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Abstract: The escalating reliance on revolutionary online web services has introduced heightened
security risks, with persistent challenges posed by phishing despite extensive security measures.
Traditional phishing systems, reliant on machine learning and manual features, struggle with evolving
tactics. Recent advances in deep learning offer promising avenues for tackling novel phishing
challenges and malicious URLs. This paper introduces a two-phase stack generalized model named
AntiPhishStack, designed to detect phishing sites. The model leverages the learning of URLs and
character-level TF-IDF features symmetrically, enhancing its ability to combat emerging phishing
threats. In Phase I, features are trained on a base machine learning classifier, employing K-fold
cross-validation for robust mean prediction. Phase II employs a two-layered stacked-based LSTM
network with five adaptive optimizers for dynamic compilation, ensuring premier prediction on these
features. Additionally, the symmetrical predictions from both phases are optimized and integrated to
train a meta-XGBoost classifier, contributing to a final robust prediction. The significance of this work
lies in advancing phishing detection with AntiPhishStack, operating without prior phishing-specific
feature knowledge. Experimental validation on two benchmark datasets, comprising benign and
phishing or malicious URLs, demonstrates the model’s exceptional performance, achieving a notable
96.04% accuracy compared to existing studies. This research adds value to the ongoing discourse
on symmetry and asymmetry in information security and provides a forward-thinking solution for
enhancing network security in the face of evolving cyber threats.

Keywords: phishing detection; stack generalization; LSTM networks; anti-phishing; malicious URLs

1. Introduction

Phishing, a deceptive method through social and technical engineering, poses a severe
threat to online security, aiming to obtain illicit user identities, personal account details, and
bank credentials [1]. It is a primary concern within criminal activity, with phishers pursuing
objectives such as selling stolen identities, extracting cash, exploiting vulnerabilities, or
deriving financial gains [2,3]. The nuanced landscape of phishing techniques showcasing
symmetry and asymmetry includes algorithms, domain spoofing, HTTPS phishing, SMS
phishing, link handling, email phishing, and pop-ups. Attributes such as prefixes, suffixes,
subdomains, IP addresses, URL lengths, ‘@’ symbol, spear phishing, dual-slash attributes,
ports, HTTPS tokens, request URLs, URL anchors, tag links, and domain age contribute
to the multifaceted nature of phishing attacks [4]. Phishing perpetrators adeptly mimic
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legitimate websites, particularly those related to online banking and e-commerce. This cre-
ates a symmetrical illusion that induces users to unwittingly divulge sensitive information,
leading to various fraudulent actions [5,6].

A phishing attacker’s role involves three specific duties: influencing target selection,
sociological aspects, and technological infiltration [7]. As of March 2006, the Anti-Phishing
Working Organization reported 18,480 significant phishing assaults and 9666 distinct phish-
ing domains, resulting in substantial financial repercussions for businesses and affecting
billions of site visitors [8]. Microsoft estimates the potential cost of computerized offenses
on the global network to be a staggering USD 500 billion, underscoring the symmetrical
impact of cyber threats on the financial ecosystem [9]. A single data breach could incur an
average cost of approximately USD 3.8 million for organizations in 2018, highlighting the
symmetrical consequences of security lapses. Data from the Anti-Phishing Working Group
(APWG) reveal a notable increase in attack networks, with 180,768 identified during the
first quarters of 2019, up from 138,328 in the fourth quarter of 2018 and 151,014 in the third
quarter of 2018 [10]. The visual symmetry between benign and deceptive websites chal-
lenges human perception, making it difficult to distinguish between them. When visitors
access these mimicked sites, critical information is stolen through scripting, underscoring
the symmetrical vulnerability in human–computer interaction. The exponential growth in
e-commerce consumers contributes to the escalating frequency of phishing attacks, carried
out through various means such as malware, online platforms, and emails, creating a
symmetrical escalation in cyber threats [11].

Researchers propose varied solutions to enhance symmetry in phishing detection.
Some use a blacklist for identifying phishing sites [12]. However, this method fails to
detect non-blacklisted phishing websites, introducing asymmetry, such as zero-day attacks.
Heuristic-based detection analyzes website content and third-party service features, but po-
tential service restrictions create asymmetry. Simultaneously, exploring online content and
third-party features introduces temporal asymmetry due to its time-consuming nature [13].
Similarly, a hierarchical clustering method groups DOM vectors based on distance, limiting
detection efficiency and suggesting a need for symmetrical analysis of URL features to
enhance throughput [14].

URLs play a pivotal role in phishing attacks transmitted to users through various
channels like emails and social media, presenting a facade of symmetry by appearing as a
genuine URL [15]. Machine learning-based techniques emerge as symmetrical solutions
among the available approaches for evaluating URLs. By familiarizing malicious URLs
with categorization algorithms, these techniques effectively differentiate between phishing
and benign URLs, introducing a symmetrical balance in the categorization process [16].
URL-based studies leverage a phishing tank database, a comprehensive collection track-
ing reported phishing URLs by various online security companies. While this database
offers organized data categorization patterns, asymmetries arise when using categorization
algorithms or machine learning for URL data, necessitating additional symmetrical URL
management techniques [17]. Standard techniques like blacklisting, regular expression, and
signature matching, although employed to identify phishing attempts, exhibit asymmetry
by falling short in detecting unfamiliar URLs [4]. Continuous updating of database signa-
tures to detect unexpected patterns in malicious URLs underscores the need for applying
symmetrical machine learning-based research, particularly with deep learning models, for
robust and symmetrical identification of malicious URLs [18].

Machine learning and deep neural networks have been pivotal in various research
endeavors, showcasing substantial performance improvements [19–22]. In the context
of phishing detection, the authors of [19] proposed a multidimensional feature engineer-
ing approach, harnessing a deep learning model (CNN-LSTM) and machine learning
algorithms. This method integrated predictions using the XGBoost (eX-treme Gradient
Boosting) algorithm, offering a solution to extract features from diverse dimensions for
swiftly effective attack detection. However, the reported results indicated a decline in the
false positive rate to 59%, signaling a reduction in the level of attack prediction. Another
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study [20] introduced an end-to-end deep learning architecture grounded in natural lan-
guage processing techniques to combat malicious URL phishing. The model aimed to
classify benign and malicious URLs using character-level and word-level embedding in
CNN networks. However, the model exhibited a lack of generalization on test data, indi-
cating a need for improved accuracy and malicious URL detection ability. Wang et al. [21]
presented the PDRCNN approach, designed to enhance phishing-detection efficiency by
eliminating reliance on feature crawling from third-party services. Based on the LSTM
network, this approach selects optimal features from the URL, employs CNN to distinguish
characters influencing phishing, and predictions with machine learning classifiers. While
reporting efficient performance, the mechanism’s dependency on existing knowledge of
phishing detection raises concerns about its susceptibility to errors in identifying the latest
vulnerabilities.

In contrast to traditional machine learning methods that implicitly extract hand-
crafted features, deep learning approaches prove advantageous when faced with the
challenge of professional phishers exploiting the multilayer features of URLs. To address
this, stacking, an ensemble learning methodology integrating various machine learning
algorithms and deep learning models, employs a metamodel to amalgamate predictions,
enhancing overall performance. Initially employed for malware identification on mobile
devices, the stacking approach demonstrated improved accuracy and the F measure [23].
We extended this stacking mechanism by designing two distinct phases, leveraging the
symmetrical integration of other methods to enhance detection impact.

This paper leverages a deep learning neural network, long short-term memory (LSTM),
introducing a novel stack generalization model named AntiPhishStack. The proposed
model employs five optimizers in two phases to detect phishing URLs effectively. In the
first phase, machine learning classifiers, coupled with k-fold cross-validation to mitigate
overfitting, generate a mean prediction. The second phase utilizes a two-layered LSTM-
based stack generalized model optimized for premier prediction in phishing site detection.
Merging the mean prediction from Phase I with the premier prediction from Phase II,
meta-classifiers, specifically XGBoost, deliver the final prediction. This stacking model
significantly enhances phishing-detection accuracy by learning URL and character-level
TF-IDF features, showing symmetrical capabilities. The AntiPhishStack model intelligently
identifies new phishing URLs previously unidentified as fraudulent. Experimental eval-
uations on two benchmark datasets ([24,25]) for benign and phishing sites demonstrate
robust performance, assessed through various matrices, including AUC-ROC curve, pre-
cision, recall, F1, mean absolute error (MAE), mean square error (MSE), and accuracy.
Comparative analysis with baseline models and traditional machine learning algorithms,
such as support vector machine, decision tree, naïve Bayes, logistic regression, k-nearest
neighbor, and sequential minimal optimization, highlights the AntiPhishStack model’s
superior phishing-detection efficiency. Notably, this model offers the following significant
advantages in achieving symmetrical advancements in cybersecurity:

i. Prior feature knowledge independence: The approach taken in this work embraces
the concept of symmetry by treating URL strings as character sequences, serving as
natural features that require no prior feature knowledge for our proposed model to
learn effectively.

ii. Strong generalization ability: The URL character-based features are utilized for
more robust generalization and check-side accuracy, and the multi-level or low-level
features are combined in the hidden layers of the neural network to attain effective
generalization.

iii. Independence of cybersecurity experts and third-party services: Our proposed stack
generalization model autonomously extracts necessary URL features, eliminating
the reliance on cybersecurity experts. Additionally, the AntiPhishStack model,
reliant on URLs and character-level TF-IDF features, demonstrates independence
from third-party features such as page rank or domain age.

The significant contributions of this paper are:
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• Presentation of a two-phase stacked-based generalization model (AntiPhishStack) that
breaks free from the necessity of prior feature knowledge for phishing site detection.
The model achieves this by learning URL and character-level TF-IDF features.

• In Phase I, features are trained on the base machine learning classifier to generate
the mean prediction. Meanwhile, Phase II employs two-layered stacked-based LSTM
networks and five adaptive optimizers for premier prediction detection.

• The final prediction is established by developing a meta-classifier (XGBoost) clas-
sifying URLs into benign and phishing categories. Experimental results showcase
the AntiPhishStack model’s noteworthy performance on baseline models, utilizing
symmetrically structured Alexa and PhishTank datasets.

The structure of the rest of the article is as follows: Section 2 deliberates the background
research work of phishing detection; Section 3 introduces the AntiPhishStack proposed
model; Section 4 delivers the experiments, and Section 5 presents the results and its
evaluations, and Section 6 elaborates the conclusion and future work.

2. Literature Review
2.1. Phishing Detection

There are three different methods for phishing detection that are often utilized [26].
First and foremost, web-based phishing refers to imitating a legitimate web interface. Phish-
ers trick users into providing credential information, believing it to be genuine. Second,
attackers transmit phishing material via email using web-based methods. The third is a
malware-based phishing assault in which attackers insert a harmful code into the user’s
system [16]. Adebowale [27] suggested a common approach in which particular users steal
private information from websites and are called phishing users. This behavior is usually
carried out through phony websites or malicious URLs, which are called fraudulent enter-
prises. Cybercriminals develop a well-planned phishing assault by engaging in fraudulent
activities. After gaining access to the victim’s computers, hackers may install malware or
insufficiently secure users’ systems. Acquisti [28] proposed that several techniques are
advised to prepare and teach end users to detect phishing URLs to decrease the potential
of phishing attacks. El-Alfy [29] suggested using the architecture of the node to train
unsupervised and supervised algorithms. Phishing sites rely on feasibility neural networks
and K-medoid clustering. The K-medoid method uses feature selection and modules to
minimize storage capacities. The required technique achieves 96.79% accuracy on thirty
characteristics. PHISH-SAFE, an anti-phishing solution, has suggested employing an SVM
classifier to recognize phishing websites with greater than 90% accuracy [30].

One research study offered another anti-phishing approach based on a weighted URL
token system that extracts identification keywords from a query webpage. A search engine
was used to locate the target domain name by identifying keywords as search phrases and
validating the query web page. Tan et al. presented an anti-phishing approach that collects
keywords from a website and then uses a weighted URL token-based system [31].

2.2. Machine Learning-Based Detection

In the last couple of decades, machine learning has been vigorously applied for
phishing detection through different models and methods for various purposes [32–34].
For instance, Wang [35] proposed ensemble classifiers for email filtering that eliminated
five algorithms: Support Vector Machines, K-Nearest Neighbor, Gaussian Naive Bayes,
Bernoulli Naive Bayes, and Random Forest Classifier. Finally, Random Forest enhanced its
accuracy from 94.09 percent to 98.02 percent.

Rahman et al. [36] utilized six machine learning classifiers (KNN, DT, SVM, RF, ERT,
and GBT). They applied three publicly accessible datasets with multidimensional attributes
that could also be used to detect phishing attacks in several anti-phishing systems due
to a lack of proper selection of machine learning classifiers. To quantify the classifier
performance, they used the confusion matrix, precision, recall, F1-score, accuracy, and
misclassification rates. It finds greater performance than Random Forest and Exceptionally
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Randomized Tree, which achieved 97% and 98% accuracy rates for detecting phishing
URLs, respectively. Gradient Boosting Tree performed best for the multiclass feature set,
with a 92% accuracy.

Mogimi et al. [37] proposed a phishing detector that exhibits a lack of symmetry
in its approach. The support vector machine (SVM) method was initially employed to
train a phishing-detection model, followed by the decision tree (DT) approach to uncover
concealed phishing. Although the suggested method achieves high true-positive rates (0.99)
and low false-negative rates (0.001) in a large dataset, it operates under the assumption
that phishing web pages exclusively utilize innocuous page content. This assumption
lacks symmetry with real-world scenarios, where phishing pages may employ deceptive
elements. Rao et al. [25] recently presented CatchPhish, a lightweight program that predicts
URL validity without examining the website’s content. The suggested framework uses the
random forest classifier to retrieve the suspicious URL’s hand-crafted and term frequency-
inverse document frequency (TF-IDF) characteristics.

2.3. Deep Learning-Based Detection

Machine learning and deep learning are both types of AI. Machine learning, in essence,
is AI that uses algorithms to read data, learn from those data, and make decisions based on
what it has learned, allowing it to adapt automatically with little to no human intervention.
However, deep learning uses artificial neural networks, a specialized branch of machine
learning, to simulate how the human brain learns. It layers algorithms to build an “artificial
neural network” to learn and decide for itself.

In phishing detection, deep learning provides an automatic, accurate, and fast means
(artificial neural network) to identify the URLs as benign or legitimate. It uses different
layers and weights assigned by the optimization functions to learn the huge complex
dataset, which traditional machine learning algorithms find difficult to process. The
development of deep learning algorithms, e.g., recurrent neural networks (RNNs), recurrent
convolutional neural networks, and deep neural networks (DNNs), have lately been used
for phishing detection. Though deep learning approaches are not often used in phishing
detection due to the lengthy training period, they frequently give higher accuracy and
automatically retrieve characteristics from raw data with no background experience [11,38].
Neural networks typically include one to two hidden layers. The number of layers varies
in various deep learning applications. However, it needs almost 150 layers [20]. There are
several guidelines for determining the number of layers, including two or fewer layers
for basic datasets and additional layers for computer vision, time series, or complicated
datasets [4,39,40].

Wang et al. [21] presented a rapid phishing website detection approach dubbed accu-
rate phishing detection with recurrent convolutional neural networks (PDRCNNs) based
solely on the website’s URL. It converts URL information into a two-dimensional tensor
and feeds the tensor to a deep learning neural network to categorize the original URL.
They first employed a bidirectional long short-term memory (LSTM) network to extract
global and local URL characteristics, followed by a convolutional neural network (CNN).
YANG et al. [19] created a two-step multidimensional feature phishing-detection technique.
The character sequence characteristics of the provided URL were retrieved and utilized
for categorization by LSTM-CNN deep learning networks in the first phase. In the second
phase, URL statistics data, webpage content characteristics, and deep learning classification
results were merged to form multidimensional features. Yuan et al. [41] and Yuan et al. [36]
developed a method introducing symmetry by combining character embedding (word2vec)
with a URL structure to create vector representations of URLs. The URL was systematically
divided into five components: the URL protocol, sub-domain name, domain name, domain
suffix, and URL path. This approach enhances existing classification methods, training
vector representations to identify phishing URLs symmetrically. Huang et al. [1] presented
a deep learning-based approach for detecting phishing URLs called PhishingNet. They
utilized a CNN network to extract character-level URL characteristics and an attention-
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based hierarchical recurrent neural network (RNN) to retrieve word-level URL features.
The features were then fused and trained using three convolutional layers and two fully
connected layers.

The summary of these studies is categorized (C) in Table 1.

Table 1. The literature review summary compares phishing-detection studies utilizing machine and
deep learning techniques.

C Ref. Method Datasets Findings Limitations and Future Gaps

Ph
is

hi
ng

de
te

ct
io

n

[42]

Character embedding CNN
and RF to classify phishing
websites based on
multi-level features.

PhishTank (47,210)
and Alex (83,857)

95.49% on
dataset D2

Reliance on URL features only
and limited to
character-level features.

[29]

PNN and K-medoid
clustering are combined and
trained on pre-classified
websites and
relevant features.

11,055 phishing and
benign websites

87% using address
bar-related
features

The potential impact of the
Gaussian smoothing
parameter on performance
and the limited effectiveness
of HTML- and
JavaScript-based features.

[43]

Two-level filtering mechanism
using lightweight visual
similarity and heuristic
filtering to detect phishing.

PhishTank and
Google, 100 search
results

Matthew’s
correlation
coefficient is 97%

Inability to detect variations
in blacklisted sites and the
generation of false negatives
when encountering out-of-list
legitimate sites.

M
L-

ba
se

d
de

te
ct

io
n

[37]
Rule-based system that
extracts hidden knowledge to
detect phishing attacks.

Dataset3 (103
phishing and
73 legitimate)

Average accuracy
90.51% with SVM
and 1.35%
error rate

Reliance on webpage content
for feature sets may not
account for attackers
redesigning phishing
web pages.

[24]
Whitelists and blacklists for
classifying legitimate and
phishing web pages.

Ebbu2017 contains
73,575 URLs

Accuracy rate of
10.86% with DT

Limited dataset size
(1400 items) and high
acceptance for noisy data.

[25]

Detects phishing sites using
client-side, URL-based
features, independent of
third-party services, and fast
computation.

Common crawl,
Alexa database,
PhishTank, total
samples: 85,409

CatchPhish
accuracy is 94.26%
with Random
Forest

Model misclassified some
phishing sites hosted on free
or compromised
hosting servers.

D
L-

ba
se

d
de

te
ct

io
n [40]

Mapas detects malware using
API call graph patterns with a
CNN model.

9000 malicious apps,
9000 benign from
Google Play

Accuracy 91.27%
with CNN

Excludes obfuscated apps that
cannot extract API call graphs
with FlowDroid.

[21]

Uses RNN to extract global
features and CNN for local
features from URLs for
phishing detection.

Alexa and
PhishTank,
500,000 sample

Accuracy 93.48%
(RNN) 95.03%
(CNN)

Training time was too long,
and unable to classify URLs if
it is not semantics.

[19]
Utilizes a CNN-LSTM with
feature extraction for phishing
detection.

PhishTank and
dmoztools.net
(989,021 URLs)

Accuracy is 94.41%
It is not supported for
webpage code and webpage
text detection.

2.4. Stack Generalization-Based Detection

Deep learning learns representation at several levels of abstraction by using layers
of layered nonlinear projections. It has demonstrated superior performance in various
applications, including natural language processing, computer vision, speech recognition,
and so on [44–47].

The DNNs recommended [20] are trained with inferred deep stacking. The analyzed
covers of previous outlines are updated as they had been at the end of each DNN training
epoch, and the upgraded evaluated veils then provide further inputs to train the DNN in the
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subsequent epoch. During the testing phase, the DNN generates expectations sequentially
and repeatedly. In addition, it suggests using the L1 loss for training.

3. AntiPhishStack Proposed Model

The primary purpose of this model is to determine the best output through evaluation
by applying the stacking technique and deep neural network to the processed dataset and
to propose an optimized model based on that output. The AntiPhishStack model of stack
generalization is illustrated in Figure 1.
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Figure 1. AntiPhishStack: proposed LSTM-based stock generalization model’s flow.

Our model’s flow has a five-level approach. The key steps are as follows:

i. Collection of datasets and feature distribution into URL features and character-
level features.

ii. Dataset division into training and testing by 70:30 ratio, respectively.
iii. Construct the stack generalization model’s first phase (Phase I) based on the machine

learning-based model and calculate the mean prediction with the test dataset.
iv. Construct the second phase (Phase II) of the stack generalization model with the

LSTM model based on adaptive optimizers and compute the performance evalua-
tion with the test set.

v. Merge predictions and evaluations from both Phase I and Phase II for the ultimate
prediction, enhancing symmetrically the recognition and determination of the
phishing web pages.

The notations and meanings used in this paper are described in Table 2.



Symmetry 2024, 16, 248 8 of 25

Table 2. Notations and their meanings.

Notations Meanings

Wi Weight factor of URLs

ht−1 Hidden state of the t − 1 instant

bb Bias of each gate

it, ft, ot, and Ct Input gate, forget gate, output gate, and unit status, respectively.

W f , Wi, and Wo Weight matrix of forget gate, input gate, and output gate, respectively.

xt Current input

fl Training loss function

γ Complexity of each leaf

T Number of leaves nodes

3.1. Datasets

The URLs were collected from a variety of sources (Alexa and PhishTank) [24,25].
URLs that were duplicated or did not survive were deleted before they were used to create
a dataset. The typical URL elements, such as “http://”, “https://”, and “www.”, were
deleted. Inconsistent URL forms can easily impair the model’s quality during training if
the prefixes are not trimmed. The database management system (pgAdmin) was utilized in
conjunction with Python to import the preprocessed data, and then the dataset was divided
into two parts: 70% for training and 30% for testing. The distribution of legitimate and
phishing URLs was as follows:

i. Dataset 1 (DS1): Benign Yandex sites (https://yandex.com.tr/dev/xml/ (accessed
on 3 December 2023)) and PhishTank phishing sites [24].

ii. Dataset 2 (DS2): Benign sites from Common Crawl, the Alexa database, and phishing
sites from PhishTank [25].

The datasets were selected for their diverse and current mix of benign and phishing
URLs, ensuring robust model training. DS1 and DS2 offer a balanced representation of
typical internet environments and specialized sources, respectively. This variety enhances
the model’s applicability and accuracy in real-world phishing detection. Meanwhile, the
feature dataset was divided into 70% training and 30% testing datasets to ensure a balanced
setup: 70% for training our AntiPhishStack model and 30% for robust testing on unseen
data, aligning with standard machine learning practices.

3.2. Feature Distribution

Features and the capacity to use these features must be examined before examining the
features selection section [48]. There are four major features and a total of 30 sub-features.
Based on the details, each characteristic provides information on whether the website
is phishing, legitimate, or suspect. This section contains the plans for highlighting the
characteristics.

3.2.1. URL Features

A Uniform Resource Locator (URL) provides the location of online resources such
as pictures, files, hypertext, and videos. In general, attackers attempt to build phishing
URLs that look like reputable websites to users. Attackers use URL jamming tactics to
mislead users into disclosing personal information that can be exploited against them. This
research aims to detect phishing websites quickly, utilizing lightweight characteristics, i.e.,
the weight factor URL token system, inspired by [49]. For example, the segmentation of
a URL (Figure 2) provides the different tokens and their final weights Wi for i-th distinct
words and can be calculated as:

Wi =
hi
n

S

∑
x=1

Nx

x2 (1)

https://yandex.com.tr/dev/xml/
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where hi indicates the length of i-th distinct word, S denotes the total steps available for
tokens, n shows the number of URLs from webpages, and Nx is the total number of i-th
word occurrences in step S with respect to the x level.
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Calculating this weight delivers the weight value of each URL assigned to neural
network gates for phishing prediction. This was accomplished by extracting only character-
istics from the URL rather than accessing the website’s content. Figure 2 shows an example
of URL characteristics for the weight.

The first component of the URL is a protocol (https, http, ftp, etc.), which is a set of rules
that regulates how data are transported from data transmission. The second component
is the location of the host IP address or resource. The hostname is separated into two
parts: major domains and top-level domains (TLDs). The URL’s hostname is comprised
of the principal domain and the TLD. The hostname is followed by a port number, which
is optional. The third component uses the path to identify the specific resource inside
the domain accessed by a user. An optional field, such as inquiry, follows the path. The
protocol, hostname, and URL path are appended to the base URL. The combination of
the second domain and top-level domain names, known as the host domain, makes the
URL unique. As a result, cybersecurity firms are working hard to identify the fraudulent
websites used for phishing offenses by name. If a hostname is designated as phishing, an
IP address can be banned to prevent it from accessing the web pages included within it.

It has the following sub-features, according to the dataset:

• IP Address: If an IP address is used instead of a domain name in the URL of a
phishing website, the client may virtually be certain that someone is attempting to
steal their credentials. From this dataset, 570 URLs with an IP address were discovered,
accounting for 22.8 percent of the dataset, and a rule IP address is in the URL that is
termed phishing; otherwise, it was suggested to be legitimate.

• Operate the @ Symbol: Web browsers usually ignore the section preceded by the @
sign. Because it is maintained separately from real-world addresses, finding 90 URLs
with the ‘@’ sign will provide just 3.6 percent of the total, according to the dataset.

• Operate the “//” symbol: As valid URLs, the “//” sign is used after HTTP or HTTPS.
If the URL changes after the initial protocol declaration, it is called a phishing URL.
The “//” sign is used to redirect to other websites.

• Domain name prefixes and suffixes separated by the “-” sign: A URL with the “-” sign
in its domain name is a phishing URL. In general, verified URLs do not include the
“-” sign.

• Use the “.” sign in the domain: Use the “.” sign in the domain. Adding a sub-domain
with the domain name must include the dot. Consider it suspect if you drop out more
than one subdomain, and anything greater than that will indicate phishing.

• HTTPS (secure socket layer): The majority of legal sites use the HTTPS protocol.
Therefore, the age of the certificate is quite important when utilizing HTTPS. This
necessitates the use of a trustworthy certificate.

• Favicon: A favicon might redirect clients to dubious sites when layered from an
outside space. It is mainly used on websites and is a graphic picture.
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3.2.2. Character-Level Features

Term Frequency-Inverse Document Frequency is abbreviated as TF-IDF. The TF-IDF
score indicates a term’s relative significance in the document and throughout the whole
corpus. The TF-IDF score is made up of two terms: the first computes the normalized Term
Frequency (TF), and the second computes the Inverse Document Frequency (IDF), which
is calculated as the logarithm of the number of documents in the corpus divided by the
number of documents in which the specific term appears [25,50].

TF(t, d) =
Number o f times term t appears in a document d

Total number o f terms in the document
, (2)

IDF(t, D) = loge

(
Total number o f documents D

Number o f documents with term t in it

)
, (3)

TF − IDF(t, d, D) = TF(d) ∗ IDF(t, D). (4)

TF-IDF vectors may be produced at many levels of input tokens (words, characters,
and n-grams):

• Word-level TF-IDF: A matrix indicating the TF-IDF scores of each term in distinct texts.
• Character-level TF-IDF: A matrix indicating the TF-IDF scores of character-level n-

grams in the corpus.
• N-gram-level TF-IDF: N-grams are the collection of N terms. This matrix indicates the

TF-IDF scores of N-grams.

It should be mentioned that TF-IDF has been used in numerous studies to identify
website phishing by examining URLs [25] to obtain indirectly related connections, target
websites, and the validity of suspicious websites [51]. TF-IDF retrieves prominent keywords
from the textual content. However, it has certain limitations. One of the limitations is that
the approach fails when extracting mis-spelled terms. Because the URL might contain
nonsensical words, it used a character-level TF-IDF method with a maximum feature count
of 5000.

Furthermore, we measured the URL strings as character sequences by employing
the idea from the literature [52]. This idea provides the advantage that the proposed
model can train the URL character sequences as natural features that do not need prior
feature knowledge to be learned by our proposed model. Our proposed AntiPhishStack
model uses the stack generalization model to extract the local URL features from the URL
character sequences. Finally, the URL will be classified by designing a meta-classifier for
final prediction.

3.3. Stack Generalization Model

The stack generalization model is divided into two phases, as illustrated in the flow
model (Figure 1).

3.3.1. Phase I

Based on the abovementioned characteristics, existing machine learning models were
utilized directly to distinguish phishing and legitimate web pages. This paper proposes
a stacking model (illustrated in Figure 3) for this purpose by merging various machine
learning models, including support vector machine (SVM), naïve Bayes (NB), decision tree
(DT), logistic regression (LR), K-nearest neighbors (KNNs), sequential minimal optimization
(SMO), and XGBoost.
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The training set was split into Z copies, with Z − 1 copies utilized for training and one
copy used for testing. The training process was not terminated until each basic model had
predicted the samples. This suggested system employs k-fold cross-validation to avoid
overfitting for this training set and each fold of the train part that might be predicted using
out-of-fold.

This suggested model uses a value of three to ten for k-fold cross-validation; after all,
it delivers output using a test set. Following the temporary prediction (TP) acquisition,
the mean prediction is obtained, which is strengthened by the test dataset validation. This
time, it is comprehensive, with a fold approach required for estimating all figures on all
folds utilized.

3.3.2. Phase II

The train segment was put to a two-layer neural network architecture of LSTM once
the features from the training dataset were loaded. Because there are dependencies on
immediately preceding entries in sequential phishing webpage data, LSTM is better suited
to simulate phishing detection in this investigation. Meanwhile, it is explicitly designed to
avoid the long-term dependency problem by storing the feature information in its memory
cell. It can remove or add information to these call states and is regulated by structures
called gates. These gates and corresponding operations/functions are presented in [53],
while Phase II of the integrated stack generalized model is illustrated in Figure 4.

In the first gate (Forget gate), the information from the current input xt and the
previous hidden state ht is passed through the sigmoid activation function. If the output
value of the feature is closer to 0, it means forget, and closer to 1 means retain. The second
gate, the input gate, decides what relevant feature (phishing or benign) can be added from
the current step. The third gate, the control gate, decides which values will be updated
(either 0 or 1), for which a tanh layer creates a vector of Ĉt. The last gate, the output gate,
determines the value of the next hidden state [54].

At time t, the LSTM cell’s components are modified as follows:

i. Equation (5) represents the forgotten gate ft with the sigmoid function σ. The
weights W f and bias b f are applied to the concatenation of the previous layer’s
output ht−1 and the current layer’s input xt, represented as [ht−1, xt]. This con-
catenation forms a row vector, and Equation (5) describes the computation for ft,
considering the forgotten information from the cell state at time t − 1.

ft = σ
(

W f ·[ht−1, xt] + b f

)
(5)

ii. Save information in the cell state, which consists mostly of three parts:

a. The Sigmoid layer’s results are it entering the gate as information to be
updated.
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b. The tanh layer’s freshly generated vector Ct is being added to the cell state.
The previous cell state Ct−1 is multiplied by ft to forget the information, and
the new party information it ∗ Ĉt is totaled to create a cell state update.

it = σ(Wi·[ht−1, xt] + bi) (6)

Ĉt = tanh(Wc·[ht−1, xt] + bc) (7)

Ct = ft ∗ Ct−1 + it ∗ Ĉt (8)

c. The output gate decides the output data. To process the cell state, first, the
Sigmoid layer is used to identify which part of the information should be
produced, and then tanh is used to process the cell state. The output value is
the product of the two elements of the information.

ot = σ(Wo[ht−1, xt] + bo) (9)

ht = ot ∗ tanh(Ct) (10)
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The sigmoid function is one of them; ht−1 represents the hidden state of the t − 1
instant; bb represents the bias of each gate; it, ft, ot, and Ct are the input gate, forget
gate, output gate, and unit status, respectively. For the connection, W f , Wi, and Wo
are represented as a weight matrix. The three gates of LSTM cells govern the flow of
information and hence define the cell’s state. The gradient vanishing problem may be
efficiently handled with LSTM [55].
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The suggested model, in this instance, comprises two LSTM layers. The first LSTM
layer outputs a sequence as one input above the LSTM layer. As explained previously, the
internal design of both LSTM layers is the same. It also tried the LSTM cell rather than
another GRU cell because the network with the LSTM cell outperformed the network with
the GRU cell. This study constructs an LSTM network with a hidden vector of 128 elements.
After the first LSTM layer, a dropout layer is added. Dropout reduces overfitting and
enhances the model’s generalization [56]. The LSTM’s last layer generates a vector hi,
which is supplied as the input to a fully linked multilayer network. Each layer has an
activation function. The rectified linear unit (ReLU) activation function is used for each
layer, and the exponential activation function is used for the output layer. Because the
dataset is binary, a nonlinear activation function was used to solve the binary classification
issue. For hidden layers of neurons, the ReLU function was employed, while for the output
layer of neurons, the sigmoid function was used.

After the training process, the parameters were changed or tweaked to assess the
wrong predictions and ensure the predictions are as correct as possible with optimization.
We used an optimizer mold and designed the model for the most accurate and possible
prediction with the parameters (or weights). The value that the weights were updated in
the training process is called the learning rate, a configurable hyperparameter to train deep
neural networks with a small value within the 0.0–1.0 range. However, the learning rate
varies due to overfitting [53]; thus, our model can predict accurately with the given dataset.
Nevertheless, it is not appropriate for new or real-world data. We used the regularization
technique to overcome the overfitting errors by fitting the functions appropriately on the
training sets. It helped to attain optimal optimization solutions. These optimizers modify
the neural network’s attributes, i.e., weights and learning rates, to improve the accuracy.

Thus, we utilized the following five adaptive optimizers to generalize the LSTM
networks to overcome the overall loss and improve the accuracy. The selection of these
optimizers is also given below:

• AdaDelta: This optimizer is based on the learning rate per dimension instead of
the learning rate by parameter. It can solve the continual decay of learning rates by
training and based on manually selected learning rates.

• Adam: This utilizes the prediction of the first and second moments to adapt the
learning rate for the neural networks. It uses the momentum concept for adding a part
of previous gradients to the current one. It is a faster optimizer and requires fewer
parameters for tuning.

• RMSprop: Root means square propagation optimizer avoids the oscillations in the
vertical direction and can increase the learning rate with feasible steps in the horizontal
direction.

• AdaGard: This deals explicitly with individual features for different learning rates for
different weights of sparse datasets to achieve a high learning rate. It can avoid the
manual tuning of the learning rate for individual features.

• SGD (Stochastic Gradient Descent): Gradient descent optimizer has a drawback for
large datasets. A variant of gradient descent, SGD, is generalized to make neural
networks learn faster on the large-scale dataset.

These optimizers were implemented based on the packages and function calls in the
Pytorch framework. For instance, we utilized torch.optim.x, where x indicates the name of
the optimizer, i.e., Adam or SGD, etc. The model was then compiled using these adaptive
optimizers. The model was trained to avoid overfitting by utilizing several epochs and
early stopping strategies. By assessing the model using the test set, the output is now
accessible. The stack generalization technique was used in the dataset after the strategy
was implemented.

3.4. Final Prediction

Two outputs were generated using the aforementioned multilayer stacked methods,
and a model was chosen depending on the decision based on the value of the initial
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predictions. The mean prediction was considered and combined with the anticipated
outcomes from the premier prediction. Finally, the outputs of the mean and premier
prediction of the stacking models were combined as the final prediction using a meta-
estimator classifier.

The meta-estimator involves constructing a robust classifier by applying the boosting
method. Boosting combines multiple weak yet precise classifiers to create a powerful and
resilient classifier for identifying phishing crimes. Additionally, boosting aids in integrating
multiple features, resulting in improved classification performance. One notable boosting
classifier is the XGBoost classifier, which transforms weak learners into potent contributors.
It is well suited for our proposed stack generalization model for identifying phishing sites,
introducing a sense of symmetry to the classification process. Implemented on integrated
feature sets of URLs and character-level features, it acts as a robust classifier within our
proposed AntiPhishStack model for phishing identification, emphasizing the importance
of symmetry in enhancing detection capabilities.

Suppose there are n URLs in a set {(ai, bi)|i = 1, 2, . . . , n}, where ai ∈ E f ; represents a
set of selected features corresponding to i-th URLs, while bi ∈ {0, 1} is a class label, e.g.,
bi = 1 if the URLs are considered malicious or phishing websites. The final outcome of the
XGBoost model was computed using the following equation [57]:

fm(x) = fl(bi, fm(a)) =
n

∑
i=1

fl(bi, fm−1(ai) + Gm(ai) + Ω(Gm(ai))) (11)

where fm(x) is the model’s prediction at step m, fl represents the training loss function,
and a represents the input features used in the XGBoost model. The regularization term
Ω(Gm(a)) is defined as γT + 1

2 ∑T
t=1 ω2

t , where T is the number of leaf nodes in the base
learner Gm(a), γ is the complexity of each leaf, and λ represents the regularization parame-
ter, controlling the strength of regularization in the XGBoost model, while ωt is the output
value at each final leaf node.

At step m, considering the base learners from previous steps (m − 1) as fixed, the loss
function can be expanded using Taylor’s series [57,58]:

fl(b, fm−1(a) + Gm(a)) =
n

∑
i=1

[
giGm(ai) +

1
2

hiG2
m(ai)

]
+ γT +

1
2

T

∑
t=1

ω2
t (12)

where gi and hi are the first and second derivatives of the loss function f1 with respect to
fm−1(a), computed as:

gi =
∂ fl(bi, fm−1(ai))

∂ fm−1(a)

hi =
∂2 fl(bi, fm−1(ai))

∂ f 2
m−1(a)

This formulation defines the model’s optimization process at each step, incorporating
both the loss function and the regularization term to balance model complexity and fit.
Then, the integrated features are categorized into phishing and benign, based on the
weights by the meta-estimator for final prediction. Furthermore, XGBoost comes up with
many advantages, some of which include (i) the power to fix missing values within the
training set and, (ii) working with extensive data that do not fit into memory, and (iii)
utilizing multiple cores on the CPU to achieve faster computing, .

Deep learning involves many datasets and a significant time for model training.
The efficiency of these models depends on the system resource specifications and the
complexity of datasets. In order to identify phishing assaults, the time complexity is
a crucial factor [43]. The proposed method’s computational cost is based on how the
characteristics are generated and extracted. URL and character-level features extracted by
our proposed method require logarithmic time complexity O(log(n)). The extraction of
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such features during the model training and time complexity depends on the number of
samples n and dimensions d. Accordingly, the time complexity of our proposed work is
O(n log(n)d).

4. Experiments

This paper utilized Python 2.7 to develop the suggested model and TensorFlow GPU
v1.8.0 as a machine learning framework. The operating system was Windows 10 Pro
Education, and the architecture was built using Python. This project’s Python packages and
libraries to detect phishing URLs included Keras (built-in with TensorFlow), SciPy, Pandas,
NumPy, Matplotlib, and Seaborn.

Support Vector Machine (SVM), Decision Tree (DT), Naive Bayes (GNB), Logistic
Regression (LR), Sequential Minimal Optimization (SMO), and K-Nearest Neighbor (KNN)
algorithms were evaluated for stacking in this work. In the first stage, LSTM was employed
as the basic classifier for stacked generalization, and further 10-fold cross-validation was
utilized. In Phase II, the XGBoost classifier was utilized as a meta-estimator for the final
prediction.

For the model’s effectiveness, the following statistical metrics were used to assess the
proposed work for different purposes [59].

Accuracy =
(TP + TN)

(TP + TN + FP + FN)

Precision =
TP

(TP + FP)

Recall =
(TP)

(TP + FN)

F_measure =
2 ∗ precision ∗ recall
(precision + recall)

Precision–Recall Curve: A graph was utilized for the trade-off between the true
positive rate and the true negative or vice versa for the predictive model assessment [59].

• For Positive Precision P = TP
TP+FP

• For Negative Precision N = TN
TN+FN

• For Positive Recall PR = TP
TP+FN

• For Negative Recall NR = TN
TN+FP

where TP indicates the true positive, which means the number of URLs is correctly classified
as phishing; in contrast, the parameter TN indicates the true negative, which means the
number of URLs is correctly determined as benign. FP is a false positive, which means the
number of benign URLs is wrongly classified as phishing, and FN is a false negative, which
shows the number of phishing URLs classified as benign.

Mean Absolute Error (MAE): The average value for all absolute errors [60].

MAE =
∑n

i=1|yi − xi|
n

(13)

Mean Square Error (MSE): The average value for all squared errors [60].

MSE =
1
2∑n

i=1(yi − ŷi)
2 (14)

5. Results and Evaluations
5.1. Feature Evaluation with Classifiers

This experiment evaluates both feature sets (URLF and CLF) from DS1 and DS2 by
applying different machine learning classifiers. The fundamental goal of this experiment is
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to determine the best classifiers for both features in Phase 1. The future evaluations of these
classifiers are given in Figure 5 and Table 3. Imbalanced classes exist in real-time datasets,
which creates the problem of classification. To tackle this problem, the F-Measure was
utilized due to the crucial values of false negatives and false positives. We refrained from
using oversampling techniques such as the Synthetic Minority Over-sampling Technique
(SMOTE) due to the potential risk of overfitting.
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Table 3. Classification results for proposed model on DS2.

Models Features Precision Recall F-Measure AUC Accuracy

SVM
URLF 88.72 98.62 93.4 91.34 92.46

CLF 91.11 96.85 93.88 89.99 91.72

NB
URLF 86.26 98.18 91.84 91.07 90.08

CLF 86.03 97.96 91.61 78.68 86.37

DT
URLF 74.58 73.66 74.12 71.89 71.23

CLF 50.47 99.84 67.05 69.41 73.68

LR
URLF 80.61 99.92 89.23 85.37 76.24

CLF 69.62 81.25 74.98 74.02 71.82

KNN
URLF 78.24 66.93 72.14 70.56 70.34

CLF 78.38 66.86 72.16 71.21 68.91

SMO
URLF 86.03 97.21 91.28 91.4 89.64

CLF 78.42 98.68 87.39 87.24 83.21

Figure 5 reveals a sense of symmetry, showcasing that SVM and NB exhibit maximum
AUC, accuracy, precision, recall, and F-measure in DS1. These results show that SVM
maintains an average accuracy of 91.1% and an 88.6% F-measure, while NB achieves an
average accuracy of 87.295% and a 79.32% F-measure. However, some classifiers experience
minimal accuracy. For instance, KNN records an average accuracy of 57.3% and a 51.25% F-
measure, while LR demonstrates a 67.46% accuracy and a 71.87% F-measure. The observed
lower accuracy is primarily attributed to the independent protectors employed by these
classifiers. Beyond the classifiers, the URLF feature in SVM symmetrically stands out with
the highest accuracy, reaching 91.78%.
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Table 3 shows that the same classifiers have maximum accuracy to different extents in
DS2. The results show SVM has an average of 92.09% accuracy and a 93.64% F-measure,
while NB averaged an 88.225% accuracy and a 91.725% F-measure. Meanwhile, KNN and
LR were found to have the lowest accuracy and F-measures. These lowest accuracy rates
are due to the normal future distribution that is assumed by those classifiers.

As a comparative analysis of these features from both datasets (DS1 and DS2), Figure 6
presents the bar graph, indicating the accuracy of the comparison of all machine learning
used in this work. It can be easily distinguished that the classifier performances on DS2 are
slightly better than on DS1 for the given features. However, some classifiers have minimum
accuracy due to those features that are inefficient enough to discriminate between phishing
and benign features. It might be possible that phishers are using modern technologies to
receive online users and websites.
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both datasets.

5.2. Optimizer Evaluation on LSTM

Optimizers deal with model accuracy, which is a key component of machine learning
and artificial intelligence, and it is responsible for molding the model to acquire possible
accurate results. In this experiment, different levels of epochs used in machine learning and
artificial intelligence are considered to indicate the number of passes of the entries to train
the dataset. The different numbers of epochs were adjusted to implement the two-layered
LSTM with different optimizers. The sometimes-higher number of epochs can lead to
overfitting issues, and a lower number of epochs may result in underfitting the model. The
learning rate controls the speed at which the mold learns. It is a configurable hyperpa-
rameter to train the neural networks with a small positive value from 0.0 to 1.0. From the
previous experiment, it was detected that features from D2 have maximum accuracy and
F-measure values. Therefore, the optimizers on both datasets were evaluated to confirm
the result’s originality with the LSTM-based stack generalization model. Meanwhile, it
used different deep learning-based adaptive optimizer programs from which the optimizer
would be the best choice for the proposed anti-phishing model.

Table 4 shows that the AdaGard optimizer provider has the highest accuracy of 92.5%,
a minimum mean squared error (MSE), and a mean absolute error (MAE) of 0.02 with CLF
features in DS1. However, its learning rate is higher than other optimizers. Meanwhile, the
performance of AdaDelta and the SGD optimizer is also significant, with the lowest learning
rates of 0.0023 and 0.003, respectively. In contrast, the LSTM-based stack generalization
model loses performance when predicting phishing features with other optimizers, such as
Adam and RMSprop optimizers. The Adam optimizer has an average of an 89.6% accuracy
and an RMSprop 89.7 at both feature sets.
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Table 4. Optimizer evaluations with LSTM-based stack generalization for DS1.

Optimizer Epochs Features Learning Rate MSE MAE Accuracy

AdaDelta 200
URLF 0.019 0.04 0.06 91.6

CLF 0.0023 0.08 0.05 91.1

Adam 100
URLF 0.007 0.09 0.07 89.3

CLF 0.0016 0.07 0.08 89.9

RMSprop 150
URLF 0.025 0.03 0.09 89.7

CLF 0.027 0.03 0.02 89.7

AdaGard 200
URLF 0.0048 0.06 0.03 91.8

CLF 0.098 0.02 0.02 92.5

SGD 250
URLF 0.003 0.07 0.09 90.4

CLF 0.003 0.05 0.06 90.2

In a symmetrical comparison, Table 5 reveals that the Adam optimizer achieved a
maximum accuracy of 92.7%, MSE of 0.08, and MAE of 0.09 with CLF features in DS2.
It is noteworthy that the learning rate of the Adam optimizer is 0.0194. Simultaneously,
AdaDelta, AdaGard, and SGD optimizers exhibit highly sufficient accuracy, MSE, and
MAE while maintaining a minimal learning rate. However, the RMSprop’s performance
is deficient, experiencing slightly lower accuracy with the proposed model, LSTM-based
stack generalization. This decline stems mainly from the poor adaptive quality of those
optimizers within the proposed model.

Table 5. Optimizer evaluations with LSTM-based stack generalization for DS2.

Optimizer Epochs Features Learning
Rate MSE MAE Accuracy

AdaDelta 200
URLF 0.0029 0.03 0.04 91

CLF 0.0017 0.06 0.05 90.6

Adam 100
URLF 0.096 0.07 0.08 91.3

CLF 0.0194 0.08 0.09 92.7

RMSprop 150
URLF 0.056 0.06 0.06 90.1

CLF 0.007 0.02 0.08 89.6

AdaGard 200
URLF 0.068 0.05 0.05 91.5

CLF 0.007 0.01 0.03 90.8

SGD 250
URLF 0.001 0.06 0.04 91.2

CLF 0.02 0.08 0.08 90.9

Furthermore, precision–recall curves are illustrated in Figure 7a,b for each future.
These curves indicate the trade-off between precision and recall. A big area under the curve
shows high precision and recall; high precision indicates a low false-positive rate, and high
recall indicates a low false-negative rate. The analysis given in Tables 4 and 5 represents
the learning rate that significantly contributes to the success of this proposed model with
the adoptive optimizers. For example, the Adam optimizer has a maximum accuracy of
92.7, 0.08 MSE, and 0.09 MAE with CLF features for only a 0.0194 learning rate when the
two-layered LSTM is employed with 100 epochs. For comparing optimizer evaluation with
LSTM-based stack generalization on both datasets, the average performance on DS1 is a
90.62 accuracy, while a 91.24 accuracy is reported on DS2.
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In Figure 7a, the RMSprop optimizer has the highest precision–recall curve, while
AdaGard has the lowest precision–recall curve with the URLF feature from DS1. Similarly,
in Figure 7b, the RMSprop also has the highest precision–recall curve, while the Adam
optimizer has the lowest precision–recall curve with the CLF feature from DS1. In Figure 8,
almost all optimizers have an equivalent precision–recall curve with URLF and CLF features
from DS2. However, there is a slight difference between the performances of both future
sets with the proposed model, LSTM-based stack generalization.
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5.3. AntiPhishStack Model’s Evaluation

The major goal of stacked generalization is to employ a next-generation-based model
that combines the previous models to attain higher prediction-based accuracy. Gener-
ally, the stacking method merges multiple models and learns them together for effective
classification accuracy.

Initially, seven machine learning algorithms and one neural network were harnessed
on the given datasets to ensure the highest accuracy on both future sets. These algo-
rithms played a pivotal role in crafting the proposed stack model. Furthermore, five
widely recognized optimizers were embraced to assess the LSTM-based stack generaliza-
tion model, validating the symmetry between machine learning classifiers and a neural
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network. Consequently, the proposed model symmetrically classified and deduced phish-
ing and benign features from both datasets. The classifiers and neural network-based
optimization have already acquired symmetry in the stacking process. The AntiPhish-
Stack model was constructed by amalgamating features from both Phase I and Phase II.
Accordingly, the previous temporary prediction underwent symmetrical filtering with a
meta-estimator, XGBoost classifier, and LSTM model with its two hidden layers. Finally, the
AntiPhishStack model deploys symmetrical detection criteria to distinguish the phishing
and benign features.

For the performance evaluation of the AntiPhishStack model on given datasets, Table 6
presents the comprehensive measurements of the proposed model. The model training
time was required to detect the features from the training dataset. The validation period
presents the time required to classify each feature on the test datasets after the training is
finished. The Keras callback approach was used to note the model training and testing
times. This approach can save the model performance time when accuracy is no longer
improving, and it interrupts the model on that particular task.

Table 6. Prediction of AntiPhishStack model with combined features on both datasets.

Dataset Training
Time (s)

Test Time
(s) MAE MSE Precision Recall F-Measure AUC Accuracy

DS1 8924.027 43.16 0.9 0.7 97.99 92.24 95.03 96.22 95.67

DS2 9706.15 57.23 0.5 0.4 98.01 92.3 95.91 95.81 96.04

It can be found that the AntiPhishStack model performed effectively on DS2 with a
96.04% accuracy compared to DS1, which has slightly less accuracy. Similarly, DS2 has
a better F-measure score and MAE and MSE rates. However, the training time for both
datasets was unexpectedly higher. For example, this model provided phishing detection
in 161 min for DS2 and 148 min for DS1. Although in stacking models the training time is
always higher than in basic or hybrid models, this timing is higher in this case due to two-
layered LSTM and multiple stacks in both phases. Notably, in phases I and II, the average
accuracy and F-measure values were less to a different extent than the final prediction
with the AntiPhishStack generalization model. Furthermore, the training and validation
accuracy rates were provided with individual feature sets of each dataset. Figure 9 presents
the AntiPhishStack generalization model’s training and validation accuracy rates for DS1,
and Figure 10 indicates DS2.
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5.4. Comparative Analysis

The significance of our proposed model was described and illustrated in previous
subsections. Furthermore, we compared our model’s performance with prior studies.
Table 7 demonstrates the comparative analysis of existing studies by considering the
applied approaches and algorithm WRT years.

Table 7. The proposed model’s performance compared with the prior studies.

References Year Applied Approaches Dataset Algorithms/Networks Observed
Accuracy (%)

[26] 2018 Web-based phishing using
URLs features

UCI phishing
dataset Random forest 92.9

[21] 2019
BiLSTM for URL feature
extraction and CNN for
classification

Alexa and
PhishTank R-CNN 95.6

[46] 2020 Hybrid multimodel solution
for networks

UNSW NB-15,
UGR’16 Ensemble four ML 92.9

[42] 2021 Integrated phishing URLs
detection with CNN

PhishTank and
Alex CNN + XGB 89.31

Proposed
model 2024 Stack generalized model for

URLs and TF-IDF features.
Alexa, Yandex,
PhishTank LSTM and XGBoost 96.04

It should be noted that there is some existing literature on the topic with a higher
performance than our proposed work; however, we only compared those works that
were closely based on the stack generalization method, and these studies were tested in
our same environment to ensure a fair comparison. The proposed model’s performance
outperformed the available studies to a different extent. For example, the current study [42]
in 2021 proposed a generalized stack model for phishing detection by integrating URL
features with CNN and XGB algorithms, and it reported an 89.31% accuracy. In contrast,
our proposed AntiPhishStack model received a 96.04% accuracy by generalizing the URLs
and character-level TF-IDF features.

5.5. Limitation of the Proposed Model

While our suggested method exhibits adequate accuracy, it does entail certain draw-
backs. The first limitation is the asymmetry in our phishing-detection method’s dependence
on English-language textual properties. In cases where the suspected webpage employs a
language other than English, inaccurate classification findings may result. This study high-
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lights the best-case performance of our method on multiple datasets, acknowledging the
limitation of not providing an average performance metric across various conditions. Fu-
ture research should incorporate a more comprehensive evaluation with rigorous average
performance metrics.

Additionally, our methodology overlooks assessing the website’s URL status, whether
active or not, affecting overall outcomes. To surmount this limitation, expediting the
training process and refining feature engineering becomes essential. Addressing zero-day
assaults swiftly is imperative due to the narrow timeframe of phishing attacks. A pragmatic
phishing-detection system necessitates the inclusion of real-time detection as a crucial
component. Capitalizing on big data technologies such as Apache Spark or Hadoop, which
facilitate real-time processing, can reduce time complexity [61].

6. Conclusions

Phishing presents a symmetrical cybersecurity challenge. While machine learning
techniques have played a pivotal role in phishing-detection systems, recent advancements
in deep learning yield significant outcomes for addressing contemporary phishing issues,
especially with malicious URLs. This paper introduces novelty through a two-layered
deep neural network (LSTM) integrated into a proposed stack generalization model that
eliminates the need for prior feature knowledge in phishing detection. The model under-
goes direct training on processed features, optimizing phishing URL detection through
two phases. The results from DS1 indicate SVM’s average accuracy at 91.1%, slightly
improving to 92.09% in DS2. Furthermore, the AdaGard optimizer exhibits peak accuracy
at 92.5%, with minimum MSE and MAE of 0.02 for CLF features in DS1. Comparisons
with existing baseline models and traditional ML algorithms underscore the importance
of the proposed model with its symmetrical stack generalization technique. Experiments
demonstrate the AntiPhishStack model achieving 95.67% and 96.04% accuracy rates for the
final prediction on benchmarks DS1 and DS2, respectively. These results signify the model’s
intelligent detection of previously unidentified phishing URLs, positioning this paper as
a symmetrical and advanced solution for establishing a phishing-detection mechanism
through profound deep learning-based stacking methods.

To detect malicious and fraudulent contract accounts, the AntiPhishStack model might
be implemented with different deep neural networks, i.e., gated recurrent unit (GRU)
networks with cryptocurrency-based features [11].

Author Contributions: S.A.: Data curation, Writing—original draft, Writing—review and editing,
Methodology, and Software. H.A. and A.M.: Visualization, Writing—review and editing, and
Methodology. H.C. and A.R.: Conceptualization, Supervision, Methodology, Formal analysis, and
Validation. All authors have read and agreed to the published version of the manuscript.

Funding: This work is supported by Shenzhen Polytechnic Research Fund No. 6023310010K.

Data Availability Statement: The research data used are from https://yandex.com.tr/dev/xml/
(accessed on 3 December 2023).

Acknowledgments: The authors would like to thank all the anonymous reviewers for their insightful
comments and constructive suggestions that have obviously upgraded the quality of this manuscript.

Conflicts of Interest: Author Hafsa Aslam was employed by the company; Cybex IT Group, Faisal-
abad 38000, Pakistan. The remaining authors declare that the research was conducted in the absence
of any commercial or financial relationships that could be construed as a potential conflict of interest.

References
1. Huang, Y.; Yang, Q.; Qin, J.; Wen, W. Phishing URL Detection via CNN and Attention-Based Hierarchical RNN. In Proceedings of

the 2019 18th IEEE International Conference On Trust, Security And Privacy In Computing And Communications/13th IEEE
International Conference On Big Data Science and Engineering (TrustCom/BigDataSE), Rotorua, New Zealand, 5–8 August 2019.

2. Dhamija, R.; Tygar, J.D.; Hearst, M.A. Why Phishing Works. In Proceedings of the SIGCHI Conference on Human Factors in
Computing Systems, Montréal, QC, Canada, 22–27 April 2006.

https://yandex.com.tr/dev/xml/


Symmetry 2024, 16, 248 23 of 25

3. Miao, Q.; Liu, J.; Cao, Y.; Song, J. Malware detection using bilayer behavior abstraction and improved one-class support vector
machines. Int. J. Inf. Secur. 2016, 15, 361–379. [CrossRef]

4. Rahman, S.S.M.M.; Gope, L.; Islam, T.; Alazab, M. IntAnti-Phish: An Intelligent Anti-Phishing Framework Using Backpropagation
Neural Network. In Machine Intelligence and Big Data Analytics for Cybersecurity Applications; Springer: Berlin/Heidelberg, Germany,
2021; pp. 217–230.

5. Abutair, H.Y.; Belghith, A. Using Case-Based Reasoning for Phishing Detection. Procedia Comput. Sci. 2017, 109, 281–288.
[CrossRef]

6. Jeet, R.; Kumar, P.A.R. A survey on interest packet flooding attacks and its countermeasures in named data networking. Int. J. Inf.
Secur. 2022, 21, 1163–1187. [CrossRef]

7. Pompon, R.; Walkowski, D.; Boddy, S.; Levin, M. 2018 Phishing and Fraud Report: Attack Speak during the Holidays. 2018.
Available online: https://www.f5.com/labs/articles/threat-intelligence/2018-phishing-and-fraud-report--attacks-peak-during-
the-holidays (accessed on 15 November 2023).

8. Oleg Viktorov, S.i.A.A.-S. Detecting Phishing Emails Using Machine Learning Techniques. Ph.D. Thesis, Middle East University,
Amman, Jordan, 2017.

9. Microsoft Corporate Blogs, New Research Forecasts the Staggering Cost of Cybercrime. 18 March 2014. Available online:
https://blogs.microsoft.com/on-the-issues/2014/03/18/new-research-forecasts-the-staggering-cost-of-cybercrime/ (accessed
on 7 August 2023).

10. APWG, Phishing Activity Trends Reports, Phishing Attack Trends Report—1Q 2019. 15 May 2019. Available online: https:
//apwg.org/trendsreports/. (accessed on 7 August 2023).

11. Do, N.Q.; Selamat, A.; Krejcar, O.; Yokoi, T.; Fujita, H. Phishing Webpage Classification via Deep Learning-Based Algorithms: An
Empirical Study. Appl. Sci. 2021, 11, 9210. [CrossRef]

12. Ozawa, S.; Ban, T.; Hashimoto, N.; Nakazato, J.; Shimamura, J. A study of IoT malware activities using association rule learning
for darknet sensor data. Int. J. Inf. Secur. 2020, 19, 83–92. [CrossRef]

13. Mimura, M.; Ito, R. Applying NLP techniques to malware detection in a practical environment. Int. J. Inf. Secur. 2022, 21, 279–291.
[CrossRef]

14. Cui, Q.; Jourdan, G.-V.; Bochmann, G.V.; Couturier, R.; Onut, I.-V. Tracking Phishing Attacks Over Time. In Proceedings of
the 26th International Conference on World Wide Web 2017, Perth, Australia, 3–7 April 2017; International World Wide Web
Conferences Steering Committee: Perth, Australia, 2017; pp. 667–676.

15. Shirazi, H.; Bezawada, B.; Ray, I. “Kn0w Thy Doma1n Name”: Unbiased Phishing Detection Using Domain Name Based Features.
In Proceedings of the 23nd ACM on Symposium on Access Control Models and Technologies, Indianapolis, IN, USA, 13–15 June
2018; Association for Computing Machinery: New York, NY, USA, 2018; pp. 69–75.

16. Dong, Z.; Kapadia, A.; Blythe, J.; Camp, L.J. Beyond the lock icon: Real-time detection of phishing websites using public
key certificates. In Proceedings of the 2015 APWG Symposium on Electronic Crime Research (eCrime), Barcelona, Spain,
26–29 May 2015.

17. Mohammad, R.M.A. An Ensemble Self-Structuring Neural Network Approach to Solving Classification Problems with Virtual
Concept Drift and Its Application to Phishing Websites. Ph.D. Thesis, University of Huddersfield, Huddersfield, UK, 2016.

18. Woogue, P.D.P.; Pineda, G.A.A.; Maderazo, C.V. Automatic web page categorization using machine learning and educational-
based corpus. Int. J. Comput. Theory Eng. 2017, 9, 427–432. [CrossRef]

19. Yang, P.; Zhao, G.; Zeng, P. Phishing Website Detection Based on Multidimensional Features Driven by Deep Learning. IEEE
Access 2019, 7, 15196–15209. [CrossRef]

20. Le, H.; Pham, Q.; Sahoo, D.; Hoi, S.C.H. URLNet: Learning a URL Representation with Deep Learning for Malicious URL
Detection. arXiv 2018, arXiv:1802.03162.

21. Wang, W.; Zhang, F.; Luo, X.; Zhang, S. PDRCNN: Precise Phishing Detection with Recurrent Convolutional Neural Networks.
Secur. Commun. Netw. 2019, 2019, 2595794. [CrossRef]

22. Raghunath, K.M.K.; Kumar, V.V.; Venkatesan, M.; Singh, K.K.; Mahesh, T.R.; Singh, A. XGBoost Regression Classifier (XRC)
Model for Cyber Attack Detection and Classification Using Inception V4. J. Web Eng. 2022, 21, 1295–1321. [CrossRef]

23. Zhang, W.; Ren, H.; Jiang, Q.; Zhang, K. Exploring Feature Extraction and ELM in Malware Detection for Android Devices.
In Proceedings of the Advances in Neural Networks—ISNN 2015, Jeju, South Korea, 15–18 October 2015; Springer International
Publishing: Cham, Switzerland, 2015.

24. Sahingoz, O.K.; Buber, E.; Demir, O.; Diri, B. Machine learning based phishing detection from URLs. Expert Syst. Appl. 2019, 117,
345–357. [CrossRef]

25. Rao, R.S.; Vaishnavi, T.; Pais, A.R. CatchPhish: Detection of phishing websites by inspecting URLs. J. Ambient. Intell. Humaniz.
Comput. 2020, 11, 813–825. [CrossRef]

26. Hutchinson, S.; Zhang, Z.; Liu, Q. Detecting Phishing Websites with Random Forest. In Proceedings of the Machine Learning and
Intelligent Communications, Hangzhou, China, 6–8 July 2018; Springer International Publishing: Cham, Switzerland, 2018.

27. Adebowale, M.A.; Lwin, K.T.; Hossain, M.A. Deep Learning with Convolutional Neural Network and Long Short-Term
Memory for Phishing Detection. In Proceedings of the 2019 13th International Conference on Software, Knowledge, Information
Management and Applications (SKIMA), Island of Ulkulhas, Maldives, 26–28 August 2019.

https://doi.org/10.1007/s10207-015-0297-6
https://doi.org/10.1016/j.procs.2017.05.352
https://doi.org/10.1007/s10207-022-00591-w
https://www.f5.com/labs/articles/threat-intelligence/2018-phishing-and-fraud-report--attacks-peak-during-the-holidays
https://www.f5.com/labs/articles/threat-intelligence/2018-phishing-and-fraud-report--attacks-peak-during-the-holidays
https://blogs.microsoft.com/on-the-issues/2014/03/18/new-research-forecasts-the-staggering-cost-of-cybercrime/
https://apwg.org/trendsreports/.
https://apwg.org/trendsreports/.
https://doi.org/10.3390/app11199210
https://doi.org/10.1007/s10207-019-00439-w
https://doi.org/10.1007/s10207-021-00553-8
https://doi.org/10.7763/IJCTE.2017.V9.1180
https://doi.org/10.1109/ACCESS.2019.2892066
https://doi.org/10.1155/2019/2595794
https://doi.org/10.13052/jwe1540-9589.21413
https://doi.org/10.1016/j.eswa.2018.09.029
https://doi.org/10.1007/s12652-019-01311-4


Symmetry 2024, 16, 248 24 of 25

28. Acquisti, A.; Adjerid, I.; Balebako, R.; Brandimarte, L.; Cranor, L.F.; Komanduri, S.; Leon, P.G.; Sadeh, N.; Schaub, F.; Sleeper, M.;
et al. Nudges for Privacy and Security: Understanding and Assisting Users’ Choices Online. ACM Comput. Surv. 2017, 50, 44.
[CrossRef]

29. El-Alfy, E.-S.M. Detection of Phishing Websites Based on Probabilistic Neural Networks and K-Medoids Clustering. Comput. J.
2017, 60, 1745–1759. [CrossRef]

30. Jain, A.K.; Gupta, B.B. PHISH-SAFE: URL Features-Based Phishing Detection System Using Machine Learning. In Cyber Security;
Springer: Singapore, 2018.

31. Tan, C.L.; Chiew, K.L.; Sze, S.N. Phishing Webpage Detection Using Weighted URL Tokens for Identity Keywords Retrieval. In
9th International Conference on Robotic, Vision, Signal Processing and Power Applications; Springer: Singapore, 2017.

32. Aamir, M.; Zaidi, S.M.A. DDoS attack detection with feature engineering and machine learning: The framework and performance
evaluation. Int. J. Inf. Secur. 2019, 18, 761–785. [CrossRef]

33. Ahmad, I.; Yao, C.; Li, L.; Chen, Y.; Liu, Z.; Ullah, I.; Shabaz, M.; Wang, X.; Huang, K.; Li, G.; et al. An efficient feature selection
and explainable classification method for EEG-based epileptic seizure detection. J. Inf. Secur. Appl. 2024, 80, 103654. [CrossRef]

34. Rasool, A.; Tao, R.; Marjan, K.; Naveed, T. Twitter Sentiment Analysis: A Case Study for Apparel Brands. J. Phys. Conf. Ser. 2019,
1176, 022015. [CrossRef]

35. Wang, Z.; Wang, D. Recurrent deep stacking networks for supervised speech separation. In Proceedings of the 2017 IEEE
International Conference on Acoustics, Speech and Signal Processing (ICASSP), New Orleans, LA, USA, 5–9 March 2017.

36. Rahman, S.S.M.M.; Rafiq, F.B.; Toma, T.R.; Hossain, S.S.; Biplob, K.B.M.B. Performance Assessment of Multiple Machine Learning
Classifiers for Detecting the Phishing URLs. In Data Engineering and Communication Technology; Springer: Singapore, 2020.

37. Moghimi, M.; Varjani, A.Y. New rule-based phishing detection method. Expert Syst. Appl. 2016, 53, 231–242. [CrossRef]
38. Hussain, M.; Cheng, C.; Xu, R.; Afzal, M. CNN-Fusion: An effective and lightweight phishing detection method based on

multi-variant ConvNet. Inf. Sci. 2023, 631, 328–345. [CrossRef]
39. Javeed, D.; Gao, T.; Khan, M.T.; Ahmad, I. A Hybrid Deep Learning-Driven SDN Enabled Mechanism for Secure Communication

in Internet of Things (IoT). Sensors 2021, 21, 4884. [CrossRef]
40. Kim, J.; Ban, Y.; Ko, E.; Cho, H.; Yi, J.H. MAPAS: A practical deep learning-based android malware detection system. Int. J. Inf.

Secur. 2022, 21, 725–738. [CrossRef]
41. Yuan, H.; Yang, Z.; Chen, X.; Li, Y.; Liu, W. URL2Vec: URL Modeling with Character Embeddings for Fast and Accurate Phishing

Website Detection. In Proceedings of the 2018 IEEE Intl Conf on Parallel & Distributed Processing with Applications, Ubiquitous
Computing & Communications, Big Data & Cloud Computing, Social Computing & Networking, Sustainable Computing &
Communications (ISPA/IUCC/BDCloud/SocialCom/SustainCom), Melbourne, Australia, 11–13 December 2018.

42. Yang, R.; Zheng, K.; Wu, B.; Wu, C.; Wang, X. Phishing Website Detection Based on Deep Convolutional Neural Network and
Random Forest Ensemble Learning. Sensors 2021, 21, 8281. [CrossRef] [PubMed]

43. Rao, R.S.; Pais, A.R. Two level filtering mechanism to detect phishing sites using lightweight visual similarity approach. J.
Ambient. Intell. Humaniz. Comput. 2020, 11, 3853–3872. [CrossRef]

44. Goodfellow, I.; Bengio, Y.; Courville, A. Deep Learning; MIT Press: Cambridge, MA, USA, 2016.
45. Schmidhuber, J. Deep learning in neural networks: An overview. Neural Netw. 2015, 61, 85–117. [CrossRef] [PubMed]
46. Rajagopal, S.; Kundapur, P.P.; Hareesha, K.S. A Stacking Ensemble for Network Intrusion Detection Using Heterogeneous

Datasets. Secur. Commun. Netw. 2020, 2020, 4586875. [CrossRef]
47. Riyaz, S.; O'la, A.-L. A Modified Stacking Ensemble Machine Learning Algorithm Using Genetic Algorithms. In Artificial

Intelligence: Concepts, Methodologies, Tools, and Applications; Information Resources Management Association, Ed.; IGI Global:
Hershey, PA, USA, 2017; pp. 395–405.

48. Dhull, A.; Singh, A.; Singh, K.K. An intelligent technique for pattern-based clustering of continuous-valued datasets. Clust.
Comput.-J. Netw. Softw. Tools Appl. 2022, 25, 3231–3248. [CrossRef]

49. Tang, Y.; Chen, Y.; Zhou, D. Measuring Uncertainty in the Negation Evidence for Multi-Source Information Fusion. Entropy 2022,
24, 1596. [CrossRef]

50. Kamyab, M.; Tao, R.; Mohammadi, M.H. Sentiment Analysis on Twitter: A text Mining Approach to the Afghanistan Status
Reviews. In Proceedings of the 2018 International Conference on Artificial Intelligence and Virtual Reality, Taichung, Taiwan,
10–12 December 2018; Association for Computing Machinery: Nagoya, Japan, 2018; pp. 14–19.

51. Xiang, G.; Hong, J.; Rose, C.P.; Cranor, L. CANTINA+: A Feature-Rich Machine Learning Framework for Detecting Phishing Web
Sites. ACM Trans. Inf. Syst. Secur. 2011, 14, 21. [CrossRef]

52. Zhang, X.; Zhao, J.; LeCun, Y. Character-level convolutional networks for text classification. In Proceedings of the 28th
International Conference on Neural Information Processing Systems, Montreal, QC, Canada, 8–13 December 2014; MIT Press:
Montreal, QC, Canada, 2015; Volume 1, pp. 649–657.

53. Ahmad, I.; Wang, X.; Javeed, D.; Kumar, P.; Samuel, O.W.; Chen, S. A Hybrid Deep Learning Approach for Epileptic Seizure
Detection in EEG signals. IEEE J. Biomed. Health Inform. 2023, 1–12. [CrossRef]

54. Kamyab, M.; Liu, G.; Rasool, A.; Adjeisah, M. ACR-SA: Attention-based deep model through two-channel CNN and Bi-RNN for
sentiment analysis. Peerj Comput. Sci. 2022, 8, e877. [CrossRef] [PubMed]

55. Aslam, S.; Rasool, A.; Wu, H.; Li, X. CEL: A Continual Learning Model for Disease Outbreak Prediction by Leveraging Domain
Adaptation via Elastic Weight Consolidation. arXiv 2024, arXiv:2401.08940.

https://doi.org/10.1145/3054926
https://doi.org/10.1093/comjnl/bxx035
https://doi.org/10.1007/s10207-019-00434-1
https://doi.org/10.1016/j.jisa.2023.103654
https://doi.org/10.1088/1742-6596/1176/2/022015
https://doi.org/10.1016/j.eswa.2016.01.028
https://doi.org/10.1016/j.ins.2023.02.039
https://doi.org/10.3390/s21144884
https://doi.org/10.1007/s10207-022-00579-6
https://doi.org/10.3390/s21248281
https://www.ncbi.nlm.nih.gov/pubmed/34960375
https://doi.org/10.1007/s12652-019-01637-z
https://doi.org/10.1016/j.neunet.2014.09.003
https://www.ncbi.nlm.nih.gov/pubmed/25462637
https://doi.org/10.1155/2020/4586875
https://doi.org/10.1007/s10586-022-03553-y
https://doi.org/10.3390/e24111596
https://doi.org/10.1145/2019599.2019606
https://doi.org/10.1109/JBHI.2023.3265983
https://doi.org/10.7717/peerj-cs.877
https://www.ncbi.nlm.nih.gov/pubmed/35494855


Symmetry 2024, 16, 248 25 of 25

56. Wang, Z.; Kim, S.; Joe, I. An Improved LSTM-Based Failure Classification Model for Financial Companies Using Natural Language
Processing. Appl. Sci. 2023, 13, 7884. [CrossRef]

57. Available online: https://github.com/YC-Coder-Chen/Tree-Math/blob/master/XGboost.md (accessed on 15 November 2023).
58. Chen, T.Q.; Guestrin, C. XGBoost: A Scalable Tree Boosting System. In Proceedings of the 22nd ACM SIGKDD International

Conference on Knowledge Discovery and Data Mining (KDD), San Francisco, CA, USA, 13–17 August 2016.
59. Rasool, A.; Tao, R.; Kamyab, M.; Hayat, S. GAWA–A Feature Selection Method for Hybrid Sentiment Classification. IEEE Access

2020, 8, 191850–191861. [CrossRef]
60. Indrasiri, P.L.; Halgamuge, M.N.; Mohammad, A. Robust Ensemble Machine Learning Model for Filtering Phishing URLs:

Expandable Random Gradient Stacked Voting Classifier (ERG-SVC). IEEE Access 2021, 9, 150142–150161. [CrossRef]
61. Haggag, M.; Tantawy, M.M.; El-Soudani, M.M.S. Implementing a Deep Learning Model for Intrusion Detection on Apache Spark

Platform. IEEE Access 2020, 8, 163660–163672. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/app13137884
https://github.com/YC-Coder-Chen/Tree-Math/blob/master/XGboost.md
https://doi.org/10.1109/ACCESS.2020.3030642
https://doi.org/10.1109/ACCESS.2021.3124628
https://doi.org/10.1109/ACCESS.2020.3019931

	Introduction 
	Literature Review 
	Phishing Detection 
	Machine Learning-Based Detection 
	Deep Learning-Based Detection 
	Stack Generalization-Based Detection 

	AntiPhishStack Proposed Model 
	Datasets 
	Feature Distribution 
	URL Features 
	Character-Level Features 

	Stack Generalization Model 
	Phase I 
	Phase II 

	Final Prediction 

	Experiments 
	Results and Evaluations 
	Feature Evaluation with Classifiers 
	Optimizer Evaluation on LSTM 
	AntiPhishStack Model’s Evaluation 
	Comparative Analysis 
	Limitation of the Proposed Model 

	Conclusions 
	References

