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Abstract

Steganography is increasingly exploited by malware to avoid detection and to implement different
advanced offensive schemes. An attack paradigm expected to become widely used in the near future
concerns cloaking data in innocent-looking pictures, which are normally used by several devices and
applications, for instance to enhance the user experience. Therefore, with the increasing popularity
of application stores, availability of cross-platform services, and the adoption of various devices for
entertainment and business duties, the chances for hiding payloads in digital pictures multiply in an
almost unbounded manner. To face such a new challenge, this paper presents an ecosystem exploiting
a classifier based on Deep Neural Networks to reveal the presence of images embedding malicious
assets. Collected results indicated the effectiveness of the approach to detect malicious contents, even
in the presence of an attacker trying to elude our framework via basic obfuscation techniques (i.e.,
zip compression) or the use of alternative encoding schemes (i.e., Base64). Specifically, the achieved
accuracy is always∼100% with minor decays in terms of precision and recall caused by the presence
of additional information caused by compression.
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1 Introduction

The complexity of modern hardware and software ecosystems jointly with the pervasive nature of the
Internet are increasingly exploited to develop effective malware [1]. For instance, the use of virtualiza-
tion, the ubiquitous adoption of Internet of Things (IoT) technologies, and the deployment of services
via elaborate interconnections of heterogeneous vendors, lead to an attack surface difficult to control and
protect. As a consequence, Advanced Persistent Threat (APT) actors can now take advantage of several
0-day exploits, implement multi-stage pipelines, and elude detection by concealing their presence in the
burden of data. In this scenario, a recent trend concerns the use of steganography to make malware
stealthier, for instance to evade classical detection techniques based on signatures [2]. Such techniques
are now commonly observed in many large-scale attack campaigns or at the basis of several APTs. As
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possible examples, hiding mechanisms are employed for cloaking configuration files (e.g., ZeusVM),
conceal payloads in the PropertyTagICCProfile metadata of images (e.g., SteamHide), or to drop
credit card skimmers in e-commerce platforms (e.g., Magento) [1, 3]. Although the offensive exploita-
tion of steganography may vary, for instance it can be used to create stealthy Command & Control (C&C)
infrastructures or to deliver additional assets to a generic attack stage, digital images are definitely the
most abused carriers [4].

In parallel, the boundaries between mobile and desktop applications are progressively blurring. For
instance, iOS/iPadOS Apps can run over macOS by using a transparent and lean emulation layer, and
Android OS software can be deployed in set top boxes, mobile devices, and various appliances with
minimal modifications. Moreover, the diffusion of the Software-as-a-Service paradigm leads to a com-
mon back-end, which can be shared by different users and devices [5]. As a consequence, malware and
threat actors can target a limitless population of devices often sharing the underlying hardware architec-
ture or a non-negligible amount of software assets, such as libraries or network protocols. Even if the
uncontrolled diffusion of malicious software characterized by a “write once, attack anywhere” nature
could be not an imminent danger, the use of digital images should be considered an important feature
unifying the majority of nodes connected to the Internet. We point out that, evidences of the use of image
steganography within commercially-available software can be rooted back in 2014, e.g., see [6] for an
analysis of applications available on the Google Play Store containing images altered via steganographic
mechanisms.

In this perspective, evaluating security issues arising from the use of steganography to drop malicious
payloads or to deliver additional assets for feeding complex attacks is mandatory to fully assess the secu-
rity of future digital ecosystems. Unfortunately, developing general and effective mitigation techniques
is a hard task, as steganographic attacks are mainly threat- and carrier-dependent [7]. At the same time,
the massification of mobile devices, the large-scale deployment of IoT nodes and smart frameworks,
as well as the fragmentation of various software sources (e.g., ad-hoc and official stores vs side-loaded
applications) pose several challenges in the design of a unique framework able to recognize the presence
of images containing steganographic contents. To balance such an escalation, artificial intelligence is
quickly becoming a key ingredient (see, e.g., [8] and the references therein for some recent examples)
even if it requires suitable datasets or can be prone to “concept drifts” due to the evolving nature of at-
tacks [9]. However, recent advancements in deep learning techniques allow to face several engineering
and data-intensive problems, especially in the field of image processing. Specifically, deep learning can
exploit multiple levels of abstractions and can capture relations between set of features directly from raw
and noisy image data. Moreover, no feature engineering or interaction with domain experts are required
to build good representative features [10]. Hence, Deep Neural Networks (DNNs) are a good candidate
to face the issue of revealing the presence of threats hidden within images, especially if at the basis of a
broad and heterogeneous set of attacks.

Therefore, this paper deals with an ecosystem for the detection of steganographic threats targeting
digital images in a general and efficient manner. In more detail, we propose a detector based on DNNs
able to reveal the presence of malicious payloads, even when the attacker tries to implement basic evasion
techniques such as obfuscation through compression or the use of alternative encoding schemes. To sum
up, the contribution of this paper is twofold: it introduces a framework using artificial intelligence to
detect different malware leveraging steganography, and it showcases the creation of a realistic dataset for
modeling various threats and attack scheme.

The rest of the paper is structured as follows. Section 2 reviews past works on threats targeting
mobile applications, with emphasis on those exploiting steganography. Section 3 introduces the attack
model as well as background information on malware and its mitigation via artificial intelligence tech-
niques, Section 4 presents the proposed ecosystem and the detection approach, and Section 5 showcases
numerical results obtained via a thorough performance evaluation campaign. Lastly, Section 6 concludes
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the paper and outlines possible future research directions.

2 Related Work

As hinted, the use of steganography to empower a wide array of cyber threats is now a prime issue, thus
leading to a corpus of works dealing with detection and mitigation of attacks hiding data in various digital
assets. In this context, many works addressed the use of mechanisms to conceal information in network
traffic, e.g., to implement abusive communication paths for exfiltrate sensitive bits or to orchestrate nodes
of a botnet [11]. Indeed, multimedia data offer a wide selection of attractive carriers, which can be used
to cloak sophisticated payloads and not only a single command or an IP address to be contacted, as
it happens for simple carriers like HTTP headers. As an example, digital audio can be used to inject
malware in mobile devices [12] as it offers the possibility of hiding code and other resources. Yet, the
majority of threats observed “in the wild” exploits images, owing to their trade off between capacity and
the availability of simple steganographic techniques [1]. Therefore, the creation of tools for revealing
the presence of hidden information within digital pictures has been an important research topic in the
last decade. Partially borrowing results from general approaches for image steganalysis [6], many works
proposed solutions that can be used to counteract the emerging wave of steganographic malware. In
more detail, the recent work in [13] presents various techniques leveraging machine learning to create
predictive models to discover images potentially altered by a malicious software. Another recent work
surveys many steganographic techniques that can be considered at the basis of a new-wave of attacks
[14]. Unfortunately, works [13, 14] do not consider real-threats, but focus on the perspective utilization
of data hiding to develop novel attack mechanisms. Concerning realistic templates, the work [15] deals
with the use of deep neural networks to reveal PowerShell scripts cloaked in digital images. Specifically,
it considers an attacker using the Invoke-PSImage technique. The latter, based on a variant of the Least
Significant Bit (LSB) steganography exploiting only two color channels, has become one of the most
popular approaches observed in real attacks to conceal malicious payloads in images [1]. Regardless a
wide range of steganographic techniques using both spatial and transform domains are available [16],
attackers tend to always exploit simple LSB-based mechanisms. This choice reduces code complexity
and prevents voiding the stealthiness of the attack due to inflated sizes of the infected executable or the
need of additional routines/macros for extracting the hidden data. At the same time, basic techniques
could be detected owing to naive implementations, e.g., contents hidden via Invoke-PSImage can be
spotted by searching for predictable padding patterns [17].

Despite considering real or perspective attack models, a relevant research trend leverages some form
of machine learning or artificial intelligence to re balance the arms race between attackers and defenders
[1, 13]. As an example, [18] presents how different techniques (e.g., linear discriminant analysis, random
forest, and back-propagation networks) can recognize malicious PowerShell scripts, even if not strictly
cloaked with steganographic mechanisms. Besides, many works addressed the problem of revealing
the presence of network covert channels hidden within legitimate traffic flows [19]. In general, only
few works focus on steganographic threats or take into account the detection of attacks in the scenario
considered in this paper. For instance, [20] exploits DNNs but only considers favicons, which have
been used by threat actors like Magento to hide skimmers within e-commerce platforms. Concerning
more general investigations, [21] addresses how to classify malicious JPG files with a large acceptation
of what is considered harmful, i.e., various tampering attempts are taken into account. Instead, [22]
showcases a more general discussion and demonstrates how different methods can be deployed to reveal
the presence of hidden data. Similarly, the work in [23] studies how artificial intelligence can be used
to embed legitimate watermarks. Despite the different usage template, some ideas presented in [23, 22]
could be borrowed, i.e., the design of threat- or application-specific neural architectures. Due to the
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Figure 1: General attack model considered to design the ecosystem for the mitigation of steganographic
threats.

scalability constraints or lack of suitable models, deploying sophisticated machine learning frameworks
could not be possible. Moreover, inspecting all the images exchanged in a large-scale deployment could
be unfeasible due to hardware requirements or the need of satisfying real-time constraints. In this case,
an alternative approach searches for well-known signatures characterizing a specific hiding mechanism
or a payload (e.g., a sequence of bytes) in the file structure of the image via a simple and optimized
tool [24]. Alas, reverse engineering a malware to grasp its internals is often difficult, hence a “meet
in the middle” solution is represented by sanitization, i.e., the image is lightly processed to disrupt the
secret content, if any. To this aim, the literature offers solutions using nonlinear transformations [25] or
autoencoders to alter anomalous pixels without degrading the perceived quality [8]. Another approach is
based on the adoption of artificial intelligence to locate the area of the image modified via steganography
[26] to trigger the execution of an optimized security pipeline.

3 Attack Model and Background

In this section, we first introduce the attack model. We then provide some background information on
the use of machine learning for the processing of digital images and the detection of artifacts.

3.1 General Attack Model Leveraging Image Steganography

The general attack model considered in this work deals with an attacker wanting to cloak a malicious
payload into a digital image to bypass a secure perimeter. As an example, a threat actor wants to drop
a payload on the host of the victim or build a stealthy chain to reduce the effectiveness of forensics
investigations [4]. In general, infiltrating a malicious content or making difficult to locate the source
of the attack can be done by using different techniques. For instance, in the case of platforms based
on Android OS, malware can be repackaged within applications to evade detection algorithms, even
exploiting machine learning [27]. Instead, when considering simpler targets like IoT nodes, malicious
routines can be directly injected or obfuscated in binaries [28].

Once the payload is hidden in the image, the malware has to be distributed to the victim. As today,
different attack vectors exist, but the most popular are [1]: i) the payload is sent as an email attachment,
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Figure 2: Layered architecture of our approach for detecting malware targeting malicious images.

for instance via phishing campaigns; ii) the target is decoyed to retrieve some software, for instance
by clicking a malicious link or tricked with social engineering techniques; iii) a third-party malicious
stage already running on the device of the victim retrieves the payload from a remote server; iv) the
payload is cloaked in an asset delivered via a publicly-accessible platform, such as a store or a web
server. According to the used method, different checks and countermeasures are enforced within security
services implemented through a variety of architectural/functional blueprints. In more detail, for attack
vectors i) and ii) a local antivirus could inspect files searching for known signatures. In the case of iii), a
firewall or an intrusion detection system could block/spot the network conversation between the remote
C&C server and the compromised node. Lastly, for the case iv), security checks enforced in a web server,
a cloud provider, or an application store could spot the presence of malicious assets packed within in-line
objects composing a web page or a .dll bundled with an application.

To have a reference use case, Figure 1 depicts the considered general attack model. Specifically,
we consider an attacker hiding a malicious content in a digital image (i.e., a high-resolution icon) by
exploiting steganography. Even if different techniques exist, in this model we consider the use of LSB
steganography, which is the most used in real attacks [29, 30]. In essence, LSB steganography allows
to alter the least significant bit of the color space of each pixel to cloak an arbitrary information. Yet,
the more the data hidden, the higher the number of pixels showing an incoherent behavior, especially
if compared against those in the surrounding area or with respect to “pictorial” features [29]. When
the malicious payload is cloaked, it can be delivered via methods i)-iv), each one aiming at bypassing a
specific security service.

3.2 Image Processing via Machine Learning

With Image Processing (IP), we refer to the technical analysis of an image through complex algorithms,
which are usually exploited to address a variety of tasks. Improving the human understanding on infor-
mation content of an image as well as extracting, storing and transmitting pictorial information [31] are
typical examples of problems that can be tackled via IP. The recent advances in artificial intelligence and
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(in particular) in machine learning allowed to further boost the capabilities of traditional frameworks and
generate reliable and effective models. Among others, the Deep Learning (DL) paradigm [32] is par-
ticularly suited to reveal the presence of malicious information in digital images. Indeed, an emerging
solution for identifying hidden contents relies on the usage of DNN, which allows for detecting and clas-
sifying compromised images through steganographic tools (see, e.g., [18]). Hence, accurate detection
and classification models can be directly learned from raw low-level data (e.g., pixels, bits, and sensor
data streams) by using approaches exploiting DL methodologies. Indeed, these models can learn in hi-
erarchical fashion: several layers of non-linear processing units are stacked in a single network and each
subsequent layer of the architecture can extract features with a higher level of abstraction compared to
the previous one. Therefore, data abstractions and representations at different levels are automatically
learned leading to effective solutions for analyzing and combining raw data. This is especially true for
the case of processing digital images, for instance, high-resolution icons used in several commercial soft-
ware such as Android OS. Moreover, discovered models can be updated incrementally or retrained only
by considering new data coming from the observation of additional threats or variants of well-known
attacks.

4 The Detection Approach

In this section, we first introduce the software architecture of our ecosystem for revealing the presence
of steganographic threats targeting images. Then, we will discuss the design of the detection framework
based on deep neural networks.

4.1 Architectural Blueprint

As discussed, the proposed detection framework aims at revealing the presence of malicious payloads
embedded in images contained in different software artifacts, which can be retrieved from different
sources. Figure 2 portraits the layered software architecture. As a first step, the detection framework
“intercepts” the content and extract the digital image(s). For instance, this could require to extract assets
from the resource bundle of an application or capture in-line objects composing an HTML hypertext.
As soon as the image is retrieved, the detection logic exploiting the DNN checks for hidden contents.
Malicious images can be discarded or an alarm can be raised. Usually, this type of countermeasure may
be deployed in two different portions of the ecosystem to be protected.

In the first case, the detection framework can be placed at the border of the network closer to devices.
For instance, nodes of a content delivery network infrastructure could be endowed with the needed func-
tionalities to check assets to be distributed to end users. Therefore, detection can happen in edge nodes,
home/smart gateways, or as an ad-hoc service running over local appliances. However, since end-to-
end communications or the delivery of assets are often encrypted, this blueprint requires that the service
provider has a full control over the entire distribution pipeline. If performance is not a tight constraint as
well as to have access to encrypted data (e.g., exchanged via TLS), the detection can happen directly in
end nodes.

In the second case, the framework can be deployed within the service to protect, i.e., in a centralized
manner. For instance, it can be implemented as a software layer inspecting applications submitted by
a developer before they become publicly available, or can be a component periodically checking assets
stored in a datacenter.

Despite the placement, the detection framework should be properly trained and its model periodically
updated. When considering edge-like deployments, such requirements could be too narrow. Thus, data
gathering and training of the neural network can be done in a centralized manner in order to deliver only
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Figure 3: Methodological approach for the detection/classification of a stegomalware cloaked in a digital
image via LSB steganography.

the model to devices with limited capabilities.

4.2 Hidden Content Detection Approach

Figure 3 shows the general approach adopted to address the problem of revealing images targeted via
steganographic or information-hiding-capable techniques. Basically, the input data are images, i.e., ma-
trices with dimension X ×Y . Each image is composed of pixels, the smallest manageable element of
these matrices storing information about the color. The color of each pixel is obtained by combining
three main components i.e., Red (R), Green (G) and Blue (B). As it will be detailed later, in this work we
focus on high-resolution icons as they offer a sort of “unified playground” for various threats. Indeed,
this does not account for a loss of generality, as the approach can be applied and scaled also to address
regular-sized images. Thus, in the following, we consider that the values associated to RGB components
represents the intensity of that color and ranges in the interval [0,255]. Specifically, three bytes are used
to store the intensity value for each primary color. Hereinafter, we denote with N the size of the image
computed as N = X×Y ×3.

As previously hinted, LSB steganography represents a prominent approach to hide malicious code or
data in legitimate pictures by changing the value of the (k) least significant bit(s) of each color composing
the pixel of the image (see, Figure 3 for the case of k = 1). When only a limited number of changes are
performed on the image, it will not exhibit any visible alteration, i.e., pixels will appear as homogeneous
with respect to the surrounding elements [8]. Therefore, many approaches proposed in literature fail in
detecting the presence of hidden content as they produce weak detection models unable to discover the
slight differences between licit and compromised contents.

To overcome the limitations of traditional frameworks, in this work we designed a machine-learning-
based solution that focuses on processing and analyzing the k LSBs of the images under investigation.
Basically, a vectorial representation is yielded by extracting the k least significant bits of each pixel, hence
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Figure 4: Neural architecture for hidden content detection and classification.

this representation is used to feed the learning phase of a Deep Neural Network. The raw information
is automatically combined by the DNN hidden layers that allows for extracting high-level discriminative
features.

The proposed approach allows dealing with both the main issues investigated in this work i.e., the
effective detection of malicious data and its classification. Notably, the predictive performances of the
detection model are generally not affected by the number k of LSBs analyzed as demonstrated in [33]
for monochromatic images.

4.3 Neural Detector Architecture

To mitigate the risks arising from threats leveraging information hiding and steganography, we devised
two (deep) neural models for their detection and classification. Specifically, we adopted the deep archi-
tectures depicted in Figure 4, which allow for yielding accurate predictions for both tasks. Basically, the
two DNNs (i.e., detector and classifier) share the same backbone (i.e., same hidden layers and activation
functions), but differ for the output layer, which is instantiated with a different number of neurons and
activation function on the basis of the specific task to address. Essentially, our solution is composed of
a stack of several sub-nets. The first layer has the role of handler for the input provided to the network
(denoted in Figure 4 as Input Handler) and it propagates the raw data to the subsequent layers of the
DNN for further processing. The size of this level is k×N i.e., the product between the number of least
significant bits to analyze and the size of the image.

Both networks are composed of a variable number m of SubNets obtained by stacking three main

57



Detecting Steganographic Threats Targeting Digital Images via Machine Learning Cassavia et al.

components: (i) on top, a fully-connected dense layer (equipped with a Rectified Linear Unit (ReLU)
activation function [34]) is instantiated, (ii) then, a batch-normalization layer is stacked to the previous
one in order to improve the stability of the learning phase and to boost the performances of the model,
and finally, (iii) to mitigate the risk of overfitting, a dropout layer is added to the subnet [35].

As an example, Figure 4 illustrates the overall model architecture. The first instance of this specific
configuration has been labeled as SubNet1. In more detail, the Batch Normalization implements
the role of standardizing the data to be offered to the subsequent layers of the DNN with respect to the
current batch (by considering the average µ and the variance σ of each input), whereas a reset of a
random number of neurons during the learning stage is performed by applying the dropout mechanism.
As pinpointed in [36], the adoption of a dropout discipline induces in the DNN a behavior similar to an
ensemble model: in a nutshell, the overall output of the whole neural network can be considered as the
combination of different sub-networks resulting from this random masking, which disables some paths
of the neural architecture.

Finally, the number of neurons and the type of activation function of the Output Layer depends
on the specific task to address. Regarding the detection, a single neuron providing the attack probability
score is required. In particular, the Output Layer is equipped with a sigmoid activation function [37],
which maps any given data instance x = 〈x1, . . . ,xk×N〉 to an anomaly score ỹ (i.e., the estimate of the
probability that x is an image containing some hidden information).

By contrast, for the classification task the Output Layer will include C neurons (one for each class)
and will be equipped with a softmax activation function [37]. Basically, we can consider the detection
task as a sub-case of classification where C = 1. The proposed neural model is trained against a set
D = {(x1,y1),(x2,y2), . . . ,(xD,yD)}, where xi is the k-LSB-based representation of the image while y is
the class of the image. For the detection, y takes a binary value specifying the legitimate/compromised
nature of the image. For the classification task, an One-hot Encoding based on C classes is used to
model the different labels each one indicating a specific malicious payloads. As it will be detailed
later, in our work we considered C classes representing “clean” images and images cloaking JavaScript,
HTML, PowerShell, Ethereum wallets, and URL/IP addresses. Finally, the training stage is responsible
for optimizing the network weights by minimizing the loss function. For the detection task, the binary
crossentropy is exploited to compute the network weights, which is defined as follow:

BCE(y, ỹ) =− 1
|D |

|D |

∑
i=1

yi log ỹi +(1−yi) log(1− ỹi).

By contrast, the categorical crossentropy is adopted for the classification task and it is calculated as
follows:

CCE(y, ỹ) =−
|D |

∑
i=1

yi log ỹi.

5 Performance Evaluation

In this section, we first present how the dataset has been prepared to model the attack template introduced
in Section 3.1. Then, we showcase numerical results.

5.1 Design of Attacks and Dataset Preparation

To model a wide range of threats leveraging steganography, we consider an attacker cloaking different
malicious payloads within high-resolution icons. This can be representative of an APT or a Crime-as-a-
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Service toolkit offering cross-platform offensive functionalities or generic hiding capabilities. Moreover,
icons are an ubiquitous digital asset deployed in software running in mobile nodes (e.g., Android and
iOS devices), tablets and set top boxes (e.g., Windows and Android ecosystems), as well as in desktops.
In general, icons are provided in different sizes or dynamically scaled by the guest OS according to
the resolution or the intended usages, for instance to identify file types or to show applications on the
desktop/dashboard. Thus, without loss of generality and to take into account possible future scenarios,
we considered an attacker targeting icons of a size of 512×512 pixels.

Concerning payloads, we want to model threats using steganography or information hiding to conceal
different malicious assets, as it happens in real-world attack campaigns and APTs. To not limit our
investigation and to reflect the increasing trend of endowing malware with some stealthy capabilities, we
utilized the following realistic malicious payloads [1, 4]:

• JavaScript code1: threats that can target victims in a cross-platform manner. For instance, such
scripts can be used to retrieve an additional payload, de-obfuscate weaponized contents stored in
the filesystem, or implement file-less malware;

• Obfuscated JavaScript in HTML2: many scripts are usually obfuscated within an hypertext. On
one hand, this allows to trigger their execution when used in Web-based attack chains. On the
other hand, scripts can be concealed within chunks of text or comments, via a wide array of text-
based obfuscation mechanisms. Hence, this type of contents are expected to proliferate for making
detection and forensics attempts harder;

• PowerShell scripts3: malicious PowerShell code has been observed in many steganographic mal-
ware. For instance, the Invoke-PSImage technique used to hide PowerShell contents in images
has been at the basis of several attack campaigns, such as those against the Pyeongchang Olympic
Games and for the diffusion of Greystars and Bandook [15];

• Ethereum Addresses4: ransomware and cryptojackers in many cases contain data to programmati-
cally reach a remote wallet or to instruct a victim for paying the ransom. To avoid detection or to
update the malware during its lifespan, fixed-length hash values identifying crypto wallets can be
hidden into innocent-looking contents and periodically retrieved from a C&C server.

• URL and IP Addresses5: the majority of threats contacts a remote facility to exfiltrate data as well
as to retrieve additional payloads or configurations (see, e.g., the ZeusVM banking trojan using
steganography to conceal a list of addresses and URLs belonging to financial institutions [4]). In
general, such information is hardcoded in the malware, thus making the creation of signatures for
binary analysis easy [1]. Hence, many recent threats cloak both IP addresses and DNS entries in
digital images to escape detection.

To conceal the payloads within the images, we used the LSB steganography technique, which has
been observed in many real-world threats [4, 30]. To this aim, we employed LSBSteg6. In essence, the
tool hides the source payload (i.e., the malicious content) in the red, green, and blue color channel of
each pixel. To avoid trivially-visible artifacts, we considered payloads that can be hidden by only using
1 bit per channel, i.e., only payloads with a size of 512×512×3 bits.

1Javascript Malware Collection. Online: https://github.com/HynekPetrak/javascript-malware-collection
2Malicious Javascript Dataset. Online: https://github.com/geeksonsecurity/js-malicious-dataset
3PowerShell dataset. Online: https://github.com/denisugarte/PowerDrive
4Ethereum-lists. Online: https://github.com/MyEtherWallet/ethereum-lists
5URLhaus database. Online: https://urlhaus.abuse.ch
6LSBSteg tool. Online: https://github.com/RobinDavid/LSB-Steganography
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Train Test Validation

Clean 4,000 2,000 2,000
JavaScript 2,363 1,188 1,214

JavaScript in HTML 2,284 1,167 1,162
PowerShell 2,468 1,164 1,213

Ethereum addresses 2,473 1,247 1,193
URL/IP addresses 2,412 1,234 1,218

Total 16,000 8,000 8,000

Table 1: Breakdown of the dataset used to model a malware exploiting steganography and test our
detection approach.

To have a realistic condition, we selected images from different open source repositories (and re-
leased under GPL3 licence) to build a dataset composed of 8,000 equally-sized images. To obtain ample
test settings, we combined each image with three different payloads, which have been selected randomly.
The selection process has been modeled with an uniform distribution among the different payloads, i.e.,
JavaScripts, obfuscated JavaScripts in HTML, PowerShell scripts, Ethereum addresses, and IP/URLs.

As a result, we obtained 32,000 images containing the various malicious contents. The dataset has
been further divided into train, test, and validation sets. The overall breakdown is reported in Table 1. As
indicated, each entry represents the amount of images generated for each set, considering the particular
payload type. It is important to note that we considered a scenario in which each clean picture could be
affected by all types of attacks, therefore the resulting dataset exhibits an unbalanced distribution (i.e.,
clean images represent the minority class). Specifically, we are interested in investigating both the ability
of our model in recognizing corrupted images and distinguishing among the different types of attacks.
To make the evaluation fair, our test-set is created by considering only images not included in the training
set and embedding them with all types of malicious information.

To verify the effectiveness of our approach when revealing the presence of hidden payloads within
“unseen” digital images, we prepared two additional test sets. Such sets have been used to model an at-
tacker aware of the countermeasure, thus trying to escape the detection via obfuscation or lateral move-
ments [3]. In more detail, the first additional test set considers payloads encoded in Base64 with the
base64 Linux utility version 1.13.4. The second instead models attacks à-la LokiBit, which exploits zip
compression to further obfuscate the hidden data. In this case, we used the zip Linux utility version 3.0
with the deflation compression method. To generate the two additional datasets (denoted in the follow-
ing as “Base64 Test” and “ZIP Test”, respectively), we considered again the same 8,000 images with the
same proportions for the payloads.

5.2 Preliminaries and Experimental Environment

As illustrated in Section 4, the proposed approach relies on the usage of a DNN architecture for detecting
and classifying compromised images. To validate the approach, a prototype implementation written in
Python based on the Tensorflow library7 has been developed. As regards the DNN architecture instanti-
ated for the experimentation, it includes m = 3 SubNets. Specifically, the hidden fully-connected layers
are composed of 128 neurons and equipped with ReLU activation functions, while the reset probability
for the dropout is 2.5%. RMSprop is adopted as optimizer with a learning rate of 1e− 3. Both models
used for detection and classification tasks are learned over 20 epochs with a batch size of 256.

7https://www.tensorflow.org/
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Table 2: Experimental results in terms of Detection and Prediction capabilities obtained by varying
the type of encoding for the payload (i.e., plain, Base64 Encoding, and compressed). Each metric is
computed by adopting a macro-averaging strategy.

Task Testset Payload Type Accuracy Precision Recall F-Measure AUC

Detection
Plain 0.992 0.999 0.990 0.994 1.000
Base64 Encoding 0.999 0.999 0.999 0.999 1.000
Zip Encoding 1.000 1.000 1.000 1.000 1.000

Classification
Plain 0.820 0.830 0.830 0.829 0.969
Base64 Encoding 0.683 0.702 0.670 0.670 0.886
Zip Encoding 0.487 0.469 0.438 0.324 0.704

To assess the quality of the results obtained by the proposed approach, a number of well-known
performance metrics are used. Let be T P the number of positive correctly classified cases, FP the
number of positive incorrectly classified cases, FN the number of positive incorrectly classified cases
and T N the number of negative correctly classified cases, then we can define the measures as follows:

• Accuracy: is the fraction of correctly classified cases, i.e., T P+T N
T P+FP+FN+T N ;

• F-Measure: summarizes the overall system performances and it is defined as the harmonic mean
of Precision and Recall defined as T P

T P+FP and T P
T P+FN , respectively;

• Area Under the Curve (AUC): the Receiver Operating Characteristic (ROC) curve is obtained by
plotting the False Positive Rate (i.e., the ratio between the number of false alarms signaled and that
of all the licit images) and the True Positive Rate (i.e., the Recall) for different class probability
values. As a result, the AUC is the area under the ROC curve.

Although, both F-Measure and AUC-PR are defined for binary classification problems, they can be
extended for multi-class scenarios by averaging the computed value for each class according to two
possible strategies, respectively named macro and micro [38]. In the first case, the performance measure
is computed for each class and then averaged, while in the second case, the metric is computed as the
cumulative sum of the counts of various true/false positive/negative and subsequently the overall measure
is calculated. Notably, in our experimental setting we consider the former strategy since it is particularly
recommended for evaluating unbalanced scenarios, then each macro-averaged metric is computed as the
arithmetic mean (or unweighted mean) of values obtained for that metric for each class.

Lastly, to perform experiments we used a machine equipped with an Intel Core I9-9980HK CPU
@2.40GHz and 32 GB RAM. The validation set has been exploited to select the model guaranteeing the
best loss value from the training phase.

5.3 Numerical Results

Table 2 showcases the results obtained for both detection and classification tasks and by considering the
different attack scenarios presented in Section 5.1. In the first scenario, the hidden information has been
encoded in a plain ASCII format, whereas in the second and third scenario, the payload has been encoded
in Base64 or compressed in zip format.

As regards the detection, the proposed framework is characterized by excellent results (i.e., ∼ 100%
of accuracy) in every scenario. Instead, for the classification task, the overall performances decay, es-
pecially when the payload is compressed before being cloaked in the image. The same behavior can be
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Figure 5: Precision and Recall values for the classification task and grouped by Payload Type.
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(d) Javascript in HTML Payload
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(e) JavaScript Payload
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(f) PowerShell Payload

Figure 6: ROC Curves for Plain Testset.

observed in Figure 5, where the values for the precision and recall are reported for all the three con-
sidered scenarios/cases. As shown, the encoding/compression operation seems reducing the capability
of the model to distinguish among the different classes, since both the precision and recall exhibit a
decreasing trend.

To investigate such a behavior in more detail, a further analysis has been performed. Specifically,
we quantified the prediction capabilities of the model when dealing with each class for each scenario.
To this aim we plotted the corresponding ROC curves, which have been grouped according to the use
of “normal” hiding techniques, the adoption of an additional encoding, or the use of zip compression
to obfuscate the payload. In more detail, Figure 6 shows the ROC curves when the payload is directly
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(c) Ethereum Addresses Payload
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(d) Javascript in HTML Payload
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(e) JavaScript Payload
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(f) PowerShell Payload

Figure 7: ROC Curves for Base64 Encoded Testset.

embedded in the images, i.e., no elusive mechanisms are deployed by the attacker. As shown, the neural
classifier exhibits good performance for each class, although it could misclassify URL/IP addresses with
Ethereum ones. This behavior can be explained by considering the close similarity of such payloads
(i.e., both are characterized by short string containing alphanumerical characters). As a consequence,
the learning process becomes more difficult. The case of an attacker using the Base64 encoding before
the LSB steganographic injection is the depicted in Figure 7. Specifically, we can observe the slight
degradation of the performances for each class (except the legitimate one). It must be noted that, the
PowerShell class is the one suffering most of the encoding: essentially, PowerShell scripts tend to be
misclassified with the JavaScript counterpart. This behavior can be ascribed to the fact that the prose
of both PowerShell and JavaScript shares the use of statements (e.g., if-then clauses), parenthesis and
specific punctuation.

Finally, Figure 8 deals with the case of an attacker deploying obfuscation via zip compression, i.e.,
the payload has been compressed and then embedded in the image. As it can be seen, a further perfor-
mance degradation can be observed, although the model is able to distinguish between compromised and
legitimate images. In essence, payloads containing an “address” (i.e., IP/URLs and Ethereum pointers)
are misclassified each other, while PowerShell and Javascript in HTML are labeled as Javascript payload.
According to further investigations, this behavior is mainly due to the fact that the compression operation
reduces the differences among the payloads. In fact, the metadata added to the compressed representa-
tion further contribute to make harder the classification task as they are similar for all the classes. In
other words, the data structure imposed by the zip algorithm constitutes the majority of the information
compared to the original form.

Lastly, we point out that our approach can be deployed in a simple manner in many realistic scenarios,
especially owing to its limited resource footprint. In more detail, the average prediction time for a single
image is ∼ 5 ms calculated on the same machine used for the experimental campaign. Hence, the archi-
tecture of Figure 2 could be implemented over commodity hardware to protect small- and medium-sized
networks in a centralized manner (e.g., by deploying a specific appliance). Besides, if timing constraints
are not too tight, our approach can be also deployed in edge nodes protecting SOHO networks or grant-
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(c) Ethereum Addresses Payload
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(e) JavaScript Payload
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Figure 8: ROC Curves for ZIP Encoded Testset.

ing access to various smart devices. Another possible deployment flavor could exploit the DNN to equip
local antivirus with some form of AI to reveal steganographic threats: in this case, resource-intensive
operations (e.g., training) can be done in a centralized manner and updates about the configuration of the
neural network can be delivered locally.

6 Conclusion and Future Work

In this paper we have presented an approach for detecting digital pictures containing malicious payloads
hidden via LSB steganography. To this aim, we used DNNs and and demonstrated the feasibility of
our approach by focusing on malware exploiting icons with a size of 512× 512 pixels. This allowed
to consider threats targeting an heterogeneous population of devices/ecosystems, which share the use of
icons. Results showcased the effectiveness of our approach also when handling payloads obfuscated via
zip or further processed with an alternative encoding, i.e., the attacker deployed some elusive technique.

Future works aim at refining the proposed idea. Specifically, part of our ongoing research is devoted
to understand the impact in terms of scalability of the approach, especially to understand its feasibility
in protecting Internet-scale services or cloud datacenters in an effective manner. In addition, future
research aims at performing detection of a wider array of digital images, also by considering threats
using different steganographic techniques (e.g., DCT steganography) or information hiding approaches
(e.g., manipulation of metadata).
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