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Abstract: The study of malware behaviors, over the last years, has received
tremendous attention from researchers for the purpose of reducing malware
risks. Most of the investigating experiments are performed using either static
analysis or behavior analysis. However, recent studies have shown that both
analyses are vulnerable to modern malware files that use several techniques
to avoid analysis and detection. Therefore, extracted features could be mean-
ingless and a distraction for malware analysts. However, the volatile memory
can expose useful information about malware behaviors and characteristics.
In addition, memory analysis is capable of detecting unconventional malware,
such as in-memory and fileless malware. However, memory features have not
been fully utilized yet. Therefore, this work aims to present a new malware
detection and classification approach that extracts memory-based features
from memory images using memory forensic techniques. The extracted fea-
tures can expose the malware’s real behaviors, such as interacting with the
operating system, DLL and process injection, communicating with command
and control site, and requesting higher privileges to perform specific tasks.
We also applied feature engineering and converted the features to binary
vectors before training and testing the classifiers. The experiments show that
the proposed approach has a high classification accuracy rate of 98.5% and
a false positive rate as low as 1.24% using the SVM classifier. The efficiency
of the approach has been evaluated by comparing it with other related works.
Also, a new memory-based dataset consisting of 2502 malware files and 966
benign samples forming 8898 features and belonging to six memory types has
been created and published online for research purposes.

Keywords: Cybersecurity; feature selection; machine learning; malware
dataset; malware detection; memory analysis; memory features

1 Introduction

The number of malware attacks has increased dramatically in the last few years. The attacks
have targeted information in many sectors like banks, information technology firms, online gov-
ernment services, and even hospitals. According to the AV-TEST security report, the number of
detected malware in the first half of 2020 reached 1075.43 million, while 1001.51 million was
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detected in the whole year of 2019 [1]. Many malware files are created due to attackers’ automated
tools, which produce thousands of malware files daily [2]. According to authors in [3], malware
files are used to attack specific targets and trap big data. Therefore, it is recommended to perform

malware analysis to detect malware early [4,5].

Today’s anti-virus software (AV) commonly use a signature-based technique to detect malware.
This technique is fast and can detect known malware with a minimal false-positive rate (FPR).
However, the signature-based technique fails to discover unknown malware with no signature,
and it is easily defeated by anti-analysis techniques such as evasion, encryption, and packing
techniques [3]. Accordingly, it is a requirement for a signature-based technique to update its
signature database continuously. In the research field, malware analysis is divided into three major

categories: static, behavior, and memory analysis.

In static analysis, malicious files are studied without being executed, and the required features
are extracted accordingly. The signature-based has relied on static analysis because it is safe and
fast. However, recent malware files use obfuscation techniques, such as the insertion of dead code,
register reassignment, the substitution of instruction, and code manipulation to avoid static analy-
sis detection [4]. In contrast, behavior analysis executes and monitors malicious files in a controlled
environment. Unlike static analysis, behavior analysis is not vulnerable to obfuscation techniques,
but it consumes excessive time and resources. Further, smart malware files may take different
actions if placed in an analysis environment, such as behave normally, terminate themselves, or
turn into a sleep mode [6]. Furthermore, behavior analysis often shows one side of malware
execution because there is no human interaction on malware execution [7]. That means malware
activities could not be detected entirely as the rest of the execution paths remained unexposed
during malware behavior analysis.

Moreover, malware authors started to utilize technology to develop more sophisticated mal-
ware files that are able to evade detection by anti-malware tools. These malware files can attack
and compromise a target system without leaving any trace, and it is almost impossible to be
reverse-engineered. Two types of unconventional malware files are fileless malware and in-memory
malware. Unconventional malware files are challenging to be detected by traditional techniques.
However, it is possible to observe their features and study their behaviors in memory [£].

Memory analysis has been proven to be a powerful analysis technique that can effectively
study malware behaviors [9]. A considerable amount of information can be found in mem-
ory, such as active and terminated processes, Dynamic Link Libraries (DLL), running services,
registry, and active network connections. Further, examining memory can detect process/ DLL
hooking techniques used by malware to appear as a legitimate process. Additional information
can be explored, such as the running operating system and the computer’s general state [10].
Furthermore, the analysis provides accurate information about malware behaviors by extracting
memory-based features that can express malware activities and characteristics. Memory-based
features can also overcome some of the behavior analysis limitations, such as the single view of
execution and malware’s disguised behaviors during the analysis [ 1]. Besides, memory analysis has
better monitoring of rootkit behaviors, including API hooking, hidden, and process injection [12].
Therefore, a considerable amount of research has chosen memory techniques to handle malware
evasion techniques effectively and recommended memory analysis to deep dive into the obfuscated
malware [13,14]

It is worth mentioning that malware research lacks reference datasets, where few researchers
have shared the datasets used in their works. According to [15], there is no available malware
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dataset that can be considered a reference dataset. Therefore, it i1s common for researchers to
download live malware files from AV agents, such as VirusTotal, VirusShare, VX_heaven, and
other repositories to perform malware analysis and detection. Although there are some existing
datasets like Microsoft big challenge dataset published in 2015, the dataset was created based on
static analysis, and it has the same advantages and limitations of the analysis technique [2].

The research proposes a malware analysis and detection approach that focuses on collect-
ing data from memory images (dump). The main contributions of this paper are summarized
as follows:

e To propose a memory analysis method that can overcome the limitations of the standard
analysis techniques in feature extraction.

e To propose an accurate malware detection and classification approach based on
memory analysis.

e To study the new set of features extracted from memory images, such as Application
Programming Interface (APIs), DLLs, handles, privileges, networking, and code injection.

e To propose a new benchmark dataset based on six types of memory features. The dataset
is published online and available for research purposes.

The rest of the paper is organized as follows: Section 2 presents the related work. The pro-
posed malware detection and classification approach and the memory-based dataset are described
in detail in section 3. Section 4 shows experimental results and discussions. Finally, the conclusion
and future works are presented in Section 5.

2 Related Work

A considerable amount of research has focused on extracting API call features from program
code in the static analysis and use them to detect similar malware [16,17]. Other researchers, such
as in [18] and [19], proposed converting API features into images. In [20], Sun et al. proposed a
static analysis method to extract opcode sequences from malicious portable executable (PE) files.
Static analysis is safely performed, consumes low resources, and can show all possible malware
execution views (paths), but today’s malware can easily defeat it. Kolosnjaji et al. [21] investigated
the vulnerability of static analysis and proposed an attack that could evade detection by modifying
a few bytes at the end of each malware Portable Executable (PE) file.

In contrast, behavior analysis is simple, flexible, and robust to code obfuscation [6]. In work
by Mohaisen et al. [22], used machine learning techniques to classify the Zeus malware. Several
features such as registry, file system, and network features were used to train the classifier. Further,
several authors used API calls to represent malware behaviors. In [23], Liang et al. proposed
a malware approach based on behavioral analysis that creates a multilayer dependency chain
based on measuring the API calls dependency relationships. Their approach calculates the degree
of similarity between malware samples. Also, Galal et al. introduced a technique that collects
valuable information about the hooked API calls and their used parameters. The method creates
sequences for all API calls that share common semantic purposes. The authors used Decision Tree
classifier with a reported accuracy of 97.19% [24]. Similarly, Ding et al. [25] proposed an approach
for malware detection that relies on extracted API features to represent malware as dependency
graphs. However, it is difficult to monitor all possible execution paths during behavior analysis.
The analysis time of behavior analysis, based on the literature, is between 60 and 300 seconds.
Accordingly, during the analysis, the malware’s executed parts only appear in the behavior analysis
report [6,26].
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Alternatively, memory analysis has attracted several malware researchers. Vomel et al. in [27]
surveyed the main memory acquisition and analysis techniques. In [9], Rathnayaka et al. have
observed that successful malware infection leaves a memory footprint. Zaki et al. in [28] studied
the artifacts left by rootkits in the kernel-level, such as driver, module, SSDT hook, IDT hook,
and callback. The experiments proved that certain activities, such as callback functions, modified
drivers, and attached devices, are the most suspicious activities at the kernel-level.

In [29], Aghaeikheirabady presented an analysis approach that extracts features available in
memory, such as function calls, DLLs, and registry, and compares the information available in
different memory structures to increase the accuracy. The approach relies on the frequencies of
the extracted features to classify them, and an overall accuracy of 98% is measured by applying
Naive Bayes. However, a significant drawback is the high FPR that exceeded 16%. Similarly,
in [30], Mosli et al. introduced a technique that detects malware based on extracting three features
from memory images; API calls, registry, and imported libraries. However, the experiments were
performed on each feature individually, and maximum accuracy of 96% was achieved using the
SVM classifier on the registry activities feature. Afterwards, in their next work [10], Mosli et al.
utilized the process handles available in memory to detect malware. The experiment has found that
the most handles used by malware are process handles, mutants, and section handles. However,
a modest accuracy slightly higher than 91% was achieved by their approach when applying
the Random Forest classifier. Likewise, Duan et al. [31] presented an approach to extract live
DLL features from memory and employed them to detect malware variants that use the same
DLLs. The experimental result showed an accuracy of 90% achieved using the Hidden Naive
Bayes classifier.

Furthermore, Dai et al. [11] proposed a malware detection and classification approach based
on extracting memory images and converting them into fixed-size greyscale images. The approach
then extracted the features from the images, using a histogram of a gradient, and used them to
classify malware. An accuracy of 95.2% was obtained using the neural network (MLP) classifier.
Moreover, the authors of this work previously combined API calls from behavior analysis and
memory analysis into one vector to represent each sample. A dataset was used, which consisted of
1200 malware and 400 benign files, to train the SVM classifier. The work confirmed that memory
analysis could overcome the limitations of behavior analysis [32].

In this paper, new memory features that can reflect malware files’ characteristics and expose
their hidden behaviors have been extracted from the memory dumped files. The memory dumps
were generated during the execution of malware/benign samples in a controlled environment. In
the experiments, the effectiveness of the proposed approach on malware detection and classifi-
cation has been demonstrated and measured by three evaluation metrics: classification accuracy,
FPR, and T-Test. To the best of our knowledge, this is the first work that aims to examine
such kind of malware behaviors in memory, including a process interaction with the operating
system, attempting to gain a higher privilege to perform specific tasks, communicate with an
external command and control site, and injecting malicious code into another legitimate process
or DLL file. The approach has also utilized the six types of extracted memory-based features to
enhance malware detection and classification capabilities. Finally, a benchmark dataset is created
and published online for future malware research work.
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3 Methodology and Framework
3.1 Malware Detection and Classification Approach

The proposed malware detection and classification approach is divided into five main steps.
The first step is to utilize the Cuckoo sandbox to execute the malicious/ benign samples in a
controlled environment and generate a memory dump at the end of the sample execution process.
In the second step, six memory-based features are extracted from the memory images using the
Volatility tool. The extracted features are converted to binary vectors in the dataset at the end
of the third step. In the fourth step, two feature selection techniques are applied to remove
the redundant and irrelative features from the dataset. The final step is to perform malware
classification using some machine learning techniques. The general architecture of the proposed
approach is shown in Fig. 1.
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Figure 1: Architecture of malware detection & classification approach

3.2 Sample Collection

For the experiments, we used 2502 malware files and 966 benign files. The malicious files were
downloaded from the VirusTotal repository and captured between 2015 and 2019. We targeted
different malware across the last five years to include more malicious behaviors in our dataset
as malware developers continuously change their tactics and strategies [33]. VirusTotal was used
to label the samples based on their families. Almost an equal number of the following malware
types were used in the experiment: Backdoor, Keylogger, Downloader, Adware, and Ransomware.
In contrast, the benign files were collected manually from the Windows operating system’s files
and other utility applications.
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3.3 Execution Process

In this stage, every malware/benign sample was individually executed in a controlled envi-
ronment, consisting of VirtualBox version 6.0 running the Windows 7 operating system as a
guest machine. The host machine consists of some software, including the Ubuntu 18.04 LTS
operating system, the Cuckoo Sandbox, and the Volatility memory forensic tool. The sandbox is
a virtual machine environment that monitors the executed sample’s behaviors, such as API calls,
DLLs, registry operations, and files activities [11]. While a sample executes in the guest machine,
it is monitored and analyzed simultaneously by the Cuckoo Sandbox in the host machine. We
configured the Cuckoo Sandbox to generate memory dump in the final stage before sandbox
execution timeout, when a sample crashes, or before a process terminates itself. The execution
timeout was set to 120 seconds for all the experiments. Finally, the memory dumped files are saved
to the host machine. At the end of this stage, a memory dumped file is created for each malware
and benign sample.

3.4 Feature Extraction

Windows operating systems use Portable Executable (PE) file format for executables and
DLLs. PE file stores essential information needed by the operating system loader to manage the
wrapped executable code. A PE header is one of the sections that contain vital information, such
as DLLs and API calls. However, once the executable is loaded to the memory, the Windows
loader loads the required DLLs based on the functions that the application will require to use.

We extracted six types of memory features from each sample’s corresponding memory dump
using the Volatility tool. Volatility is an open-source memory forensics tool that offers a wide
range of plugins for memory analysis tasks. The extracted features aim to reveal malware
behaviors. Therefore, six types of memory-based features were extracted as follows:

3.4.1 API Calls Feature

The first selected feature is API calls. Programs use API calls to communicate with the
operating system. For example, API calls are used when programs or malware intend to perform
specific actions, such as a call for interaction with a file, displaying something on the screen,
reading keyboard input, and more. A PE file stores the address of API functions in the IAT table.
However, malware can overwrite the API’s location in the IAT table to force a process to call
an attacker function instead of the original API. Certain well-known malware files hook the IAT
table, such as Zeus, FinFisher, and Stuxnet.

In our proposed approach, besides exploring the IAT table, we also searched the memory area,
including the kernel that belongs to the corresponding malware, to check which API functions it
calls. In other words, the approach does not depend on the IAT table alone to import the API
functions due to the high probability that the IAT table may not be reconstructed correctly in the
memory image. For example, Coreflood Trojan horse and botnet malware deleted its PE header
after it is injected into the target process.

3.4.2 DLL Feature

The second selected feature is the DLL feature. A DLL is an executable file that contains
functions called exported functions or exports. Other programs can use the functions by importing
them from the DLL. Windows operating system has many DLLs that contain API functions.
The malware injects DLLs aiming to insert malicious code into a legitimate process. Once the
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malicious DLL is injected, the execution flow is transferred to the malicious memory space [34],
as illustrated in Fig. 2.
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Figure 2: Malware DLL injection technique

Malware file performs DLL injection to transfer the execution flow to a memory space that
has been previously occupied by malware. Common DLL injection is performed by malware as
follows: the malware first calls the API “VirtualAllocEx” to assign memory into the victim’s
address space, and then it calls “WriteProcessMemory” to write the DLL path into the allocated
memory. After that, “LoadLibrary” is called for the DLL load. Finally, the malware calls function
like “CreateRemoteThread,” “NtCreateThreadEx” or “RtlCreateUserThread” to create the thread
in the target process [35].

The approach extracts the loaded DLLs, by a process, in a memory image by walking through
the double link list of “_ LDR_DATA_TABLE_ENTRY” structure in memory, which is pointed to
by the process environment block (PEB). Basically, all DLLs called by a process are automatically
loaded to this list.

3.4.3 Process Handle Feature

The process handle is the third feature in the approach. Michael Hale Ligh defines a handle
in [36] as “A handle is a reference to an open instance of a kernel object, such as a file,
registry key, process, or thread.” There are almost 40 different types of referenced objects that
malware can access. Therefore, by examining the memory image to figure the type of handles a
malicious process was accessing, it is possible to gather information about malware behaviors and
characteristics, such as reading from a file, writing to a file, and accessing a registry, and remote
file controlling. In memory, the Object Table in the EPROCESS structure points to a handle table,
which contains handles to all open objects accessed by the owner process.

3.4.4 Privilege Feature

The next feature to consider is the privilege. A privilege is the permission-giving to a process
to do specific tasks, such as changing the time, loading kernel drive, shutting down the computer,
or debugging a process. The approach investigates the examined sample to look for any suspicious
request to enable a specific privilege or gain a higher privilege to perform a particular task. The
approach treats the privilege features as a Boolean feature. Therefore, any attempt to enable higher
privilege is marked as “Yes” by the approach.
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3.4.5 Networking Feature

Analyzing Networking features is very important in acquiring information about the attacker.
A malicious file needs to communicate with the attacker to receive commands, other malicious
files, or send user information or user files. The proposed approach looks for any established
foreign connection for TCP and UDP protocols and the connection state. However, as attackers
usually use fake or temporary IP addresses, it is not worth considering the extracted IP address.
Therefore, the approach marks the existence of an external connection as a network feature rather
than the IP address itself.

3.4.6 Code Injection Feature

The last feature in the dataset is code injection. Code injection is one of the popular
techniques used in malware attacks to inject malicious code into another legitimate process. The
technique forces the legitimate process to run code on its behalf, such as stealing data and
information from the system or downloading other malicious files. The main techniques malware
files use to inject code are; writing into the memory of a legitimate process and forcing the
legitimate process to load malicious DLL by changing the registry key values.

The approach looks for any artifacts in memory that lead to code injection. The approach
can also find hidden code injection performed by malware by examining the Virtual Address
Descriptor (VAD) tree structure. VAD is used by the Windows memory manager to allocate
the process’s memory ranges in memory. Basically, an entry is added to the VAD tree structure
whenever a process uses the “VirtualAlloc” function call to allocate a new memory region [37].
Therefore, the approach looks for any code injection artifacts by checking the integrity of the
entire VAD tree structure. Each of the extracted feature types reveals a different feature of
malware behaviors, such as tasks malware performs, a function it uses, information about its
behaviors, gaining privileges, communicating with an external source, and others. We believe
that the extracted features increase the ability of the approach to identify malware behaviors.
Consequently, the approach can extract more representative features that can enhance its ability
to detect and classify malware. A summary of the extracted features, quantities, Volatility plugins,
and information about the targeted behavior is presented in Tab. 1.

3.5 Dataset

One challenge in malware research is the lack of a referenced malware dataset [15]. To
the best of our knowledge, there is no memory-based dataset available for malware researchers.
Currently, a few malware datasets have been published that have been created based on either
static or behavior analysis. However, the datasets suffer from the same limitations of the analysis
technique. A dataset containing weak and irrelated features could negatively impact the training
of machine learning classifiers. Besides, it makes the approach easily manipulated by malware
evasion techniques. Further, such a dataset would probably reduce the ability to be generalized
on detecting new malware samples [I1]. As a result, it is typical for researchers to download
live malicious files from anti-virus agents, such as VirusTotal, VirusShare, and VX_heaven, when
performing malware analysis and classification.

Therefore, one of the research objectives is to create a comprehensive dataset based on
memory features. Hence, to make our dataset available for other researchers, we have published
the dataset online to be used for research purposes. The dataset can be found on the GitHub
platform [https://github.com/sihwail/malware-memory-dataset].
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Table 1: Memory features and Volatility commands

sFeature Quantity Command Description

API 5567 Impscan Malware use API calls to communicate with the
operating system.

DLL 3271 Dlllist Malware inject DLLs aiming to insert malicious code
into a legitimate process.

Process Handle 29 Handles Give information about malware behaviors, such as

reading from a file, writing to a file, and accessing a
registry key.

Privilege 29 Privs Permission is giving to a process to do specific tasks,
like changing the time, loading kernel drive, and
shutting down the computer.

Network Yes/No Netscan It is used to communicate with the attacker to receive
commands or send user information.
Code Injection  Yes/No Malfind The malware attempts to inject its malicious code into

another legitimate process to force the latest to run
code on its behalf.

The first row in the dataset indicates the feature name starting with API features, followed
by DLL and the rest of the features. However, starting from the second row onwards, each row
represents one sample, either malware or benign, as a binary vector where (1) indicates the fact
that the feature in the first row exists in the sample and (0) if it is not. Further, samples are
labeled in the last column with the letter ‘B’ for benign and 'm’ for malware. An example of the
dataset is shown in Fig. 3.
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Figure 3: A sample of the created dataset. The first row represents the attributes, while the rest
of the rows represent the local vectors

To distinguish between feature types, a prefix is added to the first row features in the dataset
as follows: MRY to API features, HNDL for handle features, and PRIV for privilege features. For
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example, an API feature “CreateFileW” is saved as “MRY-CreateFileW” in the dataset. We did
not add a prefix for DLL features as the feature name ends with the extension (.dll). Finally, there
is only one Network feature, namely Netscan, and one code injection feature, namely Malfind,
following the Volatility command names. A summary of the dataset is presented in Tab. 2.

Table 2: A general description of the created dataset

Dataset name # Malware # Benign # Classes # Malware Families
Memory- Malware 2502 966 2 5

# Total Features # API # DLL # Handles # Privilege

8898 5567 3271 29 29

# Networking # Code Injection Dataset URL

1 1 https://github.com/sihwail/malware-memory-dataset
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Figure 4: The general flowchart for extracting memory features to create the dataset
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The flowchart for extracting memory features to create the binary dataset has passed through
several steps, as illustrated in Fig. 4.

3.6 Feature Selection

In machine learning, the domain of features (attributes) have expanded from tens to thou-
sands in the last few years. High dimensionality features have posed a severe challenge for
machine learning classifiers. Feature selection helps create an accurate predictive model by selecting
features that maintain good accuracy or improve it [38]. Feature selection methods are used to
eliminate irrelevant, unnecessary, and redundant features [39]. However, many features create more
challenges to the feature selection process because the number of features is exponentially related
to the search domain’s size. For example, when the number of attributes (domains) in the dataset
is n attributes, there exist 2" solutions [40].

Feature selection was used for two reasons; measure the features’ effectiveness by calculating
the features’ weights and decrease the approach’s time complexity by reducing the number of
selected features used in the classification process.

4 Results and Discussion

This research aims to identify malware behaviors through close observation of their features
in memory. The effectiveness of memory-based features in malware detection and classification
has been validated by conducting two experiments. In the first experiment, we combined the six
types of memory-based features. While in the second one, we evaluated each type individually.

The dataset was split into ten groups using 10-fold cross-validation and, therefore, the classi-
fier is trained on data that is completely separated from the data used in the testing phase. The
following measures are used to evaluate the results:

True Positive (TP): Number of positive examples that have been correctly identified.
False Positive (FP): Number of negative examples that have been incorrectly identified.
False Negative (FN): Number positive examples that have been incorrectly identified.

True Negative (TN): Number of negative examples that have been correctly identified.

F.P.

False Positive Rate (FPR) = —— 1
alse Positive Rate (FPR) P TN (1
True Positive rate (Recall) = 1P 2)
. v ~ TP+FN
TP+ TN
A = 3
Y = TP T TN+ FP+FN ®)
TP
Precision = ———— 4)
TP+ FP
F-Score — 2 % (Precision * Recall) 5)

Precision + Recall

4.1 All-In-One Features

In this experiment, all memory features, which consist of six feature types, were placed
together into one global dataset used in training, testing, and evaluating the classifiers. Five



2312 CMC, 2021, vol.67, no.2

classifiers were involved, and the results of classifying six types with a total of 8988 features

~

extracted from 3468 samples are displayed in Tab. 3.

Table 3: Performance of classifying memory features

Classifier Recall FPR F-Score Accuracy
Naive Bayes 93.17% 1.72% 95.28% 96.86%
SVM 96.75% 1.24% 96.39% 98.50%
KNN (K=5) 92.86% 1.88% 94.74% 96.65%
Decision Tree 88.41% 1.56% 94.34% 96.37%

Random Forest 87.68% 2.04% 94.12% 95.94%

In the experiment, the results of measuring the accuracy and FPR of the classifiers were
satisfied except for the decision tree, as shown in Tab. 3. However, the highest accuracy equals to
98.5% gained by applying the SVM classifier. The SVM achieved the lowest FPR as well, with
1.24% only. With accuracy equals 96.86% and FPR slightly higher than 1.7%, the Naive Bayes
came second in a row. The KNN classifier (K=5) came in third place with 96.65% and 1.88%
accuracy and FPR, respectively.

We also calculated the weights of the features to determine the importance of features in
the dataset. The weight was calculated based on information gain (IG) and Correlation feature
selection techniques. Tab. 4 shows the 12 highest weighted features based on the two techniques.

Table 4: Weight calculation based on IG and Correlation techniques

Feature Name Type 1G Correlation
comctl32.dll DLL 0.357 0.677
rasadhlp.dll DLL 0.334 0.620
urlmon.dll DLL 0.316 0.677
iertutil.dll DLL 0.315 0.661
WININET.dII DLL 0.285 0.623
ieframe.dll DLL 0.284 0.584
NLAapi.dll DLL 0.280 -
Malfind Injection 0.279 0.621
mswsock.dll DLL 0.266 -
HNDL-ALPC Handle 0.266 0.607
HNDL-ALPC Port Handle - 0.607
HNDL-Port Handle - 0.607

The features and their frequencies are illustrated in Fig. 5. The most-weighted features are
not necessary to be the most frequent features used by malicious or benign files. However, they
are most likely the features that can distinguish between the two classes in the machine learning
classification process.

Note that most of the features in Tab. 4 belong to the DLL features type. The DLL feature
comctl32.dll has the highest score based on both IG and correlation weight-scale techniques, and
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it was found in 2189 malware samples and 102 benign files. Two handle-features have excellent
weight based on the correlation technique but less critical based on the IG technique. Finally, the
injection feature Malfind has a significant weight based on both techniques.

WEIGHTS OF MEMORY FEATURES
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Figure 5: Distribution of the most weighted features over malware and benign samples

The DLL files are typically useful and contain functions that can support running programs
and operating systems. For example, the comctl32.dll previously mentioned is responsible for
dialog box functions, such as an open dialog box. However, based on the experiment, malware
files exploit the DLL files in many ways:

e Downloading the DLL file that has the same name as a legitimate file but in a
different folder.

e Downloading the DLL file that has almost a similar name as a legitimate one.

e Injecting DLL file and force it to perform malicious activities.

The results show that using feature selection did not significantly improve SVM and KNN
classification accuracy on the dataset. However, a good accuracy of 97.35% achieved by selecting
1000 features using the IG technique and the SVM classifier. In contrast, a slight increase to
96.91% was achieved for KNN accuracy using 500 features selected based on the IG technique. On
the other hand, the execution time is a crucial factor in measuring the approach’s complexity. It
is noticeable that the time is considerably decreased in both classifiers when reducing the number
of selected features. The accuracy is also dropping down when the number of selected features is
equals or less than 300. The relation between classification accuracy and the number of selected
features is illustrated in Fig. 6.

Applying feature selection techniques helps create an accurate and predictive model by select-
ing features that maintain good accuracy or even improve it. It works by eliminating irrelevant,
unnecessary, and redundant features in the dataset. Therefore, we applied IG and correlation
feature selection and classified the outcomes using SVM and KNN classifiers. The classification
accuracy and the consumed time are measured as presented in Tab. 5.

Several researchers applied memory analysis to extract features that are useful in detecting
malware. However, the related work approaches focused on specific features like API call, DLL,
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and registry. In contrast, our approach is more comprehensive as it focuses on studying malware
behaviors in memory rather than collecting the available features. Besides extracting the standard
memory features, such as API and DLL, our approach examines other features that can reveal
hidden malware behaviors, including injecting DLLs and other processes, communicating with
external sources, and attempting to gain higher privileges. A comparison with the related works
is shown in Tab. 6.
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Figure 6: The relation between classification accuracy and feature selection for All-in-One features

Table 5: Accuracy evaluation using feature selection

Feature Number SVM KNN
1G Correlation  Time (Sec.) IG Correlation  Time (Sec.)
8898 (All) 98.50%  98.50% 180 98.50%  98.50% 110
5000 97.61%  97.58% 95 96.60%  96.60% 70
4000 97.61%  97.17% 82 96.68%  96.63% 58
2000 97.55%  97.55% 66 96.71%  96.65% 35
1000 97.35%  96.63% 54 96.83%  96.91% 20
500 96.63%  95.39% 32 96.91%  95.59% 16
300 96.25%  94.26% 22 95.53%  95.47% 13
250 93.57%  92.56% 22 95.65%  95.16% 6

The proposed approach has outperformed the other related works by achieving the high-
est accuracy and lowest FPR with 98.5% and 1.24%, respectively. Aghaeikheirabady’s approach
focused on extracting API and DLL features from memory and achieved 98% accuracy, which is
only 0.5 less than our approach. However, the approach suffers from very high FPR, which came
as high as 16%.

Mosli introduced two approaches. While the first approach extracted API call, registry, and
DLL features and used each feature individually to train the classifiers, the second approach
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relied on the used process handles to detect and classify malware. Similarly, Duan’s approach
depended on a single type of feature, DLL, or API features. Lastly, Dai’s approach extracted
information about processes from memory images such as API sequence, disk reading, and registry
modification. A comparison with the related works in terms of classification accuracy and FPR
is presented in Fig. 7.

Table 6: Comparing experimental results with memory-based related work

Author/year Extracted features Malware/benign Accuracy FPR
Aghaei./2014 DLL, API calls, Registry 350/200 98% 16%
Duan/2015 DLL 3,390/230 90% 6%
Mosli/2016 Registry, DLLs, API calls 400/100 96% 5%
Mosli/2017 process handles 3,130/1,157 91.4% 5%
Dai/2018 Process info. (registry, API) 1984/- 95.2% 5%
Proposed method/2020 API, DLL, handles, privileges, 2,502/966 98.5% 1.24%
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Figure 7: A comparison between the proposed method and the related work methods

We also performed the unpaired t-Test as a statistical test. We compared our approach
against the other memory-based approaches in the related work. With P-values less than 0.05
for classification and FPR, the results have confirmed that the proposed detection approach has
a significant contribution. The P-values results are shown in Tab. 7. In the next subsection, we
studied feature’s effectiveness and the weight of the prominent features on malware detection and
classification processes.

4.2 Individual Features

This section analyzes the six types of features individually and measures their effectiveness
on the classification process. Five classifiers were used to evaluate the accuracy and FPR for the
feature types. While the accuracy is shown in Tab. §, calculating the FPR is displayed in Tab. 9.
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Table 7: Unpaired T-test

Value Description
Accuracy 0.040258221
FPR 0.037247124

Table 8: Accuracy evaluation for individual feature type

Feature type Number of features Naive Bayes SVM  KNN Decision tree Random forest

API 5567 93.02% 93.74% 93.83% 89.50% 80.16%
DLL 3271 88.41% 92.39% 95.79% 92.56% 84.54%
Process Handle 29 85.24% 84.63% 88.93% 90.71% 89.85%
Privilege 29 72.09% 77.31% 73.24% 78.40% 78.14%
Network 1 66.81% 72.15% 72.15% 72.15% 72.15%
Code Injection 1 85.12% 85.12% 85.12% 85.12% 85.12%

Table 9: FPR evaluation for individual feature type

Feature type Number of features Naive Bayes SVM  KNN Decision tree Random forest

API 5567 1.24% 5.23% 1.84% 0.72% 0.04%
DLL 3271 15.91% 10.35% 2.04% 8.19% 0.20%
Process Handle 29 2.16% 9.03% 0.48% 2.28% 2.48%
Privilege 29 2.12% 11.47% 0.08% 11.87% 11.83%

Network 1 44.80% -
Code Injection 1 -

From the last two tables, Tabs. 8 and 9, it can be noticed that the DLL feature has the
highest accuracy rate among other memory-based features with 95.8%, followed by API and
process handles features, 93.8%, and 90.7%, respectively. However, none of the memory features
could individually reach the highest accuracy of 98.5%, which was achieved based on classifying
all memory features together (all-in-one). Therefore, joining the features has added more value
to the classification process, which is logically justified as adding more relevant features to the
detection approach has enhanced its capabilities in distinguishing between the two classes. Further,
the proposed approach has been proved to be able to identify different activities performed by
malware, such as interacting maliciously with the operating system, attempting to inject malicious
code into another process or DLL file, communicating with a suspicious external source, or trying
to gain a higher privilege to perform a specific task. Furthermore, based on an intensive study of
malware behaviors in memory, the proposed approach has utilized the six types of memory-based
features to improve its ability to detect and classifying malware. Lastly, we calculated the features’
weights based on IG and correlation techniques to display prominent features. The features and
frequencies for the malware and benign samples are demonstrated in Fig. §.
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Figure 8: Distribution of the most weighted memory features over malware and benign samples

5 Conclusion

This paper proposed an approach that can detect and classify malware using memory-based
features extracted from memory images. The approach represents malware behaviors and charac-
teristics using six feature types; API calls, DLLs, process handles, privileges, network, and code
injection. Memory features were extracted using the Volatility memory forensic tool. We have
performed two experiments to evaluate the effectiveness of memory features. First, we combined
the six features into one global vector and measured its performance in classifying malware
samples. Second, memory features were evaluated individually, and the weight of each feature
was calculated. The results showed that the proposed approach outperformed the related memory-
based approaches with significant improvements in classification accuracy and FPR using the
SVM classifier, 98.5% and 1.24, respectively.

We have also investigated the impact of reducing the number of selected features on classifier
performance. The most weighted features were calculated using two feature selection techniques:
Information Gain (IG) and Correlation. Although the accuracy was reduced when applying the
feature selection techniques, the approach maintains a reasonable accuracy rate using 500 features
selected by the IG technique. Further, it has been noticed that DLL features have the highest
weights comparing to the other memory features.

Finally, we created a new dataset that consists of six types of memory-based features. It is
the first memory-based dataset to be created and made available online for research purposes to
the best of our knowledge. The dataset consists of 2502 malware and 966 benign samples forming
a total of 8898 features. It includes nearly equal entries of Ransomware, Keylogger, Adware,
Downloader, and Backdoor malware families.

The approach’s limitation is time complexity due to the large number of features used in the
classification process. Hence, a memory agent that can reduce the time is recommended. For future
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work, we will investigate more possible memory features to increase the accuracy of the approach.
In addition, memory dumps can be taken more than once during the execution based on process
transactions to capture memory changes in different execution stages.
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