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Abstract: The Internet of Things (IoT) has proven to be a billion-dollar industry. Despite offering
numerous benefits, the prevalent nature of IoT makes it vulnerable and a possible target for the
development of cyber-attacks. The diversity of the IoT, on the one hand, leads to the benefits of
the integration of devices into a smart ecosystem, but the heterogeneous nature of the IoT makes
it difficult to come up with a single security solution. However, the centralized intelligence and
programmability of software-defined networks (SDNs) have made it possible to compose a single
and effective security solution to cope with cyber threats and attacks. We present an SDN-enabled
architecture leveraging hybrid deep learning detection algorithms for the efficient detection of cyber
threats and attacks while considering the resource-constrained IoT devices so that no burden is
placed on them. We use a state-of-the-art dataset, CICDDoS 2019, to train our algorithm. The results
evaluated by this algorithm achieve high accuracy with a minimal false positive rate (FPR) and testing
time. We also perform 10-fold cross-validation, proving our results to be unbiased, and compare our
results with current benchmark algorithms.

Keywords: deep learning; intrusion detection; Internet of Things (IoT); software-defined network
(SDN); distributed denial of service attack (DDoS)

1. Introduction

With the growth of the Internet and the interconnectedness between each networking
device, there is a dire need for security. The evolving Internet of Things (IoT) is raising
various security concerns. The Internet of Things is described as a global network of inter-
connected devices that are assigned unique addresses. IoT devices use sensing features and
different communication protocols. They have the computational capabilities to provide
services and the capacity to analyze data. Some common IoT devices include cameras,
video recorders, fire sensors, doorbells, electric switches and nearly all real-time sensing
devices. The Internet of Things is an ever-changing technological world. It is a paradigm
that links millions of smart devices, leading to the creation of a smart environment, such as
smart health systems, smart cities, smart factories, intelligent vehicular networks and smart
ecosystems [1]. This means that the lack of security can pose a serious risk to the devices
and the entire system. The Internet of Things comprises heterogeneous networks and
networking devices that use a variety of different protocols. The dynamic characteristics
of IoT devices pose various concerns in the form of cybersecurity exploits such as denial
of service (DoS) attacks, distributed denial of service (DDoS) attacks and various other
kinds of malware [2–4]. Cybersecurity analysts continuously monitor networks for threat
identification and repair every vulnerability; however, an attacker must only search for
a single vulnerability to exploit the system. About 60% of experts spend an hour or two
per day handling the network’s security and operation; however, 80% of experts deal with
at least one security incident in a single day [5]. With the advancement in computing
and hardware technologies in recent years, cyber-physical systems have also shown rapid
development. However, with the improvement and development in such areas, the variety
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of cyber-attacks has also grown rapidly; e.g., DoS attacks, which make the resources of the
system unavailable. Replay attacks and deception attacks have also been discussed. The
attack detection approaches and security controls are reviewed on the industrial level in [6].
Different types of protocol-following devices have diverse kinds of security measures that
need to be followed. An integrated approach has not yet been invented to secure the
complete IoT infrastructure. The traditional intrusion detection schemes are deployed,
working at the infrastructure level, with firewalls or with intrusion detection and preven-
tion systems to protect devices from attacks. However, these security measures are not
sufficient when it comes to the seamless nature of IoT devices.

Software-defined network (SDN)-enabled infrastructure not only enhances the abili-
ties of the underlying heterogeneous and dynamic environment of the Internet of Things
but also provides the potential to configure and simplify network management. Thus, SDN
serves as a paradigm that leverages resource-constrained devices without exhaustion as
well as providing a platform to implement a security solution that does not overburden
the underlying resource-constrained devices and provides an efficient and effective detec-
tion. A network’s security system consists of various features such as firewalls, antivirus
software and intrusion detection systems (IDSs). An IDS identifies and generates alerts
about unauthorized system behavior such as use, replication, alteration and destruction.
Integrating an IDS in an SDN is one of the best approaches for the surveillance of software-
defined networks [7]. With the advent and viability of Artificial Intelligence procedures
and the programmable features of the SDN, AI-based security solutions can be integrated
into SDNs for improved security levels. There have been many AI-based techniques that
have been utilized as network traffic classifiers; some of these techniques include Decision
Trees, support vector machine (SVM), artificial neural networks (ANNs), Naive Bayesian,
fuzzy logic, Genetic Algorithms, and K-Nearest Neighbor, which have shown ideal results
with certain levels of accuracies. The need to present a flexible and robust framework has
motivated us to develop a hybrid deep learning-based threat detection solution.

We developed an SDN-enabled Deep learning (DL)-driven solution for the detection of
threats in the Internet of Things (IoT) environment that is cost-effective and highly scalable,
as shown in Figure 1. We used a hybrid technique comprising the Cuda-Deep Neural Net-
work Long short-term memory (CuDNNLSTM) and Cuda-Deep Neural Network Gated
Recurrent Unit (CuDNNGRU) algorithms for efficient threat detection. We also imple-
mented two algorithms for the comparison of our results: Cuda-Deep Neural Network
Gated Recurrent Unit (CuDNN-GRU) and Cuda-Bidirectional Long short-term memory
(CuBLSTM). Upon comparison, we found our algorithm to perform both efficiently and
accurately. We used standard evaluation metrics for the evaluation of our results. The de-
tection techniques use algorithms that are Cuda-enabled (the details of which are provided
in Section 2). We used the CICDDoS2019 dataset, which is publicly available. The dataset
consists of 14 different attack types, including DDoS attacks, reflection attacks, exploitation
attacks and their subtypes. Details of the dataset are presented in the upcoming sections.
Our proposed algorithms provide a multiclass detection approach, which to our knowledge
is a novel contribution that was previously not available in the literature. We have also
implemented 10-fold cross-validation, proving our results to be unbiased.

We organize the structure of our paper as follows. Section 2 consists of the background
details as well as relevant work. In Section 3, the proposed architecture is given in full
detail, whereas Section 4 comprises the experimental setup. We discuss the detailed results
in Section 5. Section 6 of this paper presents conclusions.
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Figure 1. DL-driven software-defined network (SDN)-enabled framework. IDS: intrusion detec-
tion system.

2. Background and Related Work
2.1. Internet of Things

The Internet of Things is defined as an environment in which physical devices are
integrated into the network in such a way that these objects become active participants of a
business process. These objects can vary from network devices to sensors to household and
health care items. These objects or devices are assigned a unique address and are together
connected to the Internet. IoT contains a heterogeneous range of devices which can be wired
or wireless using various kinds of protocols and can belong to different environments and
networks [8]. According to recent Juniper research, it is estimated that more than 46 billion
IoT devices will be in use by 2021. This consists of sensors and actuators as well as devices,
demonstrating an increase of 200% compared to 2016 [9]. In any evolving paradigm of
computing and networking, IoT is becoming an important component. The IoT revolution
is growing enormously, resulting in immense growth in terms of monetary advantages
and automation. The heterogeneous nature of IoT devices and the IoT environment brings
with it a large number of challenges. These objects are designed to meet the requirements
of specific user purposes, so it is difficult to come up with a common solution for all of
them. As security is a prime concern in this era, achieving security for IoT devices is not
simple. The diversities of these objects cannot be fit into a single protocol. Concerning
the security challenges faced in the IoT environment, some real-time cybersecurity threats
that are scanned for by antivirus software are specified. Symantec verified the presence of
one of the first pieces of malware in IoT, Linux and Darlloz. Scanning the IoT devices in
real-time for threat detection may result in a very unaffordable overhead.

Here, we introduce software-defined networks (SDN), the aim of which is to focus
on network programmability. The control plane is separated from the data plane, giving
the data plane merely the job of data forwarding. The control plane is in charge of all the
decision-making for the entire network. By coming up with an SDN-based approach, we
obtain a solution that can be applied to heterogeneous IoT devices. Therefore, in terms of
its feasible real-world implementations, SDN guarantees a promising future for IoTs.
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2.2. Software-Defined Network Architecture

Software-defined networking appears to be the most promising future networking
framework. SDN consists of three layers: application, control and the data plane and
corresponding north and south-bound APIs. The advent of the SDN paradigm has bro-
ken network management down to vendor-independent architecture through network
programmability [10]. The separation of the control plane and data plane has led to the
emergence of SDNs as a new networking paradigm. The novel and promising framework
of SDN has shifted the entire control logic to a centralized control plane. Thus, the power
and capability of SDNs lie in their centralized controlled architecture and intelligence.
An SDN controller gathers insights (statistics) from the network elements by using the
south-bound protocol. The south-bound protocol is the most important protocol of the
SDN architecture and is responsible for the exchange of information between the controller
and the networking devices [11]. One of the most important south-bound protocols is
OpenFlow, which is a standard communication interface created by the Open Networking
Foundation (ONF) and is characterized by the data and control planes of an SDN frame-
work. This interface permits direct access to and manipulation of the forwarding plane
of network devices such as routers and switches, thus enabling direct access as well as
the control of the devices of the forwarding plane [12]. The SDN controller communicates
with the switch through the south-bound API, where OpenFlow is the most used standard.
Some other proposals are NOS, RYU and P4. There are multiple open software available for
the NOS platform; i.e., Floodlight, POX, etc. SDN applications have the ability to program
the network by using the north-bound API of the NOS [13]. OpenFlow comprises flow
tables and activities that advise the switch how to process these flows and channels; as
a result, the switch becomes associated with the controller, and in turn, the OpenFlow
protocol is utilized by enabling the packets to be transmitted between a switch and the
controller. A controller can view the entire network and govern all policies and deci-
sions [14]. There are some appropriate concerns about the scalability of SDN; however, the
limitations of scalability are not restricted to SDN only. The same challenges are also faced
by the traditional control protocol design. Thus, we need to worry about the scalability
issues in traditional networks instead of worrying about SDN. To preserve the scalability
of SDN, control applications should be designed with the weakest level of consistency.
In a typical data center, the switching elements can grow rapidly. This high amount of
change in the control events generated in the network is enough to overload the centralized
controller. One of the ways to avoid this problem is to install rules on the switches that
result in the elimination of the control requests before they enter the control plane [15].
SDN faces a severe burden regarding the huge amount of control channel traffic because
this may result in the increased delay of control messages. The programmable network
virtualization based on SDN plays an important role in accommodating diverse services in
cloud infrastructure [16]. The dynamic provisioning of virtual security functions enhances
the scalability in the edge of networks to deal with the huge amount of traffic in the IoT.
However, SDN plays a vital role in the dynamic reconfiguration of the network and pro-
vides new rules of networking on demand. The SDN has been proven to be a powerful and
flexible enabler for network solutions. It plays a vital role in enhancing control decisions;
in addition, SDN-based solutions provide scalability, dynamism, flexibility and centralized
management [17]. The control plane of SDN is entirely programmable and can thus modify
numerous functionalities. It can extend many networks on its data plane; e.g., edge, fog,
vehicular networks and the Internet of Things [18–20].

2.3. Related Work

Deep learning has shown tremendous results in many fields of computer science.
In [7], a network intrusion detection model is proposed that uses CNN. The raw data traffic
is converted into image data format in real-time. By converting data to image format, the
number of computation parameters was reduced, yielding improved results. In [21], the
author used a seven-layered CNN network to train the dataset. A hierarchal Intrusion
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detection system is anticipated for SDNs in [22] which is trained on the Defense Advanced
Research Projects Agency (DARPA) intrusion detection dataset using SVM. It combined the
benefits of flow and packet-based IDSs to provide a high detection rate without affecting
the network’s performance. The authors in [23] used recurrent neural network (RNN)
techniques to identify attacks and categorize them. A performance comparison was made
of the RNN-based techniques and the non-RNN techniques. A network threat analysis
strategy combined with long short-term memory (LSTM) is presented in [24]. To preserve
the attack feature of input data, LSTM is presented to produce classifiers that categorize
the attacks from the normal traffic. In [25], an RNN-based anomaly detection system is
presented that, apart from capturing anomalies, generates flows to enable the network’s
dynamic access control.

Finding DDoS attacks in an SDN environment is carried out by using an advanced
SVM algorithm, as given in [26]; the system is validated by using the Hierarchical Task
Analysis method, which authenticates human errors to achieve certain results. The trend-
ing machine learning schemes—e.g., deep learning and hybrid AI techniques—provide
greatly improved results compared to the conventional machine learning approaches.
AI-based techniques have been found to be very beneficial when integrated with SDN
architecture [27]. The author in [28] discussed numerous cyber-attacks and their detection
strategies. The author proposed an embedded programming approach for the detection of
denial of service attacks. Besides, the software engineering approach and AI techniques can
enhance the detection strategies as they can detect zero-day attacks. Artificial intelligence
has played an essential role in intrusion detection systems in recent years. In [29], the
authors propose the Real-Time Sequential Deep Extreme Learning Machine Cybersecurity
Intrusion Detection System (RTS-DELM-CSIDS) security model. The proposed model first
defines the relevance of security aspects by ranking them and establishes a robust intrusion
detection system based on the most relevant ones. The proposed approach had an accuracy
of 96.22% in training and 92.73% in validation. The authors in [30] combined the features of
a traffic flow and the power system’s inherent physical laws to detect lousy data injection in
smart grids. The generalized detection model focuses on identical characteristics to ensure
the accuracy of unknown datasets and reduce the computational time. The results show
an increase in the detection rate by 20% on average over the Chi-square test; furthermore,
the approach filters the majority of Snort false alarms and solves the Security-Oriented
Cyber-Physical State Estimation (SCPSE) observability problem. Deep learning techniques
have been implemented to develop an anomaly-based network intrusion detection system,
and the fully connected neural network model demonstrates desired outcomes with an
advanced accuracy compared to previous techniques such as SVM, Random Forest and
Adaboost [31]. CNN and LSTM-based detection systems are used to detect adversarial
attacks in SDNs [32].

The deep learning approach has proved to have a great potential for the detection
of malevolent activities. The deep learning-based GRU-LSTM (gated recurrent unit–long
short-term memory) model is implemented in an SDN environment for the detection of
network-based intrusions [33]. In [34], the proposed intelligent attack detection model is
proved to be efficacious in terms of achieving state-of-the-art performance, with notably
less time consumption than many existing models. Deep autoencoders are used in [35]
to analyze the reconstruction error for the network’s traffic records. Deep autoencoder
and big data visualization techniques are used along with statistical analysis methods
for vulnerability detection in [36]. In [37], the authors propose a hybrid detection system
for the detection of cyber threats based on Spark machine learning and convolutional
LSTM. They achieved an accuracy of 97.29% using the ISCXUNB dataset. The authors
of [38] came up with a hybrid Intrusion detection scheme that combined the genetic
algorithm along with the deep belief network for the detection of cyber threats, achieving
an accuracy of 99%. In [39] a technique for the detection of malicious attacks in industrial
IoTs is presented, leveraging deep autoencoders and deep forward neural networks and
achieving a detection accuracy of about 99%. The authors in [40] present a machine
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learning-based attack detection approach in order to recognize significant threats in the
IoT. The detection model consists of a hybrid technique implementing One Class Support
Vector Machines (OCSVM), Self-organizing map (SOM), Gaussian Mixture Modelling
(GMM) and Isolation Forest with a detection accuracy of 98%. The authors in [41] focus
on creating an ensemble-based GRU model and LSTM for efficient attack detection. The
model achieved 99% detection accuracy for attack detection in the IoT under the Message
Queuing Telemetry Transport MQTT protocol. The authors of [42] implemented a bio-
inspired intrusion detection system for crossfire attacks. An average 80% detection rate
was achieved with the proposed architecture. The study in [43] presented a deep learning-
based cybersecurity architecture to identify threats in IoT networks. An accuracy of 95.5%
was accomplished by this model, alongside a low false-positive rate. The nature of IoT
traffic is comparatively different than other network types, as shown in [44], in which a
Random Forest-based supervised machine learning algorithm is implemented which uses
features extracted from the IoT traffic to identify the types of devices from the whitelist.
In [45], the authors proposed a two-stage hierarchical network intrusion detection (H2ID)
approach. The model achieves anomaly detection through a unique lightweight solution
based on a multimodal deep autoencoder (M2-DAE), as well as attack classification, using
soft-output classifiers. The research employed and validated the proposed model using
the latest and up-to-date Bot-IoT dataset, containing four diverse attacks (i.e., DoS, Theft,
Scan and DDoS), including unknown attacks. The proposed model is appropriate for
privacy-preserving and distributed deployments. The authors in [46] presented an SDN-
enabled hybrid deep learning technique in order to identify bots in the Internet of Medical
Things. They implemented a hybrid of CNN and CuDNNLSTM algorithms for threat
detection. The authors in [47] used CNNLSTM algorithm for gesture recognition. The
authors proposed that the frame-level classification of CNNLSTM is consistent with the
cognitive perception of gestures.

3. Methodology

This section presents the complete methodology of the proposed work; i.e., the pro-
posed network model, hybrid deep learning detection scheme and dataset description.

3.1. Proposed Network Model

SDN has been evolving as a technology of integrated network design in recent years.
The data and control plane are separated in SDN’s design, which allows improvements in
areas such as simplification and flexibility. Furthermore, in the conventional design, every
router in the network can only see the local state of the network; the lack of an overview of
the complete network makes it complicated to autonomously produce a good potential
defense approach compared to attacks. Instead, SDN has a global view of the network and
central control functions, simplifying the gathering of network statistics. Besides this, the
SDN proposes a separate way to reduce the risk of DDoS attacks; however, using SDN
features and intelligent regulation to mitigate DDoS attacks remains a problematic issue.

We came up with an SDN-enabled DL-driven solution for the detection of threats in
the Internet of Things (IoT) environment, as shown in Figure 1. The proposed framework
comprises the application plane, control plane and data plane. The application plane
is designed to run various applications to provide multiple services to the end-users.
However, the application mechanisms are controlled by the control plane of the SDN to
manage routing decisions, data transfers and traffic monitoring. The proposed framework
is a part of the control plane. The SDN controller in the control plane is programmed to
manage the whole network. The SDN controller is a central decision-maker and primary
source of centralized control intelligence. The reasons behind putting the proposed model
in the control plane are as follows: firstly, it is entirely programmable and can thus modify
functionalities—it is capable of extending many networks on its data plane and provides
solutions for heterogeneity between the linked IoT devices and SDN controller through
open-flow switches; secondly, it can simply leverage the underlying IoT devices without
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exhaustion, making it an appropriate revolution for IoT. The proposed SDN-enabled DL-
driven framework is cost-effective, as it is customized and centralized. The integration of
IoT and SDN offers an exact solution for network traffic inspection to identify attacks and
suspicious activities. All the decisions for underlying devices and networks occur here
because the global network view is maintained here. Further, we have a data plane that
comprises various IoT devices, sensors, smart devices and wireless technologies. The IoT
can be extended at the data plane by the SDN control plane. Moreover, the implemented
module can also be customized and can form a part of other SDN commercial controllers.

3.2. Proposed Hybrid Detection Scheme

A hybrid deep learning technique for efficient threat detection in an IoT environment
that comprises CuDNNLSTM and CuDNNGRU is proposed. The hybrid intrusion de-
tection model is placed on the programmable control plane of the SDN. The schematic
representation of our detection module is shown in Figure 2. We trained and tested our
system on hybrid algorithms with a reduced number of false positives, resulting in greater
detection accuracy. The proposed model comprises multiple layers. DNNLSTM consists of
two layers with a combination of 500 and 300 neurons. Further, we have added one layer of
DNNGRU with 200 neurons. For all the layers except the output layer, we have used Relu
as the activation function. However, Softmax is used in the output layer. The experiments
were performed until 10 epochs were reached with 32 batch sizes to achieve efficient results.
We have used the Keras framework for Python with the TensorFlow backend. This uses
GPU processing and a Cuda-enabled version for improved performance. The complexity
of recurrent neural network optimization emerges from the reliance of state computation
on time. In RNNs—i.e., GRU and LSTM—the calculation of each step is delayed until
the preceding step is complete. The dependencies of the RNNs limit their performance,
resulting in a reduction of speed. This nature of the RNN architecture limits their applica-
bility. CuDNN is a GPU-augmented library that allows multithreading, leading it to be
quick and easy for high sequence modeling-capacity LSTM networks. Different memory
blocks are recurrently connected and make LSTM layers, giving the model the ability
to forget the old states and replace them with new information so that the system can
learn to its maximum capability. In backpropagation, LSTM is widely used to solve the
problem of gradient descent as well as for the predictions of time series. However, LSTM
uses gating mechanisms for long-term dependency that enhance the flow of information.
Furthermore, the quick multiplication of matrixes enhances the overall performance and is
also carried out by LSTM. CuDNNLSTM can solve the sequential dependence problems of
BasicLSTMCell [48]. A comprehensive architecture of the proposed hybrid deep learning
model is shown in Table 1.

Figure 2. DL-driven SDN-enabled framework.
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Table 1. Description of hybrid DL algorithms.

Algorithm Layers Neurons/Kernel AF/LF Epochs Optimizer Batch-Size

Cu-DNNLSTM + Cu-DNNGRU

Cu-DNNLSTM (2) 500, 300 Relu/CC-E

10
Cu-DNNGRU (1) 200 Relu/CC-E Adamax 32

Dropout -
Dense (3) 200, 100, 50 -

Output Layer (1) 09 Softmax

Cu-DNN-GRU

Cu-DNNGRU (3) 500, 300, 200 Relu/CC-E

10Dropout -
Dense (3) 200, 100, 50 - Adamax 32

Output Layer (1) 09 Softmax

Cu-BLSTM

Cu-BLSTM (3) 500, 300, 200 Relu/CC-E

10Dropout -
Dense (3) 200, 100, 50 - 32

Output Layer (1) 09 Softmax Adamax

3.3. Dataset Description

The selection of a suitable dataset makes an essential contribution to the evaluation of
the efficiency of an intrusion detection system. In the literature, researchers have employed
various datasets, some of which include KDD99, KDD CUP, NSLKDD, UNSWNB15,
CICIDS 2017 and several others for intrusion detection in IoTs. These datasets lack IoT-
supportive features. Some hackers create/use webpages that scan for local IoT devices in
order to take control of them. The hacker can use domain name system (DNS) rebinding as
well as malicious scripts to discover and attack local IoT devices to take control of them [49].
That is the reason that we have selected a state-of-the-art dataset, CICDDoS 2019 [50]. The
dataset chosen is based on a set of network flow features. The dataset is publicly available
and is multiclass. The dataset consists of 78,283 instances, among which 66,510 are benign
and 11,773 are instances of attacks. Our selected dataset consists of more than 80 traffic
features and the most up-to-date and common attacks, which include DDoS, refection and
exploitation attacks and some subtypes of these. The proposed work is only concerned
with eight attacks. Table 2 shows the attack types and related information in detail. The
main reason for choosing this dataset is to focus on the detection of attacks that lead to
system exploitation.

Table 2. Data set description. DoS: denial of service; DDoS: distributed denial of service; TCP:
transmission control protocol; UDP: user datagram protocol.

Classes Category Sub-Category Numbers

Benign - - 66,510

DrDoS_MSSQL

Reflection

TCP based 1497
DrDoS_SSDP TCP based 1482
DR DoS UDP based 1481
WebDDoS TCP/UDP based 1469
PORTMAP TCP/UDP based 1500

SYN
Exploitation

TCP based 1451
DrDoS_UDP UDP based 1469
UDP-Lag UDP based 1424

Total 78,283

4. Experimental Setup

Using Keras, we trained the proposed deep learning models with a version of Python,
“Python 3.8”. Furthermore, our PC server was assembled with TensorFlow and the CuDNN
library based on the GPU to allow parallel processing. The experimental evaluations were
done on a PC server equipped with Intel, Core i7-7700 HQ CPU @ 2.80 GHz processor,
16 GB of RAM and a 6 GB Nvidia GeForce 1060 graphics card.

Evaluation Metrics

To perform a thorough evaluation of the performance, standard evaluation metrics
were implemented, including precision, recall, accuracy and F1-score. Moreover, true
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positive, true negative, false positive, Matthews correlation coefficient (MCC) and false
negative values were calculated with a confusion matrix.

5. Result And Discussion

The outcomes from the complete assessment of the proposed technique of hybrid CuD-
NNLSTM and CuDNNGRU are presented here. For comparison with the benchmarks, we
have compared the proposed model with Cu-DNN and Cu-BLSTM as well as the state-of-
the-art hybrid Cuda-enabled deep learning detection techniques. To thoroughly illustrate
the unbiased outcomes, 10-fold cross-validation was employed, as shown in Table 3. Aver-
age 10-fold results for the evaluation metrics were collected and are accordingly presented
in various parts of this work.

Table 3. Result of 10-fold cross-validation.

Folds
Accuracy % F1-Score % Recall % Precision %

$$ ## && $$ ## && $$ ## && $$ ## &&

1 99.77 99.77 99.78 99.81 99.81 99.83 99.81 99.81 99.83 99.90 99.90 99.90
2 99.79 99.55 99.75 99.84 99.85 99.73 99.84 99.58 99.73 99.90 99.89 99.98
3 99.79 99.43 99.65 99.87 99.83 99.72 99.87 99.83 99.72 99.89 99.50 99.86
4 99.82 99.40 99.11 99.86 99.34 99.53 99.86 99.34 99.53 99.92 99.96 99.43
5 99.61 99.71 99.79 99.61 99.83 99.81 99.61 99.83 99.81 99.93 99.83 99.93
6 99.70 99.75 99.52 99.78 99.77 99.61 99.78 99.77 99.61 99.86 99.93 99.83
7 99.78 99.79 99.62 99.80 99.83 99.71 99.80 99.83 99.71 99.93 99.92 99.84
8 99.87 99.41 99.85 99.87 99.74 99.90 99.87 99.74 99.90 99.96 99.56 99.92
9 99.64 99.70 99.52 99.68 99.65 99.76 99.68 99.65 99.76 99.89 100 99.68

10 99.68 99.64 99.76 99.80 99.67 99.84 99.80 99.67 99.84 99.81 99.90 99.87

$$ = Cu-DNNLSTM + Cu-DNNGRU. ## = Cu-DNN-GRU. && = Cu-BLSTM.

5.1. Confusion Matrix Analysis

A confusion matrix shows the performance of the classification model on a set of test
data. It is represented for either binary or multiclass data. It is beneficial for measuring
accuracy, precision, recall and the receiver operating characteristic (ROC) curve. As shown
in Figure 3, the proposed model identifies the nine different classes correctly.

(a) Hybrid Cu-DNNLSTM and
Cu-DNNGRU.

(b) Hybrid Cu-DNNGRU. (c) Cu-BLSTM.

Figure 3. Confusion metrics.

5.2. ROC Curve Analysis

The ROC curve plots the visualized outcomes in order to compare the false positive
and true positive rates. The degree of separability primarily shows the performance of
multi-class classification issues, which is shown by the ROC. The plot of the ROC curve is
between the TP rate and the FP rate. Figure 4 represents the ROC of our proposed model,
which shows that our proposed model exhibits better performance in comparison to the
other architectures.
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(a) Hybrid Cu-DNNLSTM and
Cu-DNNGRU.

(b) Hybrid Cu-DNNGRU. (c) Cu-BLSTM.

Figure 4. ROC Curves.

5.3. Accuracy, Precision, Recall and F1-Score

Accuracy is characterized as the percentage of true labeled records. The detection
accuracy also indicates the efficiency of an algorithm and its performance analysis. We have
calculated the percentage of accuracy to create the graphs. The detection accuracy of the
hybrid detection algorithms on the testing data is given in Figure 5. The proposed model
outclassed the Cu-DNNGRU and Cu-BLSTM with a detection accuracy of 99.74% and a
precision of 99.89%. Precision, also known as the positive predicted value (PPV), indicates
the number of correctly identified records. The TPR, also known as recall, indicates the
amount of accurately predicted records out of the total data. The F1-score characterizes
the harmonic mean of the recall and precision. The recall and F1-score of the proposed
algorithms are both 99.79%.

Figure 5. Accuracy, precision, recall and F1-score.

5.4. FPR, FDR, FNR and FOR Analysis

We have further estimated other performance evaluation measures for a better esti-
mation of our proposed work, which are the false positive rate (FPR), false discovery rate
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(FDR), false omission rate (FOR) and false negative rate (FNR). Figure 6 shows that our
proposed model shows imporved rates of FPR, FDR, FNR and FOR of 0.528, 0.091, 0.198,
and 1.138%. Further, Cu-BLSTM shows better results than Cu-DNNGRU.

Figure 6. False positive rate (FPR), false negative rate (FNR), false discovery rate (FDR) and false
omission rate (FOR).

5.5. TPR, TNR, MCC Analysis

An uncertainty matrix was used to get the values of TPR, TNR and MCC in order to
perform a detailed evaluation as well as analysis. The proposed work calculated the classes
from the confusion matrix. It is obvious that our proposed mechanism exhibited better
TPR, TNR, and MCC outcomes. Figure 7 represents the TPR, TNR and MCC scores.

Figure 7. True positive rate (TPR), True Negative rate (TNR) and Matthews correlation coeffi-
cient (MCC).
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5.6. Training Time and Testing Time

Figure 8 indicates the testing time and training time of the proposed implemented
models, as well as the comparison of the time taken by each of the algorithms in the testing
and training phase, respectively. The proposed model shows a better testing time of only
9.33 ms.

Figure 8. Training and testing time.

5.7. Comparison of Proposed Hybrid Technique with Hybrid DL Algorithm with CuBLSTM,
CuDNNGRU

We developed a hybrid detection algorithm and implemented it on the dataset. Our
detection scheme—i.e., hybrid CuDNNLSTM and CuDNNGRU—performed best in terms
of all the considered evaluation metrics. We implemented CuBLSTM and CuDNNGRU as
comparison algorithms on the same dataset, comparing the same evaluation metrics. The
proposed hybrid algorithm gave the best results with a comparatively low testing time.

5.8. Comparison with Benchmark Algorithms

We compared our proposed algorithm with the current benchmarks. We evaluated
the algorithms in terms of a comparison of some considered parameters. In [33], the NSL-
KDD dataset was used for the detection leveraging of GRU-LSTM as a detection module,
achieving an average accuracy of 87.90%, with a precision, recall and F1-score of 83.50,
77.90 and 80.60%, respectively. In [51], a hybrid DL detection scheme was made leveraging
Cu(LSTM-CNN), which achieved an average detection accuracy of 98.60%, along with a
precision of 99.37%, recall of 99.35% and F1-score of 99.35%. The algorithm had a testing
time of 296 ms using the CICDDOS 2017 dataset. In [52], a hybrid detection framework
was used, achieving an average detection accuracy of 98% with a precision of 91%. The
proposed model showed an accuracy of 99.74% with a precision of 99.89%, with a recall
and F1-score of 99.79% as shown in Table 4. The testing time of the proposed work was
only 9.33 ms, which was less than the current benchmarks.
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Table 4. Comparison with current benchmarks. GRU-LSTM: gated recurrent unit–long short-term memory.

Schemes [33] [51] [52] Proposed Work

Dataset NSL-KDD CICIDS2017 CICDDoS2019 CICDDoS2019
Algorithm GRU-LSTM Cu (LSTM-CNN) Autoencoder (EDSA) CuDNNLSTM + CuDNNGRU
System Specification i5, 3.2 GHz, i9, 4.0 GHz, - i7, 2.8 GHz,

Nvidia GTX 1070 Nvidia GTX 1080 - Nvidia Geforce 1060 DDR5
Cuda enabled - X - X
10 fold - X - X
Multi-class - X - X
Accuracy ( %) 87.90 98.60 98 99.74
Precision (%) 83.50 99.37 91 99.89
Recall (%) 77.90 99.35 - 99.79
F1-Score 80.60 99.35 - 99.79
Testing time - 296 (ms) - 9.33 (ms)
Evaluation metrics - X - X

5.9. Speed Efficiency

The suggested hybrid deep learning model was analyzed regarding the total time
taken. The two phases of analysis consisted of the training and testing phase, respectively.
Training time is usually not considered as the training phase is done offline. However, the
testing phase is of prime importance as the testing time truly depicts the efficiency and
the performance of the model. Figure 8 of our paper shows the testing time of our model,
which was only 9.33 ms, which means that the hybrid CuDNNLSTM and CuDNNGRU
showed the best testing time and was computationally efficient. The confidence intervals
of the testing times of Cu-DNNLSTM and CuDNNGRU, CuBLSTM and CuDNNGRU are
shown in Figure 9. The proposed work used a 95% confidence interval.

Figure 9. Confidence intervals of testing time.

6. Conclusions

With the advent of IoT, the risk of cyber-attacks has also increased to a great extent.
As the IoT includes resource-constrained devices and the security of these devices is not
an inbuilt feature, securing these devices is important. Traditional security mechanisms
cannot be deployed immediately for their security due to the heterogeneous nature of these
devices. Thus, the SDN paradigm is a promising solution to the securing of IoT infras-
tructure. This paper proposed a novel SDN-enabled hybrid DL-driven threat detection
system for the IoT to fight advanced multivector cyber-attacks. Our proposed framework
is a scalable, efficient and accurate solution. The proposed model obtains a detection
accuracy of 99.74%. A comprehensive evaluation of the model is performed along with
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the evaluation of standard evaluation metrics, and we have made a comparison with the
current benchmarks. The proposed mechanism of hybrid CuDNNLSTM and CuDNNGRU
out-performs all benchmarks with regards to detection accuracy, precision and speed
efficiency. Furthermore, the computational complexity of the proposed work is very low.
The results of two Cuda-enabled algorithms—i.e., CuDNNGRU and CuBLSTM—were also
compared to the proposed algorithm by implementing them on the same dataset, and their
achieved results were beaten by the proposed hybrid algorithm. In the future, we aim to
implement other deep learning classifiers to detect emerging cyber threats. In conclusion,
the proposed work endorses the DL-driven framework for IoT ecosystems.
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