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Abstract: With the rapid development of Android devices, Android is currently
one of the most popular mobile operating systems. However, it is also believed
to be an entry point of many attack vectors. The existing Android malware detection method does not fare well when dealing with complex and intelligent malware applications, especially those based on feature detection systems which
have become increasingly elusive. Therefore, we propose a novel feature selection
algorithm called frequency differential selection (FDS) and weight measurement
for Android malware detection. The purpose is to solve the shortcomings of the
existing feature selection algorithms in detection and to ﬁlter out other effective
features. Weight measurement is used to optimize the detection accuracy of the
classiﬁer and improve the accuracy of detection. We combine the optimized features and the detection model for veriﬁcation and evaluation. Experiments were
conducted on the OmniDroid dataset, which is a large and comprehensive dataset
of features extracted from 22,000 real malware and benign samples. Theoretical
analysis and experimental results showed that the FDS algorithm and weight measurement are effective, feasible, and exhibit advantages over other existing malware detection models. In detecting Android malware samples, the proposed
method can achieve an accuracy of 99% and an F1-score of 98%.
Keywords: Malware detection; feature detection; weight measurement; optimized
features

1 Introduction
Android is an open-source operating system for smart mobile devices that was ofﬁcially released in
November 2007. As a result of its open and free functions, the Android operating system has rapidly
become popular. According to the latest statistics in October 2019, Android exhibited the largest market
share of smart mobile device operating systems, accounting for 87% [1]. At the same time, a large
number of Android malware has been released to the Android application (app) market. According to a
report from Tencent Mobile Security Lab, 1,898,731 new Android malware applications were found in
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the ﬁrst half of 2019, and they infected approximately 38.13 million mobile phone users [2]. These malware
applications are used by attackers to damage user systems, invade user privacy, maliciously deduct fees, etc.,
thereby posing a serious threat to user information and property security. Therefore, many researchers
conducted extensive research on the detection of malware applications on the Android platform.
Several approaches to Android malware detection have been proposed, and they are categorized into two
types, namely, dynamic detection and static detection [3]. Dynamic detection is to execute Android
applications in real devices or run Android applications in a controlled environment, such as Android virtual
devices or sandboxes, to monitor the behavior of applications. Several dynamic detection approaches [4–9,10]
have been proposed. However, these approaches rely on the ability to detect malicious behavior during
runtime while providing the perfect environment to kick-start malicious codes [11]. By contrast, static
detection involves the analysis of application features to detect malware. These approaches can identify
applications before the software is installed and prevent malware in advance. By reverse engineering the
Android application package (APK), we can obtain related ﬁles to extract static features. Unlike the process
of obtaining dynamic features, extracting static features is relatively convenient and does not waste the user’s
system resources. The extraction of static features usually involves a large amount of application information,
such as API calls, permissions, opcodes, and intents. These data can further extract the key feature
information required by the application functions. However, the measurement of the importance of features
and the assignment of appropriate weights to each feature has become necessary. Such requirements cannot
be fulﬁlled with previous static detection methods based on machine learning. For example, a dataset
collected in a real environment contains many of the features of the application; therefore, many features exist
related to each application extracted by the researchers. These features are key factors that reﬂect
maliciousness and benignity. Hence, if all the features of each dimension in the extracted data set are used as
training, then the detection model becomes affected by “dimension disaster” and consumes a considerable
amount of computational overhead. Furthermore, many features do not contribute to the improvement of
detection accuracy, or they have little to do with malware detection. Therefore, based on feature selection and
feature weight measurement, we propose a novel Android malware detection model to reduce the computing
resources of irrelevant features and adapt to the optimized detection model, thereby improving the detection
accuracy for Android malware. In summary, the main contributions of this work are as follows:
(1) Analysis of the statistical information of the difference between malicious and benign samples and
application of the frequency differential selection (FDS) algorithm to extract the importance of related
features and thereby reduce the impact of irrelevant features;
(2) Measurement of the importance of the features, calculation of the weight of each feature, and
establishment of the optimal weight for the classiﬁer to improve the accuracy of model detection;
(3) Combination of feature selection and optimized feature weights for evaluation in the proposed
method to achieve an accuracy of 99% in detecting Android malware samples and an F1-score of 98%.
The remaining summary structure of this paper is arranged as follows. First, our research on the Android
malware detection is described in Section 2. Second, based on the current problems encountered in Android
malicious detection, we introduce the solutions proposed in this article, such as the Android malware
detection method shown in Section 3. Finally, as shown in Section 4, we evaluate and analyze our
proposed scheme. In Section 5, we summarize the work in this ﬁeld and prospects for future work.
2 Related Work
The two types of Android malware detection methods are dynamic detection methods and static
detection methods. However, static detection methods have been more widely studied and applied than
dynamic detection methods. In static detection, the APK must be reversed, and the information from
various ﬁles, such as permissions and API information, must be extracted. Felt et al. [12] evaluated the
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availability of permission mechanisms and analyzed sensitive permission characteristics to identify malware
applications. Zhang et al. [13] proposed a clustering algorithm that retains heterogeneous information from
multiple sources, including the results of static analysis, meta-information of Android applications, and raw
tags from anti-virus engines. This study does not take fuzzy malware into account and only sets the
whitelist approach to exclude common third-party libraries for Android applications. Arora et al. [14]
proposed a permission-based PermPair detection model, which focuses on exploiting potentially dangerous
permissions in Android malware when granting permissions to known or unknown users. Additionally, they
performed different important combinations of potentially dangerous permissions to identify causes of
important permissions for malware detection. However, although this permission-based detection model is
very fast, most Android applications are often complex in function and require more permission. Thus,
obtaining guaranteed detection accuracy in practical applications is difﬁcult. Kumar et al. [15] proposed an
approach to distinguish malicious and benign applications using association rules based on limited
permissions, which uses the convolutional neural network convolutional neural networks (CNN) model for
malicious code detection based on pattern recognition and permissions triggered risk of Android IOT
devices. However, due to the lack of behavioral semantic analysis, this approach cannot cope with the
evolution of malware. Furthermore, Nix et al. [16] focused on the classiﬁcation of the Android applications
by using system API call sequences and investigated the effectiveness of deep neural networks in malware
detection; the results indicated a detection accuracy rate of 95.7%. Mclaughlin et al. [17] used the CNNs to
learn the features of malware applications from the original Opcode sequence; the study reported a recall
rate of 96.29%. Mcwilliams et al. [18] utilized the permission information of an application as the data
feature, developed and analyzed an active machine learning method that is based on Bayesian classiﬁcation,
and demonstrated the method’s high-precision detection capabilities.
In dynamic detection, the application must be installed, and information such as system calls and
network trafﬁc must be obtained. Early researchers lacked knowledge of malware application behavior
patterns and thus processed the resource usage of mobile phones as the basis for detection. With the
study of dynamic information, researchers obtained the highly representative dynamic features of multiple
applications. Martinelli et al. [5] established a system call-based detection application on a CNN and
achieved an accuracy rate of 85% to 95%. Vinod et al. [6] studied several dynamic feature selection
algorithms for system calls. Liang et al. [7] regarded system calls as feature sequences and designed an
end-to-end malware recognition model with an accuracy rate of 93.1%. Ke et al. [19] used a random
forest algorithm to identify and classify malware behaviors in behavior logs and reported an average
accuracy rate that reached 96.8%. Dynamic detection exhibits high detection accuracy in dealing with the
evolution of Android malware based on semantic analysis of behavioral features; however, this detection
method consumes a lot of resources, such as computing resources and storage resources, resulting in low
detection efﬁciency. Kumar et al. [20] proposed a blockchain and machine learning-based malware
detection mechanism for IOT devices. The machine learning mechanism uses clustering and classiﬁcation
algorithms to automatically extract malware information and store it in the blockchain. The framework
uses the blockchain to store the real information of the extracted features in a distributed malware
database to improve the speed and accuracy of runtime malware detection. While the application of
blockchain technology in such areas can solve the storage resource problem, the computational
complexity is high. Therefore, to perform efﬁcient and accurate detection of Android malware, dynamic
analysis of API call views and static features of application software is required.
Android malware detection methods based on static detection use many types of features. DREBIN [21]
applies eight static features, namely the following: requesting permissions, hardware access resources,
components and services used by the application, ﬁltering intent, app-deﬁned API calls, deﬁned service
permissions, highly sensitive API calls, and network resources. Zhang et al. [22] used four features,
namely the following: permissions, API lists, components, and strings. Ke et al. [19] indicated that
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permissions and APIs are the most commonly used features in many application detection methods that are based
on static features. Researchers use different classiﬁcation algorithms for static feature detection. Wang et al. [23]
used three traditional machine learning algorithms: support vector machines, random forests, and K nearest
neighbors (KNN). Arshad et al. [24] used the random forest algorithm to establish a three-level hybrid
malware detection model. Kumar et al. [25] proposed two machine learning supported methods for static
analysis of Android malware. The ﬁrst approach is based on static analysis to discover malicious features
through probability statistics, which reduces the uncertainty of information. The second approach is to analyze
the existing data set and propose a feature extraction algorithm. Both methods transform high-dimensional
data into low-dimensional data to reduce the uncertainty of dimensionality and feature extraction.
Classiﬁcation algorithms come in many types with different processing effects on different problems.
Additionally, a single feature or a combination of multiple features affects the detection accuracy of a model.
The above research shows that using a good feature selection method to ﬁnd the best feature subset can
reduce the processing complexity and improve the performance of the learning model by eliminating
unimportant features. For example, Aonzo et al. [26] selected a small feature subset from the list of the
most important features and proved that these small subsets of features are sufﬁcient for good
classiﬁcation. Therefore, when detecting complex and intelligent malware applications, we use multiple
dimension features information to reveal the different functions of the applications in various aspects.
Also, we analyze the representative information required by the application functions and design a feature
selection algorithm, called the FDS algorithm. The algorithm excludes atypical features and follows the
original rules of features. Then, we use a combination of machine algorithms and weight measurement to
detect emerging complex and intelligent Android malware, thereby improving the efﬁciency and accuracy.
3 Proposed Method
To achieve the detection of Android malware, we follow a three-step process for each application ﬁle
(Fig. 1). First, we use two tools to collect the static features of the Android application (Section 3.1).
Second, we analyze the functional characteristics of the applications in the dataset and measure the
related features, such as API calls (Android system API calls, third-party API calls, custom API calls),
usage permissions, API calls to measure static functions of the application, opcodes, and intents (service,
receivers), and subsequently analyze the related features (Section 3.2). Finally, we use the feature
selection algorithms (FDS), weight measurement, and the related machine learning algorithms to detect
Android malware.

Figure 1: Architectural overview of Android malware detection
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3.1 Dataset Collection
Malware detection is inseparable from the support of effective malware sample sets. The commonly
used malware sample sets are mainly divided into two categories according to their sources. One category
comprises malware sample sharing websites, such as Contagio [27] and VirusShare [28]. Classes are
commonly used datasets that contain family information; examples include the Genome dataset [29],
Drebin dataset [21] and the RmvDroid dataset [30]. Malware sample sharing websites provide many
malware samples for analysis that are used by researchers. These platforms greatly promoted the
development of malware detection technology.
In the current work, the DroidBox tool provided in [31] is used, and some monitoring and analysis
functions of the tool are adopted to obtain the features of 22,000 real malware and benign samples. For
example, Androguard [32] is python-based and maps the classes.dex ﬁles, classes, methods, etc. in the
APK ﬁle to python objects. It not only provides reverse engineering of APK ﬁles, malware detection, and
threat assessment but also visualizes program behavior. This function is widely utilized and is an
important auxiliary tool for analyzing APK.
3.2 Feature Analysis
Extensive research that explored Android malware detection exists; however, most of the existing
studies only used limited types of features to detect Android malware. Each feature type represents only
few application attributes. In the current study, we use multiple feature information to reﬂect the different
features of malware in various aspects. Preprocessing methods are employed to extract and process
multiple types of features. The use of different features to evaluate the differences between two samples
is also analyzed. Users can download related APK for the Android system according to their own needs;
therefore, for the original ﬁle APK of the application, we used the APK disassembly tool Androguard to
obtain the manifest.xml ﬁle and classes.dex. According to these two ﬁles, we extracted the following
features: permission, intent ﬁlter, opcode, and API call.
• Permission: Android security architecture stipulates, in default, that an application exhibits no
permission to perform any operation that results in an adverse effect on other applications, operating
systems, or users, which include the following: reading and writing the user’s private data (such as
contacts or email), reading and writing other App ﬁles, performing network access, keeping the device
awake, etc. If users want to use these protected device functions, developers should add one or more
<uses-permission> tags in AndroidManifest.xml. The permission statement reﬂects the user’s use of the
application’s resources and information.
• Intent ﬁlter: Intent is an abstract description of the operation to be performed. It is used to request
operations in other components (i.e., activities, services, broadcast receivers) and complete the interaction
between components. The intent ﬁlter is utilized to assist with the communication between the various
Android components. For example, call the startActivity() of the Activity instantiation object to start an
activity, or pass it to all interested BroadcaseReceivers by broadcaseIntent(), or start a background service
by startService()/bindservice(). Primarily, the intent ﬁlter is used to start the activity or service (and carry
parameter information that must be passed). In short, the intent ﬁlter exhibits the function of activating
components and carrying the data.
• Opcode: Opcodes are mainly concentrated in the smali code of malware and benign software.
• API call: API calls reﬂect the sensitive data and resources involved in the process of interaction
between the user’s application and the system. We can gain insight into the user’s intentions through the
view analysis of API calls/Relation Graph.

590

IASC, 2022, vol.33, no.1

Android malware reﬂects that the attackers realize their malicious operations through speciﬁc API calls.
Each permission can correspond to multiple API operations, so the speciﬁc operation of the application can
be expressed to a certain extent through the detection of permissions. The permission feature is easy to
obtain, which is another reason why this feature attracted attention. It is the master of the static detection
collection, basically referring to all the features in the APK, using the basic idea of “I want it all” and
training all permissions as features. However, considering that too many permission features exist may
not make the detection effect better. In contrast, it may also reduce the efﬁciency of detection. Therefore,
the current research based on permissions is generally used in combination with the number of features
and other factors. For instance, ﬁltering intentions, network measurement or CPU Usage, construct
combined features in Drebin, and establish SVM detection models for the classiﬁcation of malware families.
Intent itself is a passive data structure that holds the abstract description of the operation to be carried out
by the user, which may be regarded as the key information for classifying sample behavior. MAST [33] is a
machine learning approach based on the multiple correspondence analysis for automatically identifying
malicious applications from various Android markets. The tool is aimed toward ranking apps for
inspection by a human security analyst, thereby giving priority to suspicious applications. In [34], AndroDumpsys was proposed as a novel and feature-rich hybrid anti-malware system, which combines
malware-centric attributes with intent-based features for malware detection and classiﬁcation.
Opcode is utilized to decompile the application through the APK tool to obtain the decompiled APK ﬁle
combination of the application, then traverse the ﬁles corresponding to each application (smali ﬁles,
decompiled ﬁles), and extract the operations in the smali ﬁles Code, integrating the opcodes in multiple
smali ﬁles into the same ﬁle to get the opcode application sequence. Deep learning is applied to opcode
to analyze the execution trajectory of user behavior at the kernel layer. Essentially, it is used to build a
detection model to identify confusing Android malware.
Whether based on static analysis-based malware detection or dynamic analysis-based malware
detection, application API calls is a key factor. For example, Wu et al. [35] track and analyze the API call
trajectory of different applications, and they count the frequency of API calls to detect the establishment
of Android malware. DroidAPIMiner [36] focuses on the dynamic analysis of high-risk API calls
generated during the execution of the application, including the package, class, method, and call
parameters of the API. Gascon et al. [37] proposed to establish a Markov chain based on API calls, trying
to analyze the logical relationship between API calls, to identify the intention of the attacker.
However, while machine learning (ML) classiﬁers have been widely used for Android malware
detection, the application of machine learning classiﬁers also faces a problem. With malware evolves, the
performance of such classiﬁers degrades signiﬁcantly over time.
Therefore, we refer to the literature [38] to construct an API relationship view based on the information
provided by the application. Each node in the graph represents an entity, such as: method, class, package, and
permission; these four entities together provide enough capability to capture the internal relationships
between API. Each edge represents the relationship between two entities, such as the reference
relationship between packages and classes involved in the API. Then it extracts API semantics from the
relation graph by converting each API entity into an embedding and grouping similar APIs into clusters.
The extracted API semantics in the format of API clusters can be further used in existing Android
malware classiﬁers to detect evolved malware, thus slowing down aging.
3.3 Feature Selection
Machine learning is usually applied to utilize the statistical features of multiple dimensions. These
features may be unrelated and may show interdependence, thereby leading to the following
consequences: i) the larger the number of features, the longer the feature analysis and model training will
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take; ii) the larger the number of features, the easier the “dimension disaster” will occur, the more complex
the model will become, and the greater the decrease in the model’s promotion ability will be. Feature
selection can eliminate irrelevant or redundant features, thereby reducing the number of features,
improving model accuracy, and reducing the runtime.
Therefore, this study designs a novel FDS algorithm to eliminate atypical features and follow the
original rules of features for feature selection. The algorithm is analyzed and designed from the most
essential features, which is the frequency of each feature in benign applications and malware applications.
The atypical and typical features of the dataset are as follows: typical benign features (deﬁnition 2),
typical malware features (deﬁnition 3), and atypical features (deﬁnition 4). Therefore, using the ratio of
the frequency difference between the features in the benign and malware applications to the total number
of samples as the criterion for evaluating a feature, this study derives the following design feature
evaluation formula:
Sevaluation ¼

jNb  Nm j
ðTb þ Tm Þ

(1)

Nm represents the number of malware applications containing feature f i , Nb represents the number of
benign applications containing feature f i , Tm represents the total number of malware applications, and Tb
represents the total number of benign applications. The feature evaluation formula calculates the modulus
of the difference between the number of occurrences of the feature, which is a benign application or a
malware application. Then, it divides the absolute value of the difference by the total number of samples.
The formula features are as follows: (1) the score of each feature can be calculated and is used as the
basis for feature selection, and (2) the formula can effectively screen atypical features. The following
observations are made according to the analysis of the atypical and typical features and the calculation of
formula: (1) the Sevaluation value of atypical features is relatively small and the Sevaluation value of typical
features is relatively large. Therefore, atypical features can be effectively removed, and other effective
features can be selected. At the same time, the formula is designed from the perspective of the most
primitive law of features, and it will not interfere with the proportion of typical malware features.
To effectively ﬁlter features, this work provides the following relevant deﬁnitions:
Deﬁnition 1 (Benign features) for a feature fi, the number of times it appears in benign applications and
malware applications is recorded as the two-tuple conti ¼ ðNb ; Nm Þ. If Nb > Nm , then the feature is called a
benign feature.
Deﬁnition 2 (Malware features) for a feature fi, the number of times it appears in benign applications and
malware applications is recorded as a two-tuple conti ¼ ðNb ; Nm Þ. If Nm > Nb , then the feature is called a
malware feature.
Deﬁnition 3 (Typical benign features) If the feature f i is a benign feature, that is, conti ¼ ðNb ; Nm Þ,
where Nb > Nm , and meets the following:
ðNb  Nm Þ
a
ðTb þ Tm Þ

(2)

Then the typical feature is called benign.
Deﬁnition 4 (Typical malware features) If the feature f i is a malware feature, that is, conti ¼ ðNb ; Nm Þ,
where Nm > Nb , and meets the following:
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ðTb þ Tm Þ
a
ðTb þ Tm Þ

(3)

Then the typical feature is called malware.
Deﬁnition 5 (Atypical features) If the feature f i satisﬁes one of the following two conditions, it is called
an atypical feature:
8
>
>
<

(1) conti ¼ ðNb ; Nm Þ, and

Nb
 a; Nm  0
ðTb þ Tm Þ
Nm
>
>
 a; Nb  0
:
ðTb þ Tm Þ

(4)

That is, the feature appears less frequently in benign applications and almost never appears in malware
application, or it appears less frequently in malware applications and almost never appears in benign
applications.
ðNb  Nm Þ
<a
ðTb þ Tm Þ

(5)

Hence, this feature appears in large numbers in benign and malware applications, but the absolute value
of the difference in the numbers of occurrences is small.
According to the above deﬁnition, the idea of the FDS algorithm is as follows: ﬁrst, it counts the total
number of samples and the number of times each feature appears in benign and malware applications; then, it
calculates the Sevaluation value of each feature according to Eq. (1) and follows deﬁnition 3 to deﬁnition 5 for
feature selection. The pseudo code of the algorithm is as follows:
Algorithm 1: Feature selection algorithm-FDS
Input: feature set F, threshold α.
Output: new feature set F'
1: Count Malware Tm;
2: Count Benign Tb;
3: I = 1;
4: For i in length (F.size) do
5: Count in Malware fi is Nm;
6: Count in Benign fi is Nb;
7: Nbm = |Nb - Nm|;
8: Tbm = Tb + Tm;
9: Sevaluation = Nbm/Tbm;
10: If Sevaluation ≥ α then
11: F' = fi;
12: end if
13: end for
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Lines 1 to 2 count the number of malware and benign samples; lines 3 to 10 execute the loop, count the
number of times each feature appears in benign and malware applications, and then calculate the Sevaluation
value of each feature. According to deﬁnitions 3 to 5, the features that satisfy the conditions are selected.
Different threshold ɑ values produce different numbers of features (refer to Section 4.3 for the summary
of threshold judgment). The algorithm description indicates that the FDS algorithm must count only the
number of each feature appearing in benign and malware applications, calculate the Sevaluation value of
each feature, and perform feature selection according to related deﬁnitions. Relative to the chi-square test,
information gain, and other algorithms, the FDS algorithm exhibits a simple feature evaluation; its feature
selection basis is reasonable, its calculation consumption is low, and its time cost is linear. Moreover, the
increase in the runtime of the FDS algorithm is ﬁxed to be proportional to the increase in the sample
input size. The algorithm steps indicate that the number of executions of lines 1 to 2 is not associated
with the size of the sample and that the executions are performed only twice. The number of executions
in lines 3 to 10 varies with the sample size n; it is 5  n at least and 6 * n at most. Therefore, the
computational complexity of the algorithm is only related to the number of samples, and the time
complexities of the best and worst cases of the algorithm are OðnÞ.
3.4 Weight Measurement
Assume that x features exist in the expected feature set: fi ¼ f1; 2; . . . ; xg. As the importance values of features
differ, each feature is assigned a weight (wi ) on this basis of the nature of feature fi . Accordingly, the feature vector
transforms into the weighted feature vector, which is from the original of the application. We multiply each feature
by its corresponding weight and then use the classiﬁer for ﬁne-tuning to ﬁnd the optimal weight.
3.5 Classiﬁcation Detection Algorithm
Currently, most malware detection methods mainly focus on machine learning algorithms. Their data inputs
include malware sample datasets and benign sample datasets. These methods often divide a dataset into two parts:
training set and test set. The data in the training set are used to learn and build a classiﬁer, and the data in the test
set are used to verify the performance of the method. Through feature extraction, each sample in the training set is
expressed as a feature vector of ﬁxed dimensions x = < x1, x2, …, xk >, where k represents the vector dimension,
which denotes the number of features. As the sample data in the training set are known to be malware, the
corresponding label information is added after the vector. For example, label 0 indicates that the sample is a
benign sample, and label 1 indicates that the sample is malware. Existing machine learning algorithms, such
as support vector machines and random forests, are then employed. The feature space of the training samples
is learned, and the corresponding classiﬁer is constructed. For each sample in the test data, the feature vector
is used as an input in the classiﬁer, and the returned label result indicates whether the sample has malware
behavior [39]. For malware detection, usually metric applications exhibit the following: false positive rate
(FPR), true positive rate (TPR), recall rate, accuracy rate, F1-score value [40]. The main purpose of each
malware detection method is to obtain a high TPR and a low FPR.
Therefore, in this paper, we also adopt several popular machine learning algorithms for training datasets.
These methods use feature engineering to convert a program into a feature vector for representation. Then, it
builds a classiﬁer to detect and classify malware quickly and accurately. The method can deal with different
malware code variants to a certain extent and entails minimal time cost.
4 Experiment and Result Analysis
4.1 Experiment Setup
To verify the applicability of our model to Android malware detection, we use a GPU server with a core
CPU capacity of 64 GB, RAM memory of 512 GB, and an operating system running Ubuntu 18.04. The
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experimental environment is based on Python 3.5, and the classiﬁer is applied in [41]. To validate our
proposed approach, we use the OmniDroid dataset [42], which comprehensively covers the diversity of
the Android application. For the data, 70% are used as the training data, and 30% are used as the test
data. Cross validation is performed ten times. Based on the average precision, the average recall rate, and
the average AUC value determine the optimal parameters for the malware detection model.
4.2 Threshold Selection
To verify whether the FDS algorithm achieves the design purpose, we select ﬁve features from
22,000 features for calculation and analysis. Tab. 1 shows the feature information of the ﬁve features
(some typical features are among the 11,000 features) and the calculation results of the FDS algorithm.
The detailed calculation process is described as follows. i) The number of malware samples and benign
samples are counted (Tm = 11,000 and Tb = 11,000. ii). The number of times Nm and Nb of various types
of features appear in the malware and benign samples are counted. iii) The Sevaluation value of each
feature is calculated according to Eq. (1). iv) According to the feature selection criteria, features with
Sevaluation value greater than or equal to α are selected.
Table 1: Example data and FDS calculation analysis
Feature Information

Nm

Nb

Sevaluation

READ_PHONE_STATE
Android.content
Android.intent.action.BOOT_COMPLETED
New-instance
Service

8823
10763
4185
10994
3587

4084
10938
2380
10995
5758

0.5687
0.2145
0.08
0.00005
0.0987

The Sevaluation value is obtained by calculating the features of each dimension of the sample through the
FDS algorithm. Tab. 1 shows the difference between the features of the benign application and those of
the malicious application. The Android malware detects the model whose Sevaluation value is less than the
threshold α and removes it. Considering space limitations, we only list the Sevaluation values of some features.
Given the choice of threshold a, we attempt the following approach. i) We start with a low threshold,
such as 1e-4. ii) We reduce our features by using the selection from the model ﬁt and transform. iii) We
calculate the accuracy of the metrics for our estimator (Random forest classiﬁer in our case) for selected
features. iv) We increase the threshold and repeat all steps starting from point 1. Using this approach, we
can estimate the best threshold for our data and estimator. Additionally, Fig. 2 shows that the number of
features is about 7,000 and that the accuracy is optimal. At this point, the best threshold is α = 0.09.
4.3 Weight Analysis
In this section, we analyze the weights of features. In the sample training stage, we use feature selection
algorithms to ﬁnd the important features of the difference between malware samples and benign samples and
to reduce the feature dimension and computational complexity. Then, we input the random forest classiﬁer,
debug the hyperparameters of the classiﬁer, and obtain the optimal weight of each feature according to the
detection results. In Tab. 2, we listed only the top ten features with a weight value greater than 0.029.
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Figure 2: Accuracy comparison of the feature number of six classiﬁers
Table 2: Ten feature weights of the data set
Feature

Weighted value

Android_telephony_TelephonyManager_getDeviceId
Android.permission.SEND_SMS
GetSubscriberId
GetDeviceId
Android_util_Bsed64_decode
Android.intent.action.BATTERY_CHANGED
Android_util_Base64_encode
Android.permission.GET_TASKS
Android.permission.READ_PHONE_STATE
Android.permission.WAKE_LOCK

0.0495
0.0456
0.0438
0.0406
0.0399
0.0361
0.0348
0.0334
0.0298
0.0296

4.4 Result Analysis
In the ﬁrst experiment, we provide all the features (22,000 features) to six classiﬁers, namely, (K-Nearest
Neighbor) KNN, decision tree, (eXtreme Gradient Boosting) XGBoost, (Recurrent Neural Network) RNN,
(Long Short-Term Memory) LSTM, and random forest. The accuracy of malware detection on the test data
reaches 89% (Tab. 3).
Table 3: Comparison of results of six classiﬁers
Classiﬁer

Accuracy

Precision

Recall

F1-Score

KNN
Decision Tree (DT)
Random Forest (RF)
XGBoost
RNN
LSTM

0.84
0.85
0.87
0.89
0.88
0.86

0.86
0.88
0.89
0.92
0.93
0.91

0.83
0.86
0.87
0.94
0.92
0.95

0.84
0.87
0.88
0.93
0.92
0.93
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In the second experiment, we apply the features with a length of 7,000 and use weights to measure them.
The accuracy rate increases by 99%. The results are shown in Tab. 4.
Table 4: Comparison of results of six classiﬁers for feature selection and weight measurement
Classiﬁer

Accuracy

Precision

Recall

F1-Score

KNN
Decision Tree
Random Forest
XGBoost
RNN
LSTM

0.93
0.93
0.99
0.94
0.92
0.93

0.95
0.94
0.99
0.94
0.93
0.95

0.93
0.92
0.98
0.95
0.89
0.93

0.94
0.93
0.98
0.95
0.91
0.94

Our method compare with other methods in [13,14,25,26,42]. We realize the joint optimization of
feature selection and weight measurement. The experimental results are shown in Tab. 5. The accuracy of
the proposed method appears to be superior.
Table 5: Comparison of results of classiﬁers for feature selection and weight measurement
Classiﬁer

Accuracy

Precision

Recall

F1-Score

Zhang [13]
Arora [14]
Kumar [25]
Aonzo [26]
Martín [42]
our method

0.95
0.96
0.98
0.98
0.90
0.99

0.95
0.96
0.98
0.98
0.90
0.99

0.93
0.95
0.98
0.98
0.89
0.98

0.94
0.95
0.98
0.98
0.89
0.98

Fig. 3 illustrates the comparison of the ROC curves by of different methods. The AUC value of the
proposed method is 0.98. The AUC value of the former method thus exceeds that of the latter by 0.03.

Figure 3: ROC curve for our method of different methods
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4.4.1 Sustainable of Android Malware Detection
Typically, ML-based classiﬁcation methods explore a variety of features, computed through static,
dynamic, or hybrid application analysis. In most cases, these features are based on the application’s use
of permissions or APIs. However, due to the evolution of Android malware attack strategies, classiﬁers
built based on these features may not be sustainable - they need to be constantly retrained for future use,
or their performance may degrade over time.
In this paper, we extensively evaluate the sustainability of ML-based malware classiﬁers to understand
how to design more sustainable malware classiﬁcation methods. Therefore, to validate the sustainability of
our proposed Android malicious detection model, we collect application samples from VirusTotal from early
2016 to 2018 (21694 samples). At the same time, we conducted two studies. In the same-period study, we
assess the performance of each technique with training and testing apps developed in a same period of time
(in the minimal unit of year). For each given mixed dataset, we randomly selected a third of samples from
each class (malware or benign) and reserved them as unseen/novel samples for training, and the remaining
for testing.
As shown Tab. 6, the test results show that it has the highest malware detection precision rate 0.99 on the
latest (2016) dataset, the accuracy rate of the 2017 test set is 0.98, the precision rate of the 2018 test set is
0.96, and the average detection precision rate is 0.98. Although the classiﬁcation performance seems to
gradually decrease with the growth of the years, the decline is not obvious. What this implies is that the
features seem to be better robust against the evolution of malware than for differentiating benign apps
from all kinds of malware as a whole.
Table 6: Performance for Android malware detection
Period

Benign

Malware

Precision

Recall

F1-Score

2016
2017
2018

5210
4815
5420

4270
2589
3890

0.9926
0.9754
0.9645

0.9913
0.9712
0.9625

0.9919
0.9733
0.9635

4.4.2 Efﬁciency of Android Malware Detection
In order to understand how effective FDS is for feature selection, we investigated 6 alternative
approaches to feature selection: 1 full dataset and 5 different subsets. Our investigation shows that FDS
works best on 128 metrics that differ signiﬁcantly between benign and malicious applications. To avoid
any bias caused by the choice of machine learning algorithms, we also experimented with six other
machine learning algorithms: Random Forests, Decision Trees, KNN, RNN, LSTM, and XGBoost. We
found that FDS performed best when using Random Forests.
We compared the ﬁve new feature sets with FDS by separately feeding them to the Random Forest
algorithm for uniﬁed malware detection. The evaluation results are shown in Fig. 4.
Interestingly, FDS worked best, even better than full for all metrics. The reason is that the additional
other nondiscriminatory metrics may provide noisy information and mislead the classiﬁer to perform
poorly. Therefore, FDS is more desirable, because it achieves better effectiveness with fewer features.
This experiment also demonstrates that more features do not necessarily improve classiﬁcation capability.
Instead, they can worsen the capability especially if they seem to be nondiscriminatory. Therefore, the
experimental results show that the default feature set of FDS, exhibits the best effectiveness compared
with other ﬁve alternative feature sets, because it balances well the diversity and relevance of features.
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Figure 4: FDS’s effectiveness with ﬁve alternative feature sets
5 Conclusion and Future Work
In this work, we propose the FDS algorithm and weight measurement for Android malware detection
based on diverse application features. The objectives are to solve the shortcomings of the existing feature
selection algorithms in detection and to ﬁlter other effective features. We use weight measurement to
optimize the detection accuracy of classiﬁers and improve the accuracy of detection. The theoretical
analysis and experimental results show that the FDS algorithm and weight measurement are effective and
feasible. Additionally, these approaches offer their own advantages over other existing malware detection
models. However, their limitation regarding atypical features is slightly rough and may cause some
typical features to be limited to atypical features. Their accuracy in detecting unknown malware is also
slightly insufﬁcient. Future directions worthy of further discussion include the following: i) research on
deep learning detection methods for protection against attacks and ii) other malware behavior detection
based on Android, such as the detection of phishing websites under hidden links.
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