injects malicious samples with incorrect labels into the 

training dataset to modify training data distribution, decrease 

the discrimination power of the classifier in distinguishing 

between the normal and abnormal behaviour of the system, and 

ultimately decrease classifier accuracy and performance. Such 

attacks can be potentially launched against ML algorithms that 

need to dynamically update their training sets and learning 

models to adapt to the new attacks features, such as ML 

algorithms for malware detection [288, 289]. The second 

possible attack on ML and DL is the evasion attack. This attack 

is based on generating adversarial samples by modifying the 

attack features to be slightly different from the malicious 

samples used to train the model; consequently, the probability 

of the attack being detected by the classifier is decreased, and 

the attack avoids detection, thereby reducing the performance 

of the system remarkably [288]. The third possible attack is 

impersonation. In this attack, the attacker attempts to mimic the 

data samples to deceive the ML algorithms to classifying the 

original samples with different labels incorrectly from the 

impersonated ones [288, 290, 291]. The last possible attack is 

inversion, which exploits the application program interfaces 

presented to the users by the current ML platform to collect 

roughly the necessary information about the pre-trained ML 

models [287, 292]. Subsequently, this extracted information is 

used to perform reverse engineering to obtain the sensitive data 

of users. This kind of attack violates the privacy of users by 

exploring the data, which are sensitive in certain cases (e.g. 

patients’ medical data), inserted in the ML models [293, 294]. 

Consequently, the security of DL/ML methods that hold 

potential applications to secure IoT devices should be 

effectively and sufficiently secure against adversarial leakage 

of their training parameters.  

4) Insights into DL architecture 

ML and DL methods change the means through which a 

computer solves a problem, from instructing the computer what 

to do programmatically to training the computer what to do 

intelligently (learning from experience). However, despite the 

progress achieved by DL algorithms in many applications, a 

theory that can describe why and how DNNs run depending on 

their architecture has not yet been established. Such a theory 

can be significant in comprehending the quantity of data or the 

number of the layers required to achieve the desired 

performance. The theory can also facilitate the reduction of the 

resources (e.g. time, energy and memory) required to construct 

a DL model [205], thereby providing a sophisticated but 

lightweight DL model that is useful for resource-constrained 

systems, such as IoT devices. Establishing a lightweight DL 

model is a significant step towards the implementation of 

onboard security systems for IoT devices. Thus, this topic needs 

further exploration in future studies. 

E. Integrating DL/ML with Other Technology for IoT 

Security 

1) Implementation of ML and DL at the edge  

Edge computing has become an essential technology in 

providing IoT services. Edge computing immigrates service 

provision from the cloud to the network edge, which holds a 

potential solution in the IoT era [204, 295]. Implementing DL 

and ML at the edge for IoT security can minimise delays, realise 

near-real-time detection systems, improve energy efficiency 

and enhance the scalability of lightweight IoT objects. Such 

implementation can offer an effective framework for data 

processing with reduced network traffic load. However, edge 

computing is still at its infancy, and its implementation is 

accompanied by several challenges. Further research needs to 

be conducted to explore and develop effective strategies for 

implementing DL and ML at the edge to provide real-time IoT 

security. 

2)  Synergic integration of ML and DL with blockchain for 

IoT security 

Blockchain is an emerging technology that uses 

cryptography to secure transactions within a network. A 

blockchain delivers a decentralised database (called ‘digital 

ledger’) of transactions, of which each node on the network is 

aware [296]. The network is a chain of devices (e.g. computers) 

that all need to endorse a transaction before it can be verified 

and recorded [296]. In other words, a blockchain is simply a 

data structure that allows the production and distribution of a 

‘tamper-proof digital ledger’ of exchanges [297]. The 

decentralised architecture of a blockchain is antithetical to the 

security issues that are inherent in a centralised architecture. 

Using decentralised database architecture, transaction 

authentication depends on the approval of many parties in 

systems rather than of a single authority, as is common practice 

in centralised systems. Therefore, blockchain systems can 
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render transactions relatively more secure and transparent than 

those in centralised systems. IoT systems are distributed by 

nature. Thus, the distributed digital ledger blockchain can play 

a significant role in securing IoT systems.  

ML and DL are concerned with training machines to learn 

from real-world samples to act autonomously and intelligently. 

The goal of ML and DL methods is to allow the machines to 

become smart machines. The simplified definitions of both 

technologies (i.e. ML/DL and blockchain) reveal that a synergic 

relation can be obtained by combining both technologies to 

achieve a fully functional IoT security system. Firstly, ML and 

DL may assist blockchain technology in realising smart 

decision-making, improved evaluation, filtering and 

comprehension of data and devices within a network to 

facilitate the effective implementation of blockchain for 

enhanced trust and security services for IoT systems. Secondly, 

blockchain may assist ML and DL by providing a large volume 

of data because blockchain is a decentralised database that 

stresses the importance of data distribution among several 

nodes on a specific network. The availability of big data is a 

main factor in establishing an accurate ML- and DL-based 

model. Therefore, with the increase in the data volume to be 

analysed, particularly security-related data, the accuracy of ML 

and DL methods can be considerably increased and generalised 

to develop a security model with enhanced reliability. 

F. Computational complexity  

IoT devices are resource-constrained devices. The resources 

of IoT devices (things), such as memory, computation and 

energy, which are required for ML and DL deployment, are 

limited and create a crucial bottleneck in the adoption of DL 

and ML for real-time on-board implementation [298]. The 

current solutions of computation offloading and execution in 

the cloud suffer from high wireless energy overhead. Moreover, 

the availability of the applications for such solutions is based 

on the network conditions. Consequently, if the network 

connectivity is weak, then cloud offloading will be 

unattainable, leading to the unavailability of the applications. 

Another recent solution which may advance the implementation 

of ML and DL for IoT security is the development of edge 

computing GPUs (mobile GPU). However, GPUs on mobile 

can still consume considerable mobile battery reserves [298]. 

On the one hand, enhancing GPU-based solutions and 

proposing an efficient offloading strategy are important in 

advancing the implementation of ML- and DL-based IoT 

security to enhance the performance of IoT DL applications in 

IoT systems with cloud and edge computing [204]. On the other 

hand, ML and DL frameworks that can efficiently reduce 

computational complexity should be developed. Developing 

real-time detection and protection systems are important for 

providing effective security mechanisms, particularly for large-

scale IoT systems. Thus, reducing computational complexity 

holds practical importance in future research. 

G. Security vs Trade-offs in IoT Applications 

The existing security trade-offs, such as that between 

availability and safety, are another challenge to the achievement 

of a robust security scheme for IoT systems. Moreover, the 

importance of various security trade-offs differs from one IoT 

application to another. For example, an IoMT system should 

provide a security scheme, but it should also offer the flexibility 

of being accessible in emergency situations. When a patient 

with an implanted IoMT, which monitors his or her health 

conditions, is suddenly in an emergency situation, easy access 

to the IoMT device is the first priority in saving his or her life. 

Therefore, creating a design that balances providing a robust 

security scheme to protect the implanted IoMT and 

guaranteeing accessibility of such devices during emergency 

situations is necessary. Such a trade-off between security and 

safety poses a critical challenge. An appropriate balance 

between patient safety and device security is an important 

parameter to be considered in the design phase [63, 78]. ML and 

DL methods mainly aim to provide intelligence and contextual 

awareness to devices; therefore, these methods can better 

mitigate security trade-off issues than can traditional access 

control methods. 

Similarly, other applications of IoT have different security 

trade-offs in accordance with diverse implemented 

environments. Given the required security level and trade-offs 

in specified IoT applications, security design should satisfy 

different operation modes within the given applications. Future 

research may utilise the intelligence capability of ML and DL 

methods to design security schemes that can effectively satisfy 

various security trade-offs under different operation modes 

within a specified application. 

Summary and Discussion 

The major contribution of Section VII is the provision of the list 

of issues, challenges and future directions for using ML and DL 

methods to mitigate security weakness IoT systems. These 

issues are classified based on data, learning strategies, IoT 

environments, inherent ML and DL challenges, opportunities to 

integrate ML/DL with other technology, computational 

complexity issues and security versus other trade-off 

requirements.  

VIII.  CONCLUSION  

The requirements for securing IoT devices have become 

complex because several technologies, from physical devices 

and wireless transmission to mobile and cloud architectures, 

need to be secured and combined with other technologies. The 

advancement in ML and DL has allowed for the development 

of various powerful analytical methods that can be used to 

enhance IoT security. 

In this survey, various IoT security threats and IoT attack 

surfaces are discussed. A comprehensive review of the potential 

uses of ML and DL methods in IoT security is provided. These 

methods are then compared at the end of each subsection in 

terms of their advantages, disadvantages and applications in IoT 

security. Afterward, the uses of the ML and DL methods for 

securing the main IoT layers (i.e. perception, network and 

application layers) are reviewed. Finally, an extensive list of 

issues, challenges and future directions related to the use of ML 

and DL in effectively securing IoT systems are presented and 
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classified according to data; learning strategies; ML and DL for 

IoT security in the interdependent, interconnected and 

interactive environments of IoT systems; diverse security trade-

offs in IoT applications and synergic integration of ML and DL 

with blockchain for IoT security.  

This survey aims to provide a useful manual that can 

encourage researchers to advance the security of IoT systems 

from simply enabling secure communication among IoT 

components to developing intelligent end-to-end IoT security-

based approaches. 
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List of Acronyms 

Acronym Description  
6LoWPAN Combination IPv6and Low-power 

Wireless Personal Area Networks 
AEs Auto-encoders 
ANN Artificial Neural Network 
CNN Convolutional Neural Network 
CCTV Closed-Circuit Television 

CPS Cyber-physical System 

ARs Association Rules  

DL Deep Learning  

DBN Deep Belief Network 

DNN Deep Neural Network 

DoS Denial of Service 

DDoS Distributive Denial of Service 

DRL Deep Reinforcement Learning 

DT Decision Tree 

EL Ensemble Learning  

EDLNs Ensemble Deep Learning Networks 

GAN Generative Adversarial Network 

GPS Global Positioning System 

GPU Graphics Processing Unit 

IoT Internet of Things 

IoMT Internet of Medical Things 

KNN K-nearest neighbour 

LAN Local Network Area  

LSTM Long Short-term Memory 

MitM (Man-in-the-Middle 

NB Naive Bayes 

NFC Near Field Communication  

PCA Principal Component Analysis 

RBMs Restricted Boltzmann Machines 

ReLU Rectified Linear Units 

RNN Recurrent Neural Network 

RF Random-Forest  

RFID Radio Frequency Identification 

(SIoT) Social Internet of Things 

(SQL) structured query language 

SNs Sensor networks 

SVMs Support Vector Machines 

UWB ultra-wide bandwidth 

WAN Worldwide Network Area 

WSN Wireless Sensor Network 

Wi-Fi Wireless Fidelity 

 

References  

[1] A. V. Dastjerdi and R. Buyya, "Fog computing: 

Helping the Internet of Things realize its potential," 

Computer, vol. 49, no. 8, pp. 112-116, 2016. 

[2] Z. Yan, P. Zhang, and A. V. Vasilakos, "A survey on 

trust management for Internet of Things," Journal of 

network and computer applications, vol. 42, pp. 120-

134, 2014. 

[3] D. Evans, "The internet of things: How the next 

evolution of the internet is changing everything," 

CISCO white paper, vol. 1, no. 2011, pp. 1-11, 2011. 

[4] S. Ray, Y. Jin, and A. Raychowdhury, "The changing 

computing paradigm with internet of things: A tutorial 

introduction," IEEE Design & Test, vol. 33, no. 2, pp. 

76-96, 2016. 

[5] M. Abomhara, "Cyber security and the internet of 

things: vulnerabilities, threats, intruders and attacks," 

Journal of Cyber Security and Mobility, vol. 4, no. 1, 

pp. 65-88, 2015. 

[6] D. Serpanos, "The Cyber-Physical Systems 

Revolution," Computer, vol. 51, no. 3, pp. 70-73, 

2018. 

[7] E. Bertino and N. Islam, "Botnets and internet of 

things security," Computer, vol. 50, no. 2, pp. 76-79, 

2017. 

[8] S. Raza, L. Wallgren, and T. Voigt, "SVELTE: Real-

time intrusion detection in the Internet of Things," Ad 

hoc networks, vol. 11, no. 8, pp. 2661-2674, 2013. 

[9] C. Kolias, G. Kambourakis, A. Stavrou, and J. Voas, 

"DDoS in the IoT: Mirai and other botnets," 

Computer, vol. 50, no. 7, pp. 80-84, 2017. 

[10] Y. LeCun, Y. Bengio, and G. Hinton, "Deep learning," 

nature, vol. 521, no. 7553, p. 436, 2015. 

[11] A. R. Sfar, E. Natalizio, Y. Challal, and Z. Chtourou, 

"A roadmap for security challenges in the Internet of 

Things," Digital Communications and Networks, 

2017. 

[12] S. Sicari, A. Rizzardi, L. A. Grieco, and A. Coen-

Porisini, "Security, privacy and trust in Internet of 

Things: The road ahead," Computer networks, vol. 76, 

pp. 146-164, 2015. 

[13] F. A. Alaba, M. Othman, I. A. T. Hashem, and F. 

Alotaibi, "Internet of Things security: A survey," 

Journal of Network and Computer Applications, vol. 

88, pp. 10-28, 2017. 

[14]  K. Zhao and L. Ge, "A survey on the internet of things 

security," in Computational Intelligence and Security 

Authorized licensed use limited to: McMaster University. Downloaded on May 03,2020 at 01:08:58 UTC from IEEE Xplore.  Restrictions apply. 



1553-877X (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/COMST.2020.2988293, IEEE
Communications Surveys & Tutorials

 

 

37 

(CIS), 2013 9th International Conference on, 2013: 

IEEE, pp. 663-667.  

[15] J. S. Kumar and D. R. Patel, "A survey on internet of 

things: Security and privacy issues," International 

Journal of Computer Applications, vol. 90, no. 11, 

2014. 

[16]  H. Suo, J. Wan, C. Zou, and J. Liu, "Security in the 

internet of things: a review," in Computer Science and 

Electronics Engineering (ICCSEE), 2012 

international conference on, 2012, vol. 3: IEEE, pp. 

648-651.  

[17] D. E. Kouicem, A. Bouabdallah, and H. Lakhlef, 

"Internet of Things Security: a top-down survey," 

Computer Networks, 2018. 

[18] J. Granjal, E. Monteiro, and J. S. Silva, "Security for 

the internet of things: a survey of existing protocols 

and open research issues," IEEE Communications 

Surveys & Tutorials, vol. 17, no. 3, pp. 1294-1312, 

2015. 

[19] B. B. Zarpelão, R. S. Miani, C. T. Kawakani, and S. C. 

de Alvarenga, "A survey of intrusion detection in 

Internet of Things," Journal of Network and Computer 

Applications, vol. 84, pp. 25-37, 2017. 

[20] R. H. Weber, "Internet of Things–New security and 

privacy challenges," Computer law & security review, 

vol. 26, no. 1, pp. 23-30, 2010. 

[21] R. Roman, J. Zhou, and J. Lopez, "On the features and 

challenges of security and privacy in distributed 

internet of things," Computer Networks, vol. 57, no. 

10, pp. 2266-2279, 2013. 

[22] I. Yaqoob et al., "The rise of ransomware and 

emerging security challenges in the Internet of 

Things," Computer Networks, vol. 129, pp. 444-458, 

2017. 

[23] L. Xiao, X. Wan, X. Lu, Y. Zhang, and D. Wu, "IoT 

Security Techniques Based on Machine Learning," 

arXiv preprint arXiv:1801.06275, 2018. 

[24] A. L. Buczak and E. Guven, "A survey of data mining 

and machine learning methods for cyber security 

intrusion detection," IEEE Communications Surveys 

& Tutorials, vol. 18, no. 2, pp. 1153-1176, 2016. 

[25] P. Mishra, V. Varadharajan, U. Tupakula, and E. S. 

Pilli, "A Detailed Investigation and Analysis of using 

Machine Learning Techniques for Intrusion 

Detection," IEEE Communications Surveys & 

Tutorials, 2018. 

[26] C. Perera, A. Zaslavsky, P. Christen, D. J. I. c. s. 

Georgakopoulos, and tutorials, "Context aware 

computing for the internet of things: A survey," vol. 

16, no. 1, pp. 414-454, 2013. 

[27] M. A. Alsheikh, S. Lin, D. Niyato, H.-P. J. I. C. S. Tan, 

and Tutorials, "Machine learning in wireless sensor 

networks: Algorithms, strategies, and applications," 

vol. 16, no. 4, pp. 1996-2018, 2014. 

[28] A. Oussous, F.-Z. Benjelloun, A. A. Lahcen, S. J. J. o. 

K. S. U.-C. Belfkih, and I. Sciences, "Big Data 

technologies: A survey," vol. 30, no. 4, pp. 431-448, 

2018. 

[29] Z. M. Fadlullah et al., "State-of-the-art deep learning: 

Evolving machine intelligence toward tomorrow’s 

intelligent network traffic control systems," vol. 19, 

no. 4, pp. 2432-2455, 2017. 

[30] J. Qiu, Q. Wu, G. Ding, Y. Xu, and S. J. E. J. o. A. i. 

S. P. Feng, "A survey of machine learning for big data 

processing," vol. 2016, no. 1, p. 67, 2016. 

[31] J. J. N. n. Schmidhuber, "Deep learning in neural 

networks: An overview," vol. 61, pp. 85-117, 2015. 

[32] W. Liu, Z. Wang, X. Liu, N. Zeng, Y. Liu, and F. E. J. 

N. Alsaadi, "A survey of deep neural network 

architectures and their applications," vol. 234, pp. 11-

26, 2017. 

[33] S. Zhang, L. Yao, A. Sun, and Y. J. A. C. S. Tay, 

"Deep learning based recommender system: A survey 

and new perspectives," vol. 52, no. 1, p. 5, 2019. 

[34] P. V. Klaine, M. A. Imran, O. Onireti, R. D. J. I. C. S. 

Souza, and Tutorials, "A survey of machine learning 

techniques applied to self-organizing cellular 

networks," vol. 19, no. 4, pp. 2392-2431, 2017. 

[35] R. Li et al., "Intelligent 5G: When cellular networks 

meet artificial intelligence," vol. 24, no. 5, pp. 175-

183, 2017. 

[36] L. Wang, R. J. I. J. o. N. Jones, and Communications, 

"Big data analytics for network intrusion detection: A 

survey," vol. 7, no. 1, pp. 24-31, 2017. 

[37] K. Ota, M. S. Dao, V. Mezaris, F. G. J. A. T. o. M. C. 

De Natale, Communications,, and Applications, 

"Deep learning for mobile multimedia: A survey," vol. 

13, no. 3s, p. 34, 2017. 

[38] M. Mohammadi, A. Al-Fuqaha, S. Sorour, M. J. I. C. 

S. Guizani, and Tutorials, "Deep learning for IoT big 

data and streaming analytics: A survey," vol. 20, no. 4, 

pp. 2923-2960, 2018. 

[39]  K. Zhao and L. Ge, "A Survey on the Internet of 

Things Security," in 2013 Ninth International 

Conference on Computational Intelligence and 

Security, 14-15 Dec. 2013 2013, pp. 663-667, doi: 

10.1109/CIS.2013.145.  

[40]  Z.-K. Zhang, M. C. Y. Cho, C.-W. Wang, C.-W. Hsu, 

C.-K. Chen, and S. Shieh, "IoT security: ongoing 

challenges and research opportunities," in 2014 IEEE 

7th international conference on service-oriented 

computing and applications, 2014: IEEE, pp. 230-234.  

[41]  R. Mahmoud, T. Yousuf, F. Aloul, and I. Zualkernan, 

"Internet of things (IoT) security: Current status, 

challenges and prospective measures," in 2015 10th 

International Conference for Internet Technology and 

Secured Transactions (ICITST), 2015: IEEE, pp. 336-

341.  

[42] A. Al-Fuqaha, M. Guizani, M. Mohammadi, M. 

Aledhari, and M. Ayyash, "Internet of things: A survey 

on enabling technologies, protocols, and applications," 

IEEE Communications Surveys & Tutorials, vol. 17, 

no. 4, pp. 2347-2376, 2015. 

[43] A. Whitmore, A. Agarwal, and L. Da Xu, "The 

Internet of Things—A survey of topics and trends," 

Information Systems Frontiers, vol. 17, no. 2, pp. 261-

274, 2015. 

[44]  Z. Yang, Y. Yue, Y. Yang, Y. Peng, X. Wang, and W. 

Liu, "Study and application on the architecture and key 

technologies for IOT," in Multimedia Technology 

Authorized licensed use limited to: McMaster University. Downloaded on May 03,2020 at 01:08:58 UTC from IEEE Xplore.  Restrictions apply. 



1553-877X (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/COMST.2020.2988293, IEEE
Communications Surveys & Tutorials

 

 

38 

(ICMT), 2011 International Conference on, 2011: 

IEEE, pp. 747-751.  

[45]  M. Wu, T.-J. Lu, F.-Y. Ling, J. Sun, and H.-Y. Du, 

"Research on the architecture of Internet of things," in 

Advanced Computer Theory and Engineering 

(ICACTE), 2010 3rd International Conference on, 

2010, vol. 5: IEEE, pp. V5-484-V5-487.  

[46] C. Perera, A. Zaslavsky, P. Christen, and D. 

Georgakopoulos, "Context aware computing for the 

internet of things: A survey," IEEE communications 

surveys & tutorials, vol. 16, no. 1, pp. 414-454. 

[47] P. Sethi and S. R. Sarangi, "Internet of things: 

architectures, protocols, and applications," Journal of 

Electrical and Computer Engineering, vol. 2017, 

2017. 

[48] N. Wang, T. Jiang, S. Lv, and L. Xiao, "Physical-

Layer Authentication Based on Extreme Learning 

Machine," IEEE Communications Letters, vol. 21, no. 

7, pp. 1557-1560, 2017. 

[49] D. Zeng, S. Guo, and Z. Cheng, "The web of things: A 

survey," JCM, vol. 6, no. 6, pp. 424-438, 2011. 

[50] M. A. Razzaque, M. Milojevic-Jevric, A. Palade, and 

S. Clarke, "Middleware for internet of things: a 

survey," IEEE Internet of Things Journal, vol. 3, no. 

1, pp. 70-95, 2016. 

[51]  S. Neely, S. Dobson, and P. Nixon, "Adaptive 

middleware for autonomic systems," in Annales des 

télécommunications, 2006, vol. 61, no. 9-10: Springer, 

pp. 1099-1118.  

[52] S. Bandyopadhyay, M. Sengupta, S. Maiti, and S. 

Dutta, "Role of middleware for internet of things: A 

study." 

[53] C. Perera, A. Zaslavsky, P. Christen, and D. 

Georgakopoulos, "Context aware computing for the 

internet of things: A survey," IEEE communications 

surveys & tutorials, vol. 16, no. 1, pp. 414-454, 2014. 

[54] C.-W. Tsai, C.-F. Lai, M.-C. Chiang, and L. T. Yang, 

"Data mining for Internet of Things: A survey," IEEE 

Communications Surveys and Tutorials, vol. 16, no. 1, 

pp. 77-97, 2014. 

[55] E. Ahmed et al., "The role of big data analytics in 

Internet of Things," Computer Networks, vol. 129, pp. 

459-471, 2017. 

[56] M. K. Saggi and S. Jain, "A survey towards an 

integration of big data analytics to big insights for 

value-creation," Information Processing & 

Management, 2018. 

[57] D. Gil, A. Ferrández, H. Mora-Mora, and J. Peral, 

"Internet of things: A review of surveys based on 

context aware intelligent services," Sensors, vol. 16, 

no. 7, p. 1069, 2016. 

[58] F. Alam, R. Mehmood, I. Katib, N. N. Albogami, and 

A. Albeshri, "Data fusion and IoT for smart ubiquitous 

environments: A survey," IEEE Access, vol. 5, pp. 

9533-9554, 2017. 

[59] O. B. Sezer, E. Dogdu, and A. M. Ozbayoglu, 

"Context-Aware Computing, Learning, and Big Data 

in Internet of Things: A Survey," IEEE Internet of 

Things Journal, vol. 5, no. 1, pp. 1-27, 2018. 

[60] S.-G. Leem, I.-C. Yoo, and D. Yook, "Multitask 

Learning of Deep Neural Network-Based Keyword 

Spotting for IoT Devices," IEEE Transactions on 

Consumer Electronics, vol. 65, no. 2, pp. 188-194, 

2019. 

[61] S. Amendola, R. Lodato, S. Manzari, C. Occhiuzzi, 

and G. Marrocco, "RFID technology for IoT-based 

personal healthcare in smart spaces," IEEE Internet of 

things journal, vol. 1, no. 2, pp. 144-152, 2014. 

[62] "Internet of Medical Things, Forecast to 2021 

[Online]: https://store.frost.com/internet-of-medical-

things-forecast-to-2021.html," 06-Jun-2017. [Online]. 

Available: https://store.frost.com/internet-of-medical-

things-forecast-to-2021.html. 

[63] C. Camara, P. Peris-Lopez, and J. E. Tapiador, 

"Security and privacy issues in implantable medical 

devices: A comprehensive survey," Journal of 

biomedical informatics, vol. 55, pp. 272-289, 2015. 

[64] S. R. Islam, D. Kwak, M. H. Kabir, M. Hossain, and 

K.-S. Kwak, "The internet of things for health care: a 

comprehensive survey," IEEE Access, vol. 3, pp. 678-

708, 2015. 

[65] W.-T. Sung and Y.-C. Chiang, "Improved particle 

swarm optimization algorithm for android medical 

care IOT using modified parameters," Journal of 

medical systems, vol. 36, no. 6, pp. 3755-3763, 2012. 

[66]  X. M. Zhang and N. Zhang, "An open, secure and 

flexible platform based on internet of things and cloud 

computing for ambient aiding living and 

telemedicine," in Computer and Management 

(CAMAN), 2011 International Conference on, 2011: 

IEEE, pp. 1-4.  

[67]  G. Dimitrakopoulos, "Intelligent transportation 

systems based on internet-connected vehicles: 

Fundamental research areas and challenges," in ITS 

Telecommunications (ITST), 2011 11th International 

Conference on, 2011: IEEE, pp. 145-151.  

[68]  T. Baranwal and P. K. Pateriya, "Development of IoT 

based smart security and monitoring devices for 

agriculture," in Cloud System and Big Data 

Engineering (Confluence), 2016 6th International 

Conference, 2016: IEEE, pp. 597-602.  

[69] Y. Yan, Y. Qian, H. Sharif, and D. Tipper, "A survey 

on smart grid communication infrastructures: 

Motivations, requirements and challenges," IEEE 

communications surveys & tutorials, vol. 15, no. 1, pp. 

5-20, 2013. 

[70] S. Bera, S. Misra, and J. J. Rodrigues, "Cloud 

computing applications for smart grid: A survey," 

IEEE Transactions on Parallel and Distributed 

Systems, vol. 26, no. 5, pp. 1477-1494, 2015. 

[71] M. Marjani et al., "Big IoT data analytics: 

Architecture, opportunities, and open research 

challenges," IEEE Access, vol. 5, pp. 5247-5261, 

2017. 

[72]  Q. Ou, Y. Zhen, X. Li, Y. Zhang, and L. Zeng, 

"Application of internet of things in smart grid power 

transmission," in Mobile, Ubiquitous, and Intelligent 

Computing (MUSIC), 2012 Third FTRA International 

Conference on, 2012: IEEE, pp. 96-100.  

Authorized licensed use limited to: McMaster University. Downloaded on May 03,2020 at 01:08:58 UTC from IEEE Xplore.  Restrictions apply. 

https://store.frost.com/internet-of-medical-things-forecast-to-2021.html
https://store.frost.com/internet-of-medical-things-forecast-to-2021.html
https://store.frost.com/internet-of-medical-things-forecast-to-2021.html
https://store.frost.com/internet-of-medical-things-forecast-to-2021.html


1553-877X (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/COMST.2020.2988293, IEEE
Communications Surveys & Tutorials

 

 

39 

[73] D. J. Cook, A. S. Crandall, B. L. Thomas, and N. C. 

Krishnan, "CASAS: A smart home in a box," 

Computer, vol. 46, no. 7, pp. 62-69, 2013. 

[74] N. Komninos, E. Philippou, and A. Pitsillides, "Survey 

in smart grid and smart home security: Issues, 

challenges and countermeasures," IEEE 

Communications Surveys & Tutorials, vol. 16, no. 4, 

pp. 1933-1954, 2014. 

[75]  M. Nawir, A. Amir, N. Yaakob, and O. B. Lynn, 

"Internet of Things (IoT): Taxonomy of security 

attacks," in Electronic Design (ICED), 2016 3rd 

International Conference on, 2016: IEEE, pp. 321-

326.  

[76] A. Banerjee, K. K. Venkatasubramanian, T. 

Mukherjee, and S. K. S. Gupta, "Ensuring safety, 

security, and sustainability of mission-critical cyber–

physical systems," Proceedings of the IEEE, vol. 100, 

no. 1, pp. 283-299, 2012. 

[77] K. Wan and V. Alagar, "Context-aware security 

solutions for cyber-physical systems," Mobile 

Networks and Applications, vol. 19, no. 2, pp. 212-

226, 2014. 

[78] R. AlTawy and A. M. Youssef, "Security tradeoffs in 

cyber physical systems: A case study survey on 

implantable medical devices," IEEE Access, vol. 4, pp. 

959-979, 2016. 

[79]  S. Babar, P. Mahalle, A. Stango, N. Prasad, and R. 

Prasad, "Proposed security model and threat taxonomy 

for the Internet of Things (IoT)," in International 

Conference on Network Security and Applications, 

2010: Springer, pp. 420-429.  

[80] W. Z. Khan, M. Y. Aalsalem, and M. K. Khan, 

"Communal acts of IoT consumers: A potential threat 

to security and privacy," IEEE Transactions on 

Consumer Electronics, vol. 65, no. 1, pp. 64-72, 2018. 

[81] J. Lopez, R. Roman, and C. Alcaraz, "Analysis of 

security threats, requirements, technologies and 

standards in wireless sensor networks," in 

Foundations of Security Analysis and Design V: 

Springer, 2009, pp. 289-338. 

[82]  M. R. Rieback, B. Crispo, and A. S. Tanenbaum, "Is 

your cat infected with a computer virus?," in Pervasive 

Computing and Communications, 2006. PerCom 

2006. Fourth Annual IEEE International Conference 

on, 2006: IEEE, pp. 10 pp.-179.  

[83] B. Schneier, Secrets and lies: digital security in a 

networked world. John Wiley & Sons, 2011. 

[84] B. Jung, I. Han, and S. Lee, "Security threats to 

Internet: a Korean multi-industry investigation," 

Information & Management, vol. 38, no. 8, pp. 487-

498, 2001. 

[85]  T. Bose, S. Bandyopadhyay, A. Ukil, A. 

Bhattacharyya, and A. Pal, "Why not keep your 

personal data secure yet private in IoT?: Our 

lightweight approach," in Intelligent Sensors, Sensor 

Networks and Information Processing (ISSNIP), 2015 

IEEE Tenth International Conference on, 2015: IEEE, 

pp. 1-6.  

[86] X. Yao, Z. Chen, and Y. Tian, "A lightweight 

attribute-based encryption scheme for the Internet of 

Things," Future Generation Computer Systems, vol. 

49, pp. 104-112, 2015. 

[87] M. R. Abdmeziem and D. Tandjaoui, "An end-to-end 

secure key management protocol for e-health 

applications," Computers & Electrical Engineering, 

vol. 44, pp. 184-197, 2015. 

[88] S. R. Moosavi et al., "SEA: a secure and efficient 

authentication and authorization architecture for IoT-

based healthcare using smart gateways," Procedia 

Computer Science, vol. 52, pp. 452-459, 2015. 

[89] S. F. Wamba, A. Anand, and L. Carter, "A literature 

review of RFID-enabled healthcare applications and 

issues," International Journal of Information 

Management, vol. 33, no. 5, pp. 875-891, 2013. 

[90] K. Malasri and L. Wang, "Securing wireless 

implantable devices for healthcare: Ideas and 

challenges," IEEE Communications Magazine, vol. 

47, no. 7, 2009. 

[91] J. Zhou, Z. Cao, X. Dong, and A. V. Vasilakos, 

"Security and privacy for cloud-based IoT: 

Challenges," IEEE Communications Magazine, vol. 

55, no. 1, pp. 26-33, 2017. 

[92] C. Bekara, "Security issues and challenges for the IoT-

based smart grid," Procedia Computer Science, vol. 

34, pp. 532-537, 2014. 

[93] L. Atzori, A. Iera, and G. Morabito, "The internet of 

things: A survey," Computer networks, vol. 54, no. 15, 

pp. 2787-2805, 2010. 

[94] J. Gubbi, R. Buyya, S. Marusic, and M. Palaniswami, 

"Internet of Things (IoT): A vision, architectural 

elements, and future directions," Future generation 

computer systems, vol. 29, no. 7, pp. 1645-1660, 2013. 

[95] Q. Jing, A. V. Vasilakos, J. Wan, J. Lu, and D. Qiu, 

"Security of the Internet of Things: perspectives and 

challenges," Wireless Networks, vol. 20, no. 8, pp. 

2481-2501, 2014. 

[96]  C. Karlof, N. Sastry, and D. Wagner, "TinySec: a link 

layer security architecture for wireless sensor 

networks," in Proceedings of the 2nd international 

conference on Embedded networked sensor systems, 

2004: ACM, pp. 162-175.  

[97] I. F. Akyildiz, W. Su, Y. Sankarasubramaniam, and E. 

Cayirci, "A survey on sensor networks," IEEE 

Communications magazine, vol. 40, no. 8, pp. 102-

114, 2002. 

[98]  Z. Cao, J. Hu, Z. Chen, M. Xu, and X. Zhou, 

"Feedback: Towards Dynamic Behavior and Secure 

Routing forWireless Sensor Networks," in Advanced 

Information Networking and Applications, 2006. 

AINA 2006. 20th International Conference on, 2006, 

vol. 2: IEEE, pp. 160-164.  

[99] C. Modi, D. Patel, B. Borisaniya, H. Patel, A. Patel, 

and M. Rajarajan, "A survey of intrusion detection 

techniques in cloud," Journal of Network and 

Computer Applications, vol. 36, no. 1, pp. 42-57, 

2013. 

[100] Y. Liu, C. Cheng, T. Gu, T. Jiang, and X. Li, "A 

lightweight authenticated communication scheme for 

smart grid," IEEE Sensors Journal, vol. 16, no. 3, pp. 

836-842, 2016. 

Authorized licensed use limited to: McMaster University. Downloaded on May 03,2020 at 01:08:58 UTC from IEEE Xplore.  Restrictions apply. 



1553-877X (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/COMST.2020.2988293, IEEE
Communications Surveys & Tutorials

 

 

40 

[101] Ş. Bahtiyar and M. U. Çağlayan, "Extracting trust 

information from security system of a service," 

Journal of Network and Computer Applications, vol. 

35, no. 1, pp. 480-490, 2012. 

[102] A. Akhunzada et al., "Secure and dependable software 

defined networks," Journal of Network and Computer 

Applications, vol. 61, pp. 199-221, 2016. 

[103] M. Díaz, C. Martín, and B. Rubio, "State-of-the-art, 

challenges, and open issues in the integration of 

Internet of things and cloud computing," Journal of 

Network and Computer Applications, vol. 67, pp. 99-

117, 2016. 

[104] M. Armbrust et al., "A view of cloud computing," 

Communications of the ACM, vol. 53, no. 4, pp. 50-58, 

2010. 

[105] M. Armbrust et al., "Above the clouds: A berkeley 

view of cloud computing," Technical Report 

UCB/EECS-2009-28, EECS Department, University 

of California, Berkeley, 2009.  

[106] C. Stergiou, K. E. Psannis, B.-G. Kim, and B. Gupta, 

"Secure integration of IoT and cloud computing," 

Future Generation Computer Systems, vol. 78, pp. 

964-975, 2018. 

[107]  K. Lee, D. Murray, D. Hughes, and W. Joosen, 

"Extending sensor networks into the cloud using 

amazon web services," in Networked Embedded 

Systems for Enterprise Applications (NESEA), 2010 

IEEE International Conference on, 2010: IEEE, pp. 1-

7.  

[108] A. Botta, W. De Donato, V. Persico, and A. Pescapé, 

"Integration of cloud computing and internet of things: 

a survey," Future Generation Computer Systems, vol. 

56, pp. 684-700, 2016. 

[109] S. Subashini and V. Kavitha, "A survey on security 

issues in service delivery models of cloud computing," 

Journal of network and computer applications, vol. 

34, no. 1, pp. 1-11, 2011. 

[110]  T. Bhattasali, R. Chaki, and N. Chaki, "Secure and 

trusted cloud of things," in India Conference 

(INDICON), 2013 Annual IEEE, 2013: IEEE, pp. 1-6.  

[111]  E. Shi, Y. Niu, M. Jakobsson, and R. Chow, "Implicit 

authentication through learning user behavior," in 

International Conference on Information Security, 

2010: Springer, pp. 99-113.  

[112]  S. Fremdt, R. Beck, and S. Weber, "Does cloud 

computing matter? An analysis of the cloud model 

software-as-a-service and its impact on operational 

agility," in System Sciences (HICSS), 2013 46th 

Hawaii International Conference on, 2013: IEEE, pp. 

1025-1034.  

[113]  A. Ukil, S. Bandyopadhyay, and A. Pal, "Iot-privacy: 

To be private or not to be private," in Computer 

Communications Workshops (INFOCOM WKSHPS), 

2014 IEEE Conference on, 2014: IEEE, pp. 123-124.  

[114] s. o. technologies, "Mobile Apps leveraging the 

Internet of Things (IoT)," [Online]: 

https://www.spaceotechnologies.com/mobile-apps-

leveraging-the-internet-of-things/, Last aceessed 4 

April 2018. [Online]. Available: 

https://www.spaceotechnologies.com/mobile-apps-

leveraging-the-internet-of-things/. 

[115] P. Faruki et al., "Android security: a survey of issues, 

malware penetration, and defenses," IEEE 

communications surveys & tutorials, vol. 17, no. 2, pp. 

998-1022, 2015. 

[116] S. Das, J. Divakarla, and P. Sharma, "Detection and 

prevention of installation of malicious mobile 

applications," ed: Google Patents, 2015. 

[117]  J. Huang, X. Zhang, L. Tan, P. Wang, and B. Liang, 

"Asdroid: Detecting stealthy behaviors in android 

applications by user interface and program behavior 

contradiction," in Proceedings of the 36th 

International Conference on Software Engineering, 

2014: ACM, pp. 1036-1046.  

[118] S. R. Steinhubl, E. D. Muse, and E. J. Topol, "The 

emerging field of mobile health," Science 

translational medicine, vol. 7, no. 283, pp. 283rv3-

283rv3, 2015. 

[119] W. Zhou, Y. Zhang, and P. Liu, "The Effect of IoT 

New Features on Security and Privacy: New Threats, 

Existing Solutions, and Challenges Yet to Be Solved," 

arXiv preprint arXiv:1802.03110, 2018. 

[120]  E. Ronen, A. Shamir, A.-O. Weingarten, and C. 

O’Flynn, "IoT goes nuclear: Creating a ZigBee chain 

reaction," in Security and Privacy (SP), 2017 IEEE 

Symposium on, 2017: IEEE, pp. 195-212.  

[121] M. Nitti, L. Atzori, and I. P. Cvijikj, "Friendship 

selection in the social internet of things: challenges 

and possible strategies," IEEE Internet of things 

journal, vol. 2, no. 3, pp. 240-247, 2015. 

[122] L. Atzori, A. Iera, and G. Morabito, "From" smart 

objects" to" social objects": The next evolutionary step 

of the internet of things," IEEE Communications 

Magazine, vol. 52, no. 1, pp. 97-105, 2014. 

[123] M. I. Jordan and T. M. Mitchell, "Machine learning: 

Trends, perspectives, and prospects," Science, vol. 

349, no. 6245, pp. 255-260, 2015. 

[124] J. Franklin, "The elements of statistical learning: data 

mining, inference and prediction," The Mathematical 

Intelligencer, vol. 27, no. 2, pp. 83-85, 2005. 

[125] J. Schmidhuber, "Deep learning in neural networks: 

An overview," Neural networks, vol. 61, pp. 85-117, 

2015. 

[126] Y. Bengio, "Learning deep architectures for AI," 

Foundations and trends® in Machine Learning, vol. 

2, no. 1, pp. 1-127, 2009. 

[127] G. E. Hinton and R. R. Salakhutdinov, "Reducing the 

dimensionality of data with neural networks," Science, 

vol. 313, no. 5786, pp. 504-507, 2006. 

[128] V. Mnih et al., "Human-level control through deep 

reinforcement learning," Nature, vol. 518, no. 7540, p. 

529, 2015. 

[129] R. S. Sutton and A. G. Barto, Reinforcement learning: 

An introduction (no. 1). MIT press Cambridge, 1998. 

[130] M. A. Alsheikh, S. Lin, D. Niyato, and H.-P. Tan, 

"Machine learning in wireless sensor networks: 

Algorithms, strategies, and applications," IEEE 

Communications Surveys & Tutorials, vol. 16, no. 4, 

pp. 1996-2018, 2014. 

Authorized licensed use limited to: McMaster University. Downloaded on May 03,2020 at 01:08:58 UTC from IEEE Xplore.  Restrictions apply. 

https://www.spaceotechnologies.com/mobile-apps-leveraging-the-internet-of-things/
https://www.spaceotechnologies.com/mobile-apps-leveraging-the-internet-of-things/
https://www.spaceotechnologies.com/mobile-apps-leveraging-the-internet-of-things/
https://www.spaceotechnologies.com/mobile-apps-leveraging-the-internet-of-things/


1553-877X (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/COMST.2020.2988293, IEEE
Communications Surveys & Tutorials

 

 

41 

[131] S. B. Kotsiantis, I. Zaharakis, and P. Pintelas, 

"Supervised machine learning: A review of 

classification techniques," Emerging artificial 

intelligence applications in computer engineering, 

vol. 160, pp. 3-24, 2007. 

[132] J. R. Quinlan, "Induction of decision trees," Machine 

learning, vol. 1, no. 1, pp. 81-106, 1986. 

[133]  W. Du and Z. Zhan, "Building decision tree classifier 

on private data," in Proceedings of the IEEE 

international conference on Privacy, security and data 

mining-Volume 14, 2002: Australian Computer 

Society, Inc., pp. 1-8.  

[134] S. B. Kotsiantis, "Decision trees: a recent overview," 

Artificial Intelligence Review, vol. 39, no. 4, pp. 261-

283, 2013. 

[135]  K. Goeschel, "Reducing false positives in intrusion 

detection systems using data-mining techniques 

utilizing support vector machines, decision trees, and 

naive Bayes for off-line analysis," in SoutheastCon, 

2016, 2016: IEEE, pp. 1-6.  

[136] G. Kim, S. Lee, and S. Kim, "A novel hybrid intrusion 

detection method integrating anomaly detection with 

misuse detection," Expert Systems with Applications, 

vol. 41, no. 4, pp. 1690-1700, 2014. 

[137]  S. Alharbi, P. Rodriguez, R. Maharaja, P. Iyer, N. 

Subaschandrabose, and Z. Ye, "Secure the internet of 

things with challenge response authentication in fog 

computing," in Performance Computing and 

Communications Conference (IPCCC), 2017 IEEE 

36th International, 2017: IEEE, pp. 1-2.  

[138] S. Tong and D. Koller, "Support vector machine active 

learning with applications to text classification," 

Journal of machine learning research, vol. 2, no. Nov, 

pp. 45-66, 2001. 

[139] V. Vapnik, The nature of statistical learning theory. 

Springer Science & Business Media, 2013. 

[140] A. L. Buczak and E. Guven, "A survey of data mining 

and machine learning methods for cyber security 

intrusion detection," IEEE Communications Surveys 

& Tutorials, vol. 18, no. 2, pp. 1153-1176, 2015. 

[141]  W. Hu, Y. Liao, and V. R. Vemuri, "Robust Support 

Vector Machines for Anomaly Detection in Computer 

Security," in ICMLA, 2003, pp. 168-174.  

[142] Y. Liu and D. Pi, "A Novel Kernel SVM Algorithm 

with Game Theory for Network Intrusion Detection," 

KSII Transactions on Internet & Information Systems, 

vol. 11, no. 8, 2017. 

[143]  C. Wagner, J. François, and T. Engel, "Machine 

learning approach for ip-flow record anomaly 

detection," in International Conference on Research 

in Networking, 2011: Springer, pp. 28-39.  

[144] H.-S. Ham, H.-H. Kim, M.-S. Kim, and M.-J. Choi, 

"Linear SVM-based android malware detection for 

reliable IoT services," Journal of Applied 

Mathematics, vol. 2014, 2014. 

[145] M. Ozay, I. Esnaola, F. T. Y. Vural, S. R. Kulkarni, 

and H. V. Poor, "Machine learning methods for attack 

detection in the smart grid," IEEE Transactions on 

Neural Networks and Learning Systems, vol. 27, no. 8, 

pp. 1773-1786, 2016. 

[146] L. Lerman, G. Bontempi, and O. Markowitch, "A 

machine learning approach against a masked AES," 

Journal of Cryptographic Engineering, vol. 5, no. 2, 

pp. 123-139, 2015. 

[147]  A. Heuser and M. Zohner, "Intelligent machine 

homicide," in International Workshop on Constructive 

Side-Channel Analysis and Secure Design, 2012: 

Springer, pp. 249-264.  

[148] G. D'Agostini, "A multidimensional unfolding method 

based on Bayes' theorem," Nuclear Instruments and 

Methods in Physics Research Section A: Accelerators, 

Spectrometers, Detectors and Associated Equipment, 

vol. 362, no. 2-3, pp. 487-498, 1995. 

[149] M. Panda and M. R. Patra, "Network intrusion 

detection using naive bayes," International journal of 

computer science and network security, vol. 7, no. 12, 

pp. 258-263, 2007. 

[150] S. Mukherjee and N. Sharma, "Intrusion detection 

using naive Bayes classifier with feature reduction," 

Procedia Technology, vol. 4, pp. 119-128, 2012. 

[151] S. Agrawal and J. Agrawal, "Survey on anomaly 

detection using data mining techniques," Procedia 

Computer Science, vol. 60, pp. 708-713, 2015. 

[152] M. Swarnkar and N. Hubballi, "OCPAD: One class 

Naive Bayes classifier for payload based anomaly 

detection," Expert Systems with Applications, vol. 64, 

pp. 330-339, 2016. 

[153] G. E. Box and G. C. Tiao, Bayesian inference in 

statistical analysis. John Wiley & Sons, 2011. 

[154]  A. Y. Ng and M. I. Jordan, "On discriminative vs. 

generative classifiers: A comparison of logistic 

regression and naive bayes," in Advances in neural 

information processing systems, 2002, pp. 841-848.  

[155]  P. Soucy and G. W. Mineau, "A simple KNN 

algorithm for text categorization," in Data Mining, 

2001. ICDM 2001, Proceedings IEEE International 

Conference on, 2001: IEEE, pp. 647-648.  

[156] Z. Deng, X. Zhu, D. Cheng, M. Zong, and S. Zhang, 

"Efficient kNN classification algorithm for big data," 

Neurocomputing, vol. 195, pp. 143-148, 2016. 

[157] Y. Liao and V. R. Vemuri, "Use of k-nearest neighbor 

classifier for intrusion detection1," Computers & 

security, vol. 21, no. 5, pp. 439-448, 2002. 

[158] A. O. Adetunmbi, S. O. Falaki, O. S. Adewale, and B. 

K. Alese, "Network intrusion detection based on rough 

set and k-nearest neighbour," International Journal of 

Computing and ICT Research, vol. 2, no. 1, pp. 60-66, 

2008. 

[159] C.-F. Tsai, Y.-F. Hsu, C.-Y. Lin, and W.-Y. Lin, 

"Intrusion detection by machine learning: A review," 

Expert Systems with Applications, vol. 36, no. 10, pp. 

11994-12000, 2009. 

[160] L. Li, H. Zhang, H. Peng, and Y. Yang, "Nearest 

neighbors based density peaks approach to intrusion 

detection," Chaos, Solitons & Fractals, vol. 110, pp. 

33-40, 2018. 

[161]  A. R. Syarif and W. Gata, "Intrusion detection system 

using hybrid binary PSO and K-nearest neighborhood 

algorithm," in Information & Communication 

Technology and System (ICTS), 2017 11th 

Authorized licensed use limited to: McMaster University. Downloaded on May 03,2020 at 01:08:58 UTC from IEEE Xplore.  Restrictions apply. 



1553-877X (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/COMST.2020.2988293, IEEE
Communications Surveys & Tutorials

 

 

42 

International Conference on, 2017: IEEE, pp. 181-

186.  

[162] M.-Y. Su, "Real-time anomaly detection systems for 

Denial-of-Service attacks by weighted k-nearest-

neighbor classifiers," Expert Systems with 

Applications, vol. 38, no. 4, pp. 3492-3498, 2011. 

[163] H. H. Pajouh, R. Javidan, R. Khayami, D. Ali, and K.-

K. R. Choo, "A two-layer dimension reduction and 

two-tier classification model for anomaly-based 

intrusion detection in IoT backbone networks," IEEE 

Transactions on Emerging Topics in Computing, 

2016. 

[164] W. Li, P. Yi, Y. Wu, L. Pan, and J. Li, "A new 

intrusion detection system based on KNN 

classification algorithm in wireless sensor network," 

Journal of Electrical and Computer Engineering, vol. 

2014, 2014. 

[165] L. Breiman, "Random forests," Machine learning, vol. 

45, no. 1, pp. 5-32, 2001. 

[166] D. R. Cutler et al., "Random forests for classification 

in ecology," Ecology, vol. 88, no. 11, pp. 2783-2792, 

2007. 

[167]  J. Zhang and M. Zulkernine, "A hybrid network 

intrusion detection technique using random forests," in 

Availability, Reliability and Security, 2006. ARES 

2006. The First International Conference on, 2006: 

IEEE, pp. 8 pp.-269.  

[168]  Y. Chang, W. Li, and Z. Yang, "Network Intrusion 

Detection Based on Random Forest and Support 

Vector Machine," in Computational Science and 

Engineering (CSE) and Embedded and Ubiquitous 

Computing (EUC), 2017 IEEE International 

Conference on, 2017, vol. 1: IEEE, pp. 635-638.  

[169] R. Doshi, N. Apthorpe, and N. Feamster, "Machine 

Learning DDoS Detection for Consumer Internet of 

Things Devices," arXiv preprint arXiv:1804.04159, 

2018. 

[170] Y. Meidan et al., "Detection of Unauthorized IoT 

Devices Using Machine Learning Techniques," arXiv 

preprint arXiv:1709.04647, 2017. 

[171]  R. Agrawal, T. Imieliński, and A. Swami, "Mining 

association rules between sets of items in large 

databases," in Acm sigmod record, 1993, vol. 22, no. 

2: ACM, pp. 207-216.  

[172]  H. Brahmi, I. Brahmi, and S. B. Yahia, "OMC-IDS: 

at the cross-roads of OLAP mining and intrusion 

detection," in Pacific-Asia Conference on Knowledge 

Discovery and Data Mining, 2012: Springer, pp. 13-

24.  

[173] A. Tajbakhsh, M. Rahmati, and A. Mirzaei, "Intrusion 

detection using fuzzy association rules," Applied Soft 

Computing, vol. 9, no. 2, pp. 462-469, 2009. 

[174] S. Kotsiantis and D. Kanellopoulos, "Association rules 

mining: A recent overview," GESTS International 

Transactions on Computer Science and Engineering, 

vol. 32, no. 1, pp. 71-82, 2006. 

[175] M. Woźniak, M. Graña, and E. Corchado, "A survey 

of multiple classifier systems as hybrid systems," 

Information Fusion, vol. 16, pp. 3-17, 2014. 

[176] P. Domingos, "A few useful things to know about 

machine learning," Communications of the ACM, vol. 

55, no. 10, pp. 78-87, 2012. 

[177] C. Zhang and Y. Ma, Ensemble machine learning: 

methods and applications. Springer, 2012. 

[178]  L. E. Santana, L. Silva, A. M. Canuto, F. Pintro, and 

K. O. Vale, "A comparative analysis of genetic 

algorithm and ant colony optimization to select 

attributes for an heterogeneous ensemble of 

classifiers," in Evolutionary Computation (CEC), 

2010 IEEE Congress on, 2010: IEEE, pp. 1-8.  

[179] N. M. Baba, M. Makhtar, S. A. Fadzli, and M. K. 

Awang, "Current Issues in Ensemble Methods and Its 

Applications," Journal of Theoretical and Applied 

Information Technology, vol. 81, no. 2, p. 266, 2015. 

[180]  D. Gaikwad and R. C. Thool, "Intrusion detection 

system using bagging ensemble method of machine 

learning," in Computing Communication Control and 

Automation (ICCUBEA), 2015 International 

Conference on, 2015: IEEE, pp. 291-295.  

[181] A. A. Aburomman and M. B. I. Reaz, "A novel SVM-

kNN-PSO ensemble method for intrusion detection 

system," Applied Soft Computing, vol. 38, pp. 360-

372, 2016. 

[182]  R. R. Reddy, Y. Ramadevi, and K. Sunitha, 

"Enhanced anomaly detection using ensemble support 

vector machine," in Big Data Analytics and 

Computational Intelligence (ICBDAC), 2017 

International Conference on, 2017: IEEE, pp. 107-

111.  

[183] S. Y. Yerima, S. Sezer, and I. Muttik, "High accuracy 

android malware detection using ensemble learning," 

IET Information Security, vol. 9, no. 6, pp. 313-320, 

2015. 

[184] H. H. Bosman, G. Iacca, A. Tejada, H. J. Wörtche, and 

A. Liotta, "Ensembles of incremental learners to detect 

anomalies in ad hoc sensor networks," ad hoc 

networks, vol. 35, pp. 14-36, 2015. 

[185] J. A. Hartigan and M. A. Wong, "Algorithm AS 136: 

A k-means clustering algorithm," Journal of the Royal 

Statistical Society. Series C (Applied Statistics), vol. 

28, no. 1, pp. 100-108, 1979. 

[186] A. K. Jain, "Data clustering: 50 years beyond K-

means," Pattern recognition letters, vol. 31, no. 8, pp. 

651-666, 2010. 

[187]  G. Münz, S. Li, and G. Carle, "Traffic anomaly 

detection using k-means clustering," in GI/ITG 

Workshop MMBnet, 2007.  

[188] M. H. Bhuyan, D. K. Bhattacharyya, and J. K. Kalita, 

"Network anomaly detection: methods, systems and 

tools," IEEE communications surveys & tutorials, vol. 

16, no. 1, pp. 303-336, 2014. 

[189] A. P. Muniyandi, R. Rajeswari, and R. Rajaram, 

"Network anomaly detection by cascading k-Means 

clustering and C4. 5 decision tree algorithm," 

Procedia Engineering, vol. 30, pp. 174-182, 2012. 

[190]  P. Laskov, P. Düssel, C. Schäfer, and K. Rieck, 

"Learning intrusion detection: supervised or 

unsupervised?," in International Conference on Image 

Analysis and Processing, 2005: Springer, pp. 50-57.  

Authorized licensed use limited to: McMaster University. Downloaded on May 03,2020 at 01:08:58 UTC from IEEE Xplore.  Restrictions apply. 



1553-877X (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/COMST.2020.2988293, IEEE
Communications Surveys & Tutorials

 

 

43 

[191]  H.-b. Wang, Z. Yuan, and C.-d. Wang, "Intrusion 

detection for wireless sensor networks based on multi-

agent and refined clustering," in Communications and 

Mobile Computing, 2009. CMC'09. WRI International 

Conference on, 2009, vol. 3: IEEE, pp. 450-454.  

[192]  Q. Li, K. Zhang, M. Cheffena, and X. Shen, 

"Channel-based Sybil Detection in Industrial Wireless 

Sensor Networks: a Multi-kernel Approach," in 

GLOBECOM 2017-2017 IEEE Global 

Communications Conference, 2017: IEEE, pp. 1-6.  

[193] M. Xie, M. Huang, Y. Bai, and Z. Hu, "The 

anonymization protection algorithm based on fuzzy 

clustering for the ego of data in the Internet of Things," 

Journal of Electrical and Computer Engineering, vol. 

2017, 2017. 

[194] S. Wold, K. Esbensen, and P. Geladi, "Principal 

component analysis," Chemometrics and intelligent 

laboratory systems, vol. 2, no. 1-3, pp. 37-52, 1987. 

[195]  S. Zhao, W. Li, T. Zia, and A. Y. Zomaya, "A 

Dimension Reduction Model and Classifier for 

Anomaly-Based Intrusion Detection in Internet of 

Things," in Dependable, Autonomic and Secure 

Computing, 15th Intl Conf on Pervasive Intelligence 

& Computing, 3rd Intl Conf on Big Data Intelligence 

and Computing and Cyber Science and Technology 

Congress (DASC/PiCom/DataCom/CyberSciTech), 

2017 IEEE 15th Intl, 2017: IEEE, pp. 836-843.  

[196]  X. Zhu, Z. Ghahramani, and J. D. Lafferty, "Semi-

supervised learning using gaussian fields and 

harmonic functions," in Proceedings of the 20th 

International conference on Machine learning (ICML-

03), 2003, pp. 912-919.  

[197] X. J. Zhu, "Semi-supervised learning literature 

survey," University of Wisconsin-Madison 

Department of Computer Sciences, 2005.  

[198] O. Y. Al-Jarrah, Y. Al-Hammdi, P. D. Yoo, S. 

Muhaidat, and M. Al-Qutayri, "Semi-supervised 

multi-layered clustering model for intrusion 

detection," Digital Communications and Networks, 

vol. 4, no. 4, pp. 277-286, 2018. 

[199] S. Rathore and J. H. Park, "Semi-supervised learning 

based distributed attack detection framework for IoT," 

Applied Soft Computing, vol. 72, pp. 79-89, 2018. 

[200]  M. A. Aref, S. K. Jayaweera, and S. Machuzak, 

"Multi-agent Reinforcement Learning Based 

Cognitive Anti-jamming," in Wireless 

Communications and Networking Conference 

(WCNC), 2017 IEEE, 2017: IEEE, pp. 1-6.  

[201]  S. Machuzak and S. K. Jayaweera, "Reinforcement 

learning based anti-jamming with wideband 

autonomous cognitive radios," in Communications in 

China (ICCC), 2016 IEEE/CIC International 

Conference on, 2016: IEEE, pp. 1-5.  

[202]  G. Han, L. Xiao, and H. V. Poor, "Two-dimensional 

anti-jamming communication based on deep 

reinforcement learning," in Acoustics, Speech and 

Signal Processing (ICASSP), 2017 IEEE International 

Conference on, 2017: IEEE, pp. 2087-2091.  

[203]  Y. Gwon, S. Dastangoo, C. Fossa, and H. Kung, 

"Competing mobile network game: Embracing 

antijamming and jamming strategies with 

reinforcement learning," in Communications and 

Network Security (CNS), 2013 IEEE Conference on, 

2013: IEEE, pp. 28-36.  

[204] H. Li, K. Ota, and M. Dong, "Learning IoT in Edge: 

Deep Learning for the Internet of Things with Edge 

Computing," IEEE Network, vol. 32, no. 1, pp. 96-101, 

2018. 

[205] Z. M. Fadlullah et al., "State-of-the-art deep learning: 

Evolving machine intelligence toward tomorrow’s 

intelligent network traffic control systems," IEEE 

Communications Surveys & Tutorials, vol. 19, no. 4, 

pp. 2432-2455, 2017. 

[206] I. Goodfellow, Y. Bengio, A. Courville, and Y. 

Bengio, Deep learning. MIT press Cambridge, 2016. 

[207] X.-W. Chen and X. Lin, "Big data deep learning: 

challenges and perspectives," IEEE access, vol. 2, pp. 

514-525, 2014. 

[208]  D. Scherer, A. Müller, and S. Behnke, "Evaluation of 

pooling operations in convolutional architectures for 

object recognition," in International conference on 

artificial neural networks, 2010: Springer, pp. 92-101.  

[209]  D. C. Ciresan, U. Meier, J. Masci, L. Maria 

Gambardella, and J. Schmidhuber, "Flexible, high 

performance convolutional neural networks for image 

classification," in IJCAI Proceedings-International 

Joint Conference on Artificial Intelligence, 2011, vol. 

22, no. 1: Barcelona, Spain, p. 1237.  

[210] D.-A. Clevert, T. Unterthiner, and S. Hochreiter, "Fast 

and accurate deep network learning by exponential 

linear units (elus)," arXiv preprint arXiv:1511.07289, 

2015. 

[211]  E. De Coninck et al., "Distributed neural networks for 

Internet of Things: the Big-Little approach," in 

International Internet of Things Summit, 2015: 

Springer, pp. 484-492.  

[212]  A. Krizhevsky, I. Sutskever, and G. E. Hinton, 

"Imagenet classification with deep convolutional 

neural networks," in Advances in neural information 

processing systems, 2012, pp. 1097-1105.  

[213] L. Zhang, L. Zhang, and B. Du, "Deep learning for 

remote sensing data: A technical tutorial on the state 

of the art," IEEE Geoscience and Remote Sensing 

Magazine, vol. 4, no. 2, pp. 22-40, 2016. 

[214]  N. McLaughlin et al., "Deep android malware 

detection," in Proceedings of the Seventh ACM on 

Conference on Data and Application Security and 

Privacy, 2017: ACM, pp. 301-308.  

[215]  H. Maghrebi, T. Portigliatti, and E. Prouff, "Breaking 

cryptographic implementations using deep learning 

techniques," in International Conference on Security, 

Privacy, and Applied Cryptography Engineering, 

2016: Springer, pp. 3-26.  

[216] R. Pascanu, C. Gulcehre, K. Cho, and Y. Bengio, 

"How to construct deep recurrent neural networks," 

arXiv preprint arXiv:1312.6026, 2013. 

[217]  M. Hermans and B. Schrauwen, "Training and 

analysing deep recurrent neural networks," in 

Advances in neural information processing systems, 

2013, pp. 190-198.  

Authorized licensed use limited to: McMaster University. Downloaded on May 03,2020 at 01:08:58 UTC from IEEE Xplore.  Restrictions apply. 



1553-877X (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/COMST.2020.2988293, IEEE
Communications Surveys & Tutorials

 

 

44 

[218] H. F. Nweke, Y. W. Teh, M. A. Al-garadi, and U. R. 

Alo, "Deep Learning Algorithms for Human Activity 

Recognition using Mobile and Wearable Sensor 

Networks: State of the Art and Research Challenges," 

Expert Systems with Applications, 2018. 

[219]  R. Pascanu, T. Mikolov, and Y. Bengio, "On the 

difficulty of training recurrent neural networks," in 

International Conference on Machine Learning, 2013, 

pp. 1310-1318.  

[220]  A. Graves, A.-r. Mohamed, and G. Hinton, "Speech 

recognition with deep recurrent neural networks," in 

Acoustics, speech and signal processing (icassp), 

2013 ieee international conference on, 2013: IEEE, 

pp. 6645-6649.  

[221] Q. Zhang, L. T. Yang, Z. Chen, and P. Li, "A survey 

on deep learning for big data," Information Fusion, 

vol. 42, pp. 146-157, 2018. 

[222] K. Cho et al., "Learning phrase representations using 

RNN encoder-decoder for statistical machine 

translation," arXiv preprint arXiv:1406.1078, 2014. 

[223]  P. Torres, C. Catania, S. Garcia, and C. G. Garino, 

"An analysis of Recurrent Neural Networks for Botnet 

detection behavior," in Biennial Congress of 

Argentina (ARGENCON), 2016 IEEE, 2016: IEEE, 

pp. 1-6.  

[224] M. Mohammadi, A. Al-Fuqaha, S. Sorour, and M. 

Guizani, "Deep Learning for IoT Big Data and 

Streaming Analytics: A Survey," arXiv preprint 

arXiv:1712.04301, 2017. 

[225]  M. Yousefi-Azar, V. Varadharajan, L. Hamey, and U. 

Tupakula, "Autoencoder-based feature learning for 

cyber security applications," in Neural Networks 

(IJCNN), 2017 International Joint Conference on, 

2017: IEEE, pp. 3854-3861.  

[226] Y. Li, R. Ma, and R. Jiao, "A hybrid malicious code 

detection method based on deep learning," methods, 

vol. 9, no. 5, 2015. 

[227] G. E. Hinton, "A practical guide to training restricted 

Boltzmann machines," in Neural networks: Tricks of 

the trade: Springer, 2012, pp. 599-619. 

[228] U. Fiore, F. Palmieri, A. Castiglione, and A. De Santis, 

"Network anomaly detection with the restricted 

Boltzmann machine," Neurocomputing, vol. 122, pp. 

13-23, 2013. 

[229] G. E. Hinton, S. Osindero, and Y.-W. Teh, "A fast 

learning algorithm for deep belief nets," Neural 

computation, vol. 18, no. 7, pp. 1527-1554, 2006. 

[230] Y. Chen, Y. Zhang, and S. Maharjan, "Deep Learning 

for Secure Mobile Edge Computing," arXiv preprint 

arXiv:1709.08025, 2017. 

[231]  I. Goodfellow et al., "Generative adversarial nets," in 

Advances in neural information processing systems, 

2014, pp. 2672-2680.  

[232]  R. E. Hiromoto, M. Haney, and A. Vakanski, "A 

secure architecture for IoT with supply chain risk 

management," in Intelligent Data Acquisition and 

Advanced Computing Systems: Technology and 

Applications (IDAACS), 2017 9th IEEE International 

Conference on, 2017, vol. 1: IEEE, pp. 431-435.  

[233]  T. Salimans, I. Goodfellow, W. Zaremba, V. Cheung, 

A. Radford, and X. Chen, "Improved techniques for 

training gans," in Advances in Neural Information 

Processing Systems, 2016, pp. 2234-2242.  

[234] L. I. Kuncheva, Combining pattern classifiers: 

methods and algorithms. John Wiley & Sons, 2004. 

[235]  M. E. Aminanto and K. Kim, "Detecting active 

attacks in Wi-Fi network by semi-supervised deep 

learning," in Conference on Information Security and 

Cryptography 2017 Winter, 2016.  

[236] I.-S. Comşa et al., "Towards 5G: A reinforcement 

learning-based scheduling solution for data traffic 

management," IEEE Transactions on Network and 

Service Management, vol. 15, no. 4, pp. 1661-1675, 

2018. 

[237] D. C. Nguyen, P. N. Pathirana, M. Ding, and A. 

Seneviratne, "Secure computation offloading in 

blockchain based iot networks with deep 

reinforcement learning," arXiv preprint 

arXiv:1908.07466, 2019. 

[238]  H. Van Hasselt, A. Guez, and D. Silver, "Deep 

Reinforcement Learning with Double Q-Learning," in 

AAAI, 2016, vol. 16, pp. 2094-2100.  

[239] T. P. Lillicrap et al., "Continuous control with deep 

reinforcement learning," arXiv preprint 

arXiv:1509.02971, 2015. 

[240] T. Schaul, J. Quan, I. Antonoglou, and D. Silver, 

"Prioritized experience replay," arXiv preprint 

arXiv:1511.05952, 2015. 

[241] T. T. Nguyen and V. J. Reddi, "Deep Reinforcement 

Learning for Cyber Security," arXiv preprint 

arXiv:1906.05799, 2019. 

[242] G. Dulac-Arnold, D. Mankowitz, and T. Hester, 

"Challenges of real-world reinforcement learning," 

arXiv preprint arXiv:1904.12901, 2019. 

[243]  C. Shi, J. Liu, H. Liu, and Y. Chen, "Smart User 

Authentication through Actuation of Daily Activities 

Leveraging WiFi-enabled IoT," in Proceedings of the 

18th ACM International Symposium on Mobile Ad 

Hoc Networking and Computing, 2017: ACM, p. 5.  

[244]  N. Namvar, W. Saad, N. Bahadori, and B. Kelley, 

"Jamming in the Internet of Things: A game-theoretic 

perspective," in Global Communications Conference 

(GLOBECOM), 2016 IEEE, 2016: IEEE, pp. 1-6.  

[245] A. A. Khan, M. H. Rehmani, and A. Rachedi, 

"Cognitive-radio-based internet of things: 

Applications, architectures, spectrum related 

functionalities, and future research directions," IEEE 

wireless communications, vol. 24, no. 3, pp. 17-25, 

2017. 

[246] Q. Wu et al., "Cognitive internet of things: a new 

paradigm beyond connection," IEEE Internet of 

Things Journal, vol. 1, no. 2, pp. 129-143, 2014. 

[247]  A. A. Khan, M. H. Rehmani, and A. Rachedi, "When 

cognitive radio meets the internet of things?," in 

Wireless Communications and Mobile Computing 

Conference (IWCMC), 2016 International, 2016: 

IEEE, pp. 469-474.  

[248] M. Bkassiny, Y. Li, and S. K. Jayaweera, "A survey 

on machine-learning techniques in cognitive radios," 

Authorized licensed use limited to: McMaster University. Downloaded on May 03,2020 at 01:08:58 UTC from IEEE Xplore.  Restrictions apply. 



1553-877X (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/COMST.2020.2988293, IEEE
Communications Surveys & Tutorials

 

 

45 

IEEE Communications Surveys & Tutorials, vol. 15, 

no. 3, pp. 1136-1159, 2013. 

[249]  P. Pongle and G. Chavan, "A survey: Attacks on RPL 

and 6LoWPAN in IoT," in Pervasive Computing 

(ICPC), 2015 International Conference on, 2015: 

IEEE, pp. 1-6.  

[250] F. Y. Yavuz, "Deep learning in cyber security for 

internet of things," 2018.  

[251]  M. Nobakht, V. Sivaraman, and R. Boreli, "A host-

based intrusion detection and mitigation framework 

for smart home IoT using OpenFlow," in Availability, 

Reliability and Security (ARES), 2016 11th 

International Conference on, 2016: IEEE, pp. 147-

156.  

[252] A. P. Bradley, "The use of the area under the ROC 

curve in the evaluation of machine learning 

algorithms," Pattern recognition, vol. 30, no. 7, pp. 

1145-1159, 1997. 

[253] H. He and E. A. Garcia, "Learning from imbalanced 

data," IEEE Transactions on knowledge and data 

engineering, vol. 21, no. 9, pp. 1263-1284, 2009. 

[254]  J. Cañedo and A. Skjellum, "Using machine learning 

to secure IoT systems," in Privacy, Security and Trust 

(PST), 2016 14th Annual Conference on, 2016: IEEE, 

pp. 219-222.  

[255] H. Bostani and M. Sheikhan, "Hybrid of anomaly-

based and specification-based IDS for Internet of 

things using unsupervised OPF based on MapReduce 

approach," Computer Communications, vol. 98, pp. 

52-71, 2017. 

[256] L. M. Rocha, F. A. Cappabianco, and A. X. Falcão, 

"Data clustering as an optimum‐path forest problem 

with applications in image analysis," International 

Journal of Imaging Systems and Technology, vol. 19, 

no. 2, pp. 50-68, 2009. 

[257] J. Dean and S. Ghemawat, "MapReduce: simplified 

data processing on large clusters," Communications of 

the ACM, vol. 51, no. 1, pp. 107-113, 2008. 

[258]  F. K. Santoso and N. C. Vun, "Securing IoT for smart 

home system," in Consumer Electronics (ISCE), 2015 

IEEE International Symposium on, 2015: IEEE, pp. 1-

2.  

[259]  L. Li, H. Xiaoguang, C. Ke, and H. Ketai, "The 

applications of wifi-based wireless sensor network in 

internet of things and smart grid," in Industrial 

Electronics and Applications (ICIEA), 2011 6th IEEE 

Conference on, 2011: IEEE, pp. 789-793.  

[260] M. E. Aminanto, R. Choi, H. C. Tanuwidjaja, P. D. 

Yoo, and K. Kim, "Deep Abstraction and Weighted 

Feature Selection for Wi-Fi Impersonation Detection," 

IEEE Transactions on Information Forensics and 

Security, vol. 13, no. 3, pp. 621-636, 2018. 

[261]  M. E. Aminanto and K. Kim, "Improving Detection 

of Wi-Fi Impersonation by Fully Unsupervised Deep 

Learning," in Information Security Applications: 18th 

International Workshop, WISA 2017, 2017.  

[262] A. Saied, R. E. Overill, and T. Radzik, "Detection of 

known and unknown DDoS attacks using Artificial 

Neural Networks," Neurocomputing, vol. 172, pp. 

385-393, 2016. 

[263]  Y. Meidan et al., "ProfilIoT: a machine learning 

approach for IoT device identification based on 

network traffic analysis," in Proceedings of the 

Symposium on Applied Computing, 2017: ACM, pp. 

506-509.  

[264]  S.-Y. Lee, S.-r. Wi, E. Seo, J.-K. Jung, and T.-M. 

Chung, "ProFiOt: Abnormal Behavior Profiling 

(ABP) of IoT devices based on a machine learning 

approach," in Telecommunication Networks and 

Applications Conference (ITNAC), 2017 27th 

International, 2017: IEEE, pp. 1-6.  

[265]  M. Miettinen, S. Marchal, I. Hafeez, N. Asokan, A.-

R. Sadeghi, and S. Tarkoma, "IoT Sentinel: 

Automated device-type identification for security 

enforcement in IoT," in Distributed Computing 

Systems (ICDCS), 2017 IEEE 37th International 

Conference on, 2017: IEEE, pp. 2177-2184.  

[266] L. Deng, D. Li, X. Yao, D. Cox, and H. Wang, "Mobile 

network intrusion detection for IoT system based on 

transfer learning algorithm," Cluster Computing, pp. 

1-16, 2018. 

[267] J. C. Bezdek, R. Ehrlich, and W. Full, "FCM: The 

fuzzy c-means clustering algorithm," Computers & 

Geosciences, vol. 10, no. 2-3, pp. 191-203, 1984. 

[268] M. Ge, J. B. Hong, W. Guttmann, and D. S. Kim, "A 

framework for automating security analysis of the 

internet of things," Journal of Network and Computer 

Applications, vol. 83, pp. 12-27, 2017. 

[269] S. Shen, L. Huang, H. Zhou, S. Yu, E. Fan, and Q. Cao, 

"Multistage Signaling Game-based Optimal Detection 

Strategies for Suppressing Malware Diffusion in Fog-

Cloud-based IoT Networks," IEEE Internet of Things 

Journal, 2018. 

[270]  X. Su, D. Zhang, W. Li, and K. Zhao, "A deep 

learning approach to android malware feature learning 

and detection," in Trustcom/BigDataSE/I SPA, 2016 

IEEE, 2016: IEEE, pp. 244-251.  

[271] A. A. Diro and N. Chilamkurti, "Distributed attack 

detection scheme using deep learning approach for 

Internet of Things," Future Generation Computer 

Systems, 2017. 

[272] A. Abeshu and N. Chilamkurti, "Deep Learning: The 

Frontier for Distributed Attack Detection in Fog-to-

Things Computing," IEEE Communications 

Magazine, vol. 56, no. 2, pp. 169-175, 2018. 

[273] C. Zhang, P. Patras, and H. Haddadi, "Deep Learning 

in Mobile and Wireless Networking: A Survey," arXiv 

preprint arXiv:1803.04311, 2018. 

[274] M. M. Najafabadi, F. Villanustre, T. M. Khoshgoftaar, 

N. Seliya, R. Wald, and E. Muharemagic, "Deep 

learning applications and challenges in big data 

analytics," Journal of Big Data, vol. 2, no. 1, p. 1, 

2015. 

[275] C. Bhatt, N. Dey, and A. S. Ashour, "Internet of things 

and big data technologies for next generation 

healthcare," 2017. 

[276] L. Perez and J. Wang, "The Effectiveness of Data 

Augmentation in Image Classification using Deep 

Learning," arXiv preprint arXiv:1712.04621, 2017. 

Authorized licensed use limited to: McMaster University. Downloaded on May 03,2020 at 01:08:58 UTC from IEEE Xplore.  Restrictions apply. 



1553-877X (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/COMST.2020.2988293, IEEE
Communications Surveys & Tutorials

 

 

46 

[277]  T. T. Um et al., "Data augmentation of wearable 

sensor data for parkinson’s disease monitoring using 

convolutional neural networks," in Proceedings of the 

19th ACM International Conference on Multimodal 

Interaction, 2017: ACM, pp. 216-220.  

[278] A. Lakhotia, A. Kapoor, and E. Kumar, "Are 

metamorphic viruses really invincible," Virus Bulletin, 

vol. 12, p. 57, 2004. 

[279]  P. M. Comar, L. Liu, S. Saha, P.-N. Tan, and A. 

Nucci, "Combining supervised and unsupervised 

learning for zero-day malware detection," in 

INFOCOM, 2013 Proceedings IEEE, 2013: IEEE, pp. 

2022-2030.  

[280] C. X. a. Y. J. Cong Zheng, "IoT Malware Evolves to 

Harvest Bots by Exploiting a Zero-day Home Router 

Vulnerability," paloalto networks, 2018. [Online]. 

Available: 

https://researchcenter.paloaltonetworks.com/2018/01/

unit42-iot-malware-evolves-harvest-bots-exploiting-

zero-day-home-router-vulnerability/. 

[281] S. Suthaharan, "Big data classification: Problems and 

challenges in network intrusion prediction with 

machine learning," ACM SIGMETRICS Performance 

Evaluation Review, vol. 41, no. 4, pp. 70-73, 2014. 

[282] Z. Chen, N. Ma, and B. Liu, "Lifelong learning for 

sentiment classification," arXiv preprint 

arXiv:1801.02808, 2018. 

[283] S. J. Pan and Q. Yang, "A survey on transfer learning," 

IEEE Transactions on knowledge and data 

engineering, vol. 22, no. 10, pp. 1345-1359, 2010. 

[284] S. Greydanus, "Learning the Enigma with Recurrent 

Neural Networks," arXiv preprint arXiv:1708.07576, 

2017. 

[285]  B. Hitaj, G. Ateniese, and F. Pérez-Cruz, "Deep 

models under the GAN: information leakage from 

collaborative deep learning," in Proceedings of the 

2017 ACM SIGSAC Conference on Computer and 

Communications Security, 2017: ACM, pp. 603-618.  

[286]  R. Shokri and V. Shmatikov, "Privacy-preserving 

deep learning," in Proceedings of the 22nd ACM 

SIGSAC conference on computer and communications 

security, 2015: ACM, pp. 1310-1321.  

[287]  R. Shokri, M. Stronati, C. Song, and V. Shmatikov, 

"Membership inference attacks against machine 

learning models," in Security and Privacy (SP), 2017 

IEEE Symposium on, 2017: IEEE, pp. 3-18.  

[288] Q. Liu, P. Li, W. Zhao, W. Cai, S. Yu, and V. C. 

Leung, "A Survey on Security Threats and Defensive 

Techniques of Machine Learning: A Data Driven 

View," IEEE access, vol. 6, pp. 12103-12117, 2018. 

[289] M. Kloft and P. Laskov, "Security analysis of online 

centroid anomaly detection," Journal of Machine 

Learning Research, vol. 13, no. Dec, pp. 3681-3724, 

2012. 

[290]  P. Laskov, "Practical evasion of a learning-based 

classifier: A case study," in Security and Privacy (SP), 

2014 IEEE Symposium on, 2014: IEEE, pp. 197-211.  

[291]  N. Papernot, P. McDaniel, I. Goodfellow, S. Jha, Z. 

B. Celik, and A. Swami, "Practical black-box attacks 

against machine learning," in Proceedings of the 2017 

ACM on Asia Conference on Computer and 

Communications Security, 2017: ACM, pp. 506-519.  

[292]  X. Wu, M. Fredrikson, S. Jha, and J. F. Naughton, "A 

methodology for formalizing model-inversion 

attacks," in Computer Security Foundations 

Symposium (CSF), 2016 IEEE 29th, 2016: IEEE, pp. 

355-370.  

[293]  M. Fredrikson, S. Jha, and T. Ristenpart, "Model 

inversion attacks that exploit confidence information 

and basic countermeasures," in Proceedings of the 

22nd ACM SIGSAC Conference on Computer and 

Communications Security, 2015: ACM, pp. 1322-

1333.  

[294]  F. Tramèr, F. Zhang, A. Juels, M. K. Reiter, and T. 

Ristenpart, "Stealing Machine Learning Models via 

Prediction APIs," in USENIX Security Symposium, 

2016, pp. 601-618.  

[295] J. Ren, H. Guo, C. Xu, and Y. Zhang, "Serving at the 

edge: A scalable iot architecture based on transparent 

computing," IEEE Network, vol. 31, no. 5, pp. 96-105, 

2017. 

[296]  G. Zyskind and O. Nathan, "Decentralizing privacy: 

Using blockchain to protect personal data," in Security 

and Privacy Workshops (SPW), 2015 IEEE, 2015: 

IEEE, pp. 180-184.  

[297] N. Kshetri, "Can Blockchain Strengthen the Internet of 

Things?," IT Professional, vol. 19, no. 4, pp. 68-72, 

2017. 

[298]  N. D. Lane et al., "Deepx: A software accelerator for 

low-power deep learning inference on mobile 

devices," in Information Processing in Sensor 

Networks (IPSN), 2016 15th ACM/IEEE International 

Conference on, 2016: IEEE, pp. 1-12.  

 

Authorized licensed use limited to: McMaster University. Downloaded on May 03,2020 at 01:08:58 UTC from IEEE Xplore.  Restrictions apply. 

https://researchcenter.paloaltonetworks.com/2018/01/unit42-iot-malware-evolves-harvest-bots-exploiting-zero-day-home-router-vulnerability/
https://researchcenter.paloaltonetworks.com/2018/01/unit42-iot-malware-evolves-harvest-bots-exploiting-zero-day-home-router-vulnerability/
https://researchcenter.paloaltonetworks.com/2018/01/unit42-iot-malware-evolves-harvest-bots-exploiting-zero-day-home-router-vulnerability/

