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Security Application Programming Interfaces (APIs) play a vital role in ensuring software security. However, misuse of security APIs
may introduce vulnerabilities that can be exploited by hackers. API design complexities, inadequate documentation and insufficient
security training are some of the reasons for misusing security APIs. In order to help developers and organizations, software security
community have devised and evaluated several approaches to detecting misuses of security APIs. We rigorously analyzed and
synthesized the literature on security APIs misuses for building a body of knowledge on the topic. Our review has identified and
discussed the security APIs studied from misuse perspective, the types of reported misuses and the approaches developed to detect
misuses and how the proposed approaches have been evaluated. Our review has also highlighted the open research issues for advancing
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1 INTRODUCTION

There has been dramatic increase in successful cybersecurity attacks that usually result in high profile data breaches.
According to the latest data breach report by IBM and the Ponemon Institute, the average cost of a data breach in
2022 was US$ 4.35 million indicating a 12.7% rise compared to the average cost of $3.86 million documented in the
2020 report [1]. A majority of successful data breaches can be attributed to software vulnerabilities [2], for example
Equifax data breach in USA [3] or Optus data breach in Australia [4]. That is why there is an increased emphasis on
carefully considering and addressing security concerns during the software development life cycle. Developers often
rely on security Application Programming Interfaces (APIs) developed by security experts in order to embed security
functionalities (e.g., authentication, authorization, and data integrity) into their code without the need of comprehending
the underlying concepts and technical details of the functionality [5]. An example of security APIs is cryptography

APIs, which are widely used to ensure the confidentiality of sensitive data and make secure communications [6].
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Whilst the availability of security APIs greatly benefits in ensuring software security, their incorrect use can have
significant negative effects on the security of a software application [7][8][9]. Several studies have shown that misuse
of security APIs is widespread. Based on a study of ten thousand Android applications, Kriiger et al. [6] showed that
approximately 95% of the applications suffered from at least one cryptography API misuse. Similarly, a study of over
two thousand open-source Java projects on GitHub showed that 72% of the projects have at least one cryptography API
misuse [10]. Examples of correctly using a security API of cryptography can be the selection of algorithms that are
deemed secure, generating a key using a secure random number generator with a secure seed and avoiding the use of a
hardcoded constant key for encryption that attackers may be able to access [11].

Misuses of security APIs can be attributed to several reasons such as lack of developers’ security knowledge and skills,
lack of usability consideration in APIs design or lack of sufficient documentation of security APIs [12][13][14]. Given
most of these reasons for misuse of security APIs are related to the users, i.e., software developers, it is understandable
that developers often struggle to properly integrate security APIs into their code without having highly developed
knowledge and skills in software security. Several studies report that generally developers lack appropriate training
and skills in secure software development of which the use of security APIs is an integral part [14][15]. Lack of
sufficient training and skills in security aware software development practices and unavailability of easily accessible
and understandable documentation of security APIs may encourage developers to rely on readily accessible information
sources on open source repositories and forums such as SO [14][16]. However, the answers provided on social media
forum may lead to actions that can introduce vulnerabilities in software [17].

Irrespective of the cause of misuse of security APIs, it is important to effectively and efficiently detect and correct
them for ensuring the security of software applications using security APIs [18]. Given the increasing realization of
the potentially devastating consequences of misuse of security APIs, there has been significant interest in devising
and evaluating effective and efficient approaches to detecting security API misuses. Detecting the increasing research
interests in approaches to detecting security APIs misuses, the relevant literature on this topic is dispersed without
systemic analysis and synthesis. We assert that a systematic survey of the available peer-reviewed literature can
assist researchers and practitioners to better comprehend the reported types of misuses of security APIs, the proposed
approaches to detect misuses and their limitations, and the research gaps in the existing needs and solutions to detecting
and correcting misuses of security APIs. To fill this research gap, we conducted a Systematic Literature Review (SLR)
of the existing studies, focused on detecting misuses of security APIs, with the aim of providing a coherent body of

knowledge on this topic. The main contributions of this research study are:

o A large scale survey of the literature on misuse detection for security APIs using a systematic review method.
o An in-depth discussion on the security APIs studied from misuse perspective.

o A taxonomic analysis of the existing approaches to detecting misuses of security APIs.

o A critical rundown of the strategies, metrics, and benchmarks used for evaluating the proposed approaches.

o A set of open issues that can form the future research agenda for the devising and evaluating approaches to

detecting misuses of security APIs.

The remainder of this paper is structured as follows. Section 2 provides an overview of security APIs and misuses.
Section 3 describes the scientific methodology used to conduct this SLR. Our findings in terms of security APIs and
misuses are presented in Sections 4 and 5, respectively. Section 6 analyzes the techniques used for detecting misuses,
while Section 7 presents the evaluation methods and their results. Section 8 discusses open issues and future research

directions. Section 9 discusses the threats to the validity of our findings. Finally, Section 10 concludes the paper.
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2 PRELIMINARIES

This section presents an overview of security APIs and potential misuses that developers may make while using them.

2.1 Security API

An API is essentially a set of programming instructions that allows software components to interact with each other,
making it easier for developers to build complex software systems [19]. APIs can provide various functionalities such as
data management, payment processing, or messaging, that can be integrated with software systems. Security APIs are a
subset of APIs that provide developers with security functionalities, such as confidentiality, data integrity, authentication,
and authorization [20]. Confidentiality is the process of protecting sensitive information from unauthorized disclosure
[21]. Data encryption, provided by cryptography APIs, is a primary means to ensure the confidentiality of sensitive
data. Similarly, watermarking and steganography APIs can be used for information hiding and confidentiality. Data
integrity mechanisms ensure the accuracy, trustworthiness, and validity of data by protecting it from unauthorized
changes throughout its life cycle. Cryptography and SSL/TLS APIs are among the popular security APIs that provide
security functionalities to ensure data integrity [6].

Authentication is the process of verifying the identity of legitimate users or systems before granting data access [21].
Authentication APIs enable developers to integrate this functionality into their applications, allowing them to verify
the authenticity of data access requests. Authorization is the process of access control, which specifies access rights and
privileges to resources [21]. OAuth APIs [22] are used for both authentication and authorization purposes, enabling

users to grant access to their resources and data to third-party applications without exposing their credentials.

2.2 Misuse of Security APIs

APIs only operate properly when certain constraints on their inputs, outputs, and invocation context are met which is
known as API specification. Violation of API specifications is called misuse. In the case of security, misuse of APIs may
lead to severe security consequences. Therefore, it is essential for developers to strictly adhere to the most up-to-date
specifications for using security APIs correctly. For example, to establish secure communication using SSL/TLS API, a
client must verify a server hostname. Figure 1 illustrates a misuse of the specification of that API It shows how the
misuse of SSL/TLS API by allowing all hostnames results in the leakage of user credentials via a Man-in-the-Middle
attack. Attackers can impersonate a valid server and intercept the communication between a user and applications,

gaining unauthorized access to the user’s personal information.

L , A Misuse =t ﬁ%.
M Developer uses > > </> Personal Iformatlon
|| | d A

Security AP (allowing all <CODE> Al
— hostnames) === v User
Developer SSL/TLS API Vulnerable B2
| Developer writes the application code T Man-in-the-Middle

Fig. 1. A misuse of SSL/TLS API leading to the leakage of user credentials

The complexity of API designs poses a major hurdle when it comes to using security APIs correctly, often making
it difficult for developers to comprehend and implement them effectively [12]. Using security APIs accurately can
be further complicated by inadequate or poor documentation that fails to provide explicit examples of proper usage
or even includes insecure code samples. For instance, some insecure samples were found among the code examples
provided by some OAuth API providers for helping developers with implementing OAuth connections [23]. Poor API

documentation often causes developers to rely on forum posts to learn how to use a particular API, which leads to
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copy-pasting incorrect suggestions that contain misuse instances [17]. On the other hand, poor default configurations
for some APIs further exacerbate the situation. For example, Java Cryptography Architecture (a popular cryptography
API) uses ECB mode by default for the “AES” algorithm which is not secure[6].

Developers usually lack cybersecurity training and may prioritize enhancing other features over security [24]. In
today’s fast-paced software development environment, there is often pressure to release software quickly, leading
developers to take shortcuts and not fully test their code for security vulnerabilities, including security API misuses.
Furthermore, the threat landscape for security APIs is continuously evolving, with new attack techniques and vulnera-
bilities being discovered regularly. As a result, developers may find it challenging to keep up with the latest updates
and best practices for using security APIs. All these challenges contribute to the widespread misuse of security APIs,

emphasizing the necessity to investigate state-of-the-art techniques for detecting misuse in this domain.

3 RESEARCH METHODOLOGY

We conducted an SLR to gain insight into misuse detection approaches for security APIs. SLR is broadly adopted as a
research methodology in Evidence-Based Software Engineering [25] as it provides a reliable, rigorous, and auditable
technique for assessing and interpreting a research topic [26]. We followed the SLR guideline provided by Kitchenham
et al. [26] and formulated four Research Questions (RQs) with corresponding motivations, as detailed in Table 1 to

guide our analysis. The steps of our review protocol are elaborated in Subsections 3.1- 3.4.

Table 1. Research questions addressed in this study

Research Questions Motivation
RQ1: Which security APIs have been studied  To identify security APIs studied by researchers for misuse detection and shed
in the context of misuse detection? light on their concept and functionality. It allows us to understand which security

APIs have been considered more critical in this area or which are disregarded.
RQ2: Which security API misuses have been  To provide insight to practitioners and researchers on security API misuses targeted

studied in the literature? by existing misuse detection literature and the security threats they can cause.
RQ3: What types of techniques have been To investigate state-of-the-art approaches that are used to detect misuses of security
used to detect security API misuses? APIs and give detailed information on their design and implementation.

RQ4: What are strategies used to evaluate the =~ To investigate procedures in the literature for measuring the performance of
performance of misuse detection techniques?  approaches, including employed datasets, benchmarks, and metrics.

3.1 Search Strategy

We followed the guideline provided by Kitchenham et al. [26] to develop our search strategy, ensuring that we obtain
the highest number of relevant studies. The search strategy is comprised of the following steps.

3.1.1 Search Method. We applied an automated database search method [26] to digital search engines and databases
to obtain relevant studies. We used Scopus Digital Library (DL) as the primary source, which is the largest academic
literature database, indexing over 5,000 publishers worldwide, including relevant sources like Elsevier and Springer [27,

28]. To complement Scopus results, we also used the two prominent academic DLs — IEEE Xplore and ACM DL [29].

3.1.2 Search String. We crafted a comprehensive search string following the guidelines presented by Kitchenham et
al. [26]. We initiated our search using four main keywords: “security”, “API”, “misuse”, and “detection”. To broaden
our search, we also considered synonyms for these terms. We reviewed titles, abstracts, and keywords from some
relevant papers to ensure we captured associated synonyms. Synonyms that returned an excess of irrelevant results,
such as “flaw”, were excluded from our search string. We conducted a series of pilot searches to ensure the inclusion of
relevant papers that we were already aware of. Ultimately, we organized the keywords and their pertinent synonyms
into four categories, which are shown in Table 2. We used the union (AND) of the categories to conduct searches in

titles, abstracts, and keywords of papers on Scopus, IEEE Xplorer, and ACM DL.
4
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Table 2. Categories of key terms used for defining search string
Category Synonyms and Relevant Terms
Security secur™ OR crypto”
API api OR librar* OR interface
Misuse misuse OR incorrect OR insecure OR vulnerabilit”
Detection detect” OR “static analysis” OR “dynamic analysis” OR “program analysis” OR “code analysis”

3.2 Inclusion-Exclusion Criteria

We assessed the papers retrieved from databases by applying specific criteria for the inclusion of relevant studies
and the exclusion of out-of-scope papers. The inclusion and exclusion criteria were defined and aligned with our
research objectives and RQs. Moreover, we adopted a venue assessment criterion, similar to methods used in previous
studies [28] [30], to ensure that we only included high-quality papers. We removed papers published in low-quality
venues, including unranked conferences and workshops according to the CORE ranking?, and unranked journal venues
according to the Scimago database?. Both databases employ meticulous and comprehensive evaluation methodologies
considering various factors to assess the quality and impact of venues. By utilizing these databases, we were able to

identify high-quality papers effectively. Table 3 presents the final list of inclusion and exclusion criteria for this SLR.

Table 3. Inclusion and Exclusion Criteria

Inclusion Criteria

I1: Papers that address misuse detection for security APIs, including papers that use either an automated or manual approach or
rely on existing tools to verify the usage of security APIs.

I2: Papers published in peer-reviewed venues that are ranked by CORE or Scimago.

I3: Papers written in English and their full text are accessible.

Exclusion Criteria

E1: Papers that target detecting vulnerabilities in the internal design or implementation of security APIs, not misuses.

E2: Papers that target detecting misuses of generic APIs.

E3: Short papers less than six pages.

E4: Book chapters, dissertations, and non-peer-reviewed publications (e.g., keynotes, editorials, tutorials, and panel discussions).

3.3 Selection of the Primary Studies

Figure 2.a illustrates the different phases involved in the study selection process and the number of studies obtained at
each stage. In November 2022, we executed the search string in our data sources without applying any time limit to the
publication year, resulting in 1,713 studies. Subsequently, we applied the following steps to refine our search: duplication
removal, selection based on title and abstract, and selection based on full text according to our inclusion-exclusion
criteria outlined in Table 3. Furthermore, we used forward and backward snowballing techniques [31] to ensure the
maximum number of relevant papers were included in our review. This involves examining the citations and references
of the selected papers to identify any missing relevant papers. Finally, 69 papers were included in our SLR, and their

details can be found in our online appendix [32]. Each paper in the review is assigned a unique identifier (S#)

3.4 Data Extraction and Synthesis

We developed a Data Extraction Form (DEF) that comprises 14 data items essential for addressing our RQs, which we
elaborated in our online appendix [32]. Data items (D1-D6) include demographic information such as title, author, venue,
publication year, and publisher. To simplify the analysis of the extracted data relevant to our RQs, we categorized the

data items into the following groups: RQ1 (D7-D8: security APIs, language), RQ2 (D9-D10: misuses, consequences), RQ3

Uhttp://portal.core.edu.au/conf-ranks/
Zhttps://www.scimagojr.com/journalrank.php
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(D11-D14: technique, modeling input data type, testing input data type, output type), and RQ4 (D15-D18: evaluation
strategy, evaluation metrics, dataset, misuses reported). A pilot study was conducted on 12 papers to refine the DEF for
capturing the necessary information in the most effective and summarized form.

Data Synthesis: We used descriptive statistics to analyze demographic information data items, while thematic
analysis was used to analyze RQ-relevant data items. To conduct the thematic analysis, we followed the steps outlined
in the guideline of study [33]. Firstly, we familiarized ourselves with the data by reading and examining the extracted
data. Next, we generated initial codes to capture security APIs, misuses, detection techniques, and evaluation methods.
Then, we searched for themes and generated potential themes for each data item by merging the corresponding initial
codes based on their similarities. We reviewed the themes and mapped them iteratively to ensure all codes and themes
were accurately allocated. Finally, we reviewed the synthesized results for each RQ and resolved any disagreements

through regular meetings to finalize the answers to RQs.

3.5 Studies Distribution

Figure 2.b illustrates the distribution of 69 primary studies over the years. It is noteworthy that no relevant studies were
found prior to 2012, and since then, there has been an upward trend in publications toward 2022. The rising number of
papers highlights a growing interest from the research community in the field of misuse detection for security APIs.
This upward trend indicates the expanding threat landscape of misuses and emphasizes the crucial demand for effective

approaches to detect and mitigate them.

4 RQ1: SECURITY APIS

This section presents our findings regarding RQ1, which focuses on the security APIs researchers have studied for the
purpose of misuse detection. Our analysis revealed that the state-of-the-art studies are focused on investigating and
analyzing the usage patterns of six security APIs, as listed in Table 4. Among these, the cryptographic primitives API
has been the most extensively studied API, with 43 studies evaluating its usage. Researchers have also shown interest
in investigating the SSL/TLS API, with 26 studies explicitly focusing on this API. For implementing authentication
and authorization functionality, 9 studies evaluated the usage of OAuth APIs, while one study focused on the Spring
framework, and another study is dedicated to the Fingerprint APL. Additionally, one study has investigated how
SafetyNet Attestation API has been used in Android applications to implement app/device integrity.

Further investigation into the programming languages of these APIs, it was discovered that the majority of the
research focused on security APIs in Java. This is possibly due to the complexity of the design of Java APIs [S20, S60],
highlighting the demand for the development of effective approaches to detect misuses in Java APIs. Moreover, the
popularity of Java and its extensive usage in Android app development have further emphasized the need to mitigate the

misuse of Java security APIs. This issue is particularly salient given the widespread use of mobile devices for accessing
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Table 4. Security APIs and their mappings with primary studies (number of primary studies indicated in parentheses)

APIs Functionality Language Instances Study Refs
Java Java Cryptography Architecture (JCA), Java S1, S2, S3, S4, S5, S7, S10, S11, S12, S15, S16, S17,
Cryptography Extension (JCE), BouncyCas-  S18, S20, S23, S27, S29, S31, S32, S34, S35, S36,
tle, Jasypt, Keyczar, GNU Crypto, SunJCE, 5S40, S41, S42, S43, S44, S45, S46, S55, S58, S61,
BouncyCastle, SpoungyCastle, LP11 S63, S64, S65, S66
Cryptographic  Confidentiality Python  PyCrypto, PyNaCl, M2Crypto, cryptogra-  S20, S59, S60
Primitives Data Integrity phy.io, Keyczar, ucryptolib
(43) Authentication C/C++ CommonCrypto, Libsodium, Nettle, Tom-  S6, S13, S28
Crypt, LibTomCrypt, Libgcrypt, WolfCrypt
JavaScript WebCrypto APIs S56
Go Go cryptographic APIs S62
o Java Java Secured-Socket Extension (JSSE) S1, S2, S3, S8, S14, S19, S24, S26, S27, S31, S33,
SSL/TLS Confidentiality $34, 539, $43, S44, $45, S46, $57, $58, S66, S67, S68
Data Integrity
(26) Authentication C/C++ OpenSSL, GnuTLS, Liberypto, Liberypt, — S9, S21, S22, S25, S26, S68
Cryptlib, WolfSSL
OAuth Authentication - OAuth APIs provided by service providers  S30, S47, S48, S49, S50, S51, S52, S53, S54
) Authorization such as Google or Facebook
Fingerprint Authentication Java Google Fingerprint API S37
(1) Authorization
Spring Authentication Java Spring framework S38
(1) Authorization
SafetyNet Device/App Java Google SafetyNet Attestation S69
Attestation (1) Integrity

and storing sensitive information, coupled with Android being the dominant mobile operating system. Aside from Java,

there were several studies focused on exploring the use of security APIs in other programming languages. Specifically,

there were 8 studies dedicated to C/C++, 3 studies on Python, and one study each on JavaScript and Go (Table 4).
The following subsections provide an overview of each security API, focusing on its key components and the

functionalities offered by each API.

4.1 Cryptographic primitives APIs

Cryptography is an essential component of secure software development as it plays a crucial role in maintaining
confidentiality, data integrity, and authenticity. Developers often utilize APIs that implement cryptography primitives
(referred to as crypto APIs, hereafter) to integrate these features into their software. Cryptography primitives are
fundamental building blocks of cryptography. They consist of low-level functions including (i) symmetric encryption,
(ii) asymmetric encryption, (iii) hash and message authentication code, (iv) key derivation, (v) key storage, and
(vi) pseudorandom number generator.

Symmetric Encryption: Encryption algorithms, called ciphers, protect data confidentiality by converting plaintext
into ciphertext that can only be decrypted by authorized entities. Symmetric encryption, known as private key cryptog-
raphy, uses the same key for both encryption and decryption. Block ciphers are the most prevalent type of symmetric
encryption that divide plaintext into fixed-size blocks and encrypt them into ciphertext blocks of the same size.

Asymmetric Encryption: Asymmetric encryption, also known as public-key cryptography, uses two distinct keys, a
public key and a private key. The public key is used to encrypt the data, while the private key is used to decrypt it. In
addition, asymmetric encryption can be used to implement digital signatures for ensuring authenticity in communications.

To this end, the sender signs data with a private key, and the receiver verifies the signature with the sender’s public key.
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Hash and Message Authentication Code: Hash functions maintain data integrity by converting input data of
arbitrary length into unique and fixed-length hash values. As slight changes in the input result in completely different
hashes, hash functions are effective for detecting any modification to the original data. Message Authentication Codes
(MACs), while similar to hash functions, also incorporate a secret key. This key allows the sender to authenticate their
identity as the the message’s origin, thereby ensuring both authenticity and integrity.

Key Derivation: A Key Derivation Function (KDF) generates a cryptographic key from a password or passphrase that
fulfills standards such as minimum length, entropy, and brute-force resistance. It is commonly employed in combination
with Password-Based Encryption (PBE). The process of key derivation through a KDF typically involves applying a hash
function, using a random value, called salt, for an adequate number of iterations to prevent brute-force attacks.

Key Storage: Preserving the confidentiality and integrity of encrypted data in cryptography heavily relies on proper
key storage practices. Key storage algorithms are designed to assist developers in securely storing sensitive credentials,
such as key material. These algorithms require a strong password or passphrase as input to provide adequate security.

PseudoRandom Number Generator: Randomness plays a crucial role in all aspects of cryptography. Cryptography
APIs offer PseudoRandom Number Generator (PRNG) functions to ensure the generated number holds the requisite
level of randomness for cryptographic applications. PRNGs rely on a seed for generating random numbers that must
also be random to prevent any potential predictability in the generated numbers.

Our survey covered 43 studies examining the usage of crypto APIs. Among these, 36 studies explored the usage of
Java Cryptography Architecture (JCA), while Python PyCrypto API, C/C++ CommonCrypto API, JavaScript, and Go

were each subject to 3, 3, 1, and 1 study respectively.

4.2 SSL/TLS APIs

Secure Sockets Layer (SSL) and Transport Layer Security (TLS) protocols are used to establish a secure channel for
communication between a client and a server, protecting them from potential attacks like a Man-in-the-Middle (MitM).
These protocols rely on cryptographic primitives to ensure authentication, confidentiality, and integrity of network
messages. To establish and validate SSL connections, developers can utilize SSL/TLS APIs such as OpenSSL [34], which
encapsulate the details and functionalities of these protocols. A critical aspect of SSL connection establishment is
authenticating the server. During the SSL handshake, the server presents its public key certificate to the client as a means
of authentication. It is essential that the client carefully verifies the authenticity of the server’s certificate to ensure the
security of the SSL connection. The validation process involves certificate validation and hostname verification.

In certificate validation, a client must carefully verify that the certificate has been issued and signed by a trusted
Certificate Authority (CA) and has not expired or been revoked. Additionally, the client must validate the certificate
chain presented by the server. This involves verifying each certificate in the chain and ensuring that each one is issued
by the CA immediately above it, with a trusted root CA at the top of the chain.

In hostname verification, a client must verify that the hostname included in the certificate matches the hostname
that the client is attempting to connect. This verification process prevents MitM attacks, where an attacker intercepts
the communication between a client and server, and impersonates the server by sending false information to the client.

In our survey, 26 studies focused on the usage of SSL/TLS APIs, with 22 studies for Java APIs, e.g., Java Secured-Socket
Extension (JSSE), and 6 studies for C/C++ APIs, e.g., OpenSSL.
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4.3 OAuth APIs

Open Authorization (OAuth) [22] is a popular authorization protocol enabling end-users to grant third-party websites or
applications access to their private resources stored on a remote server without sharing their credentials. This process
involves three major roles: the user or resource owner who owns protected resources, the Service Provider (SP) that
hosts the resources, and Relying Party (RP), known as client application that uses the SP to obtain access to the user’s
resources. Access tokens are issued by SPs to RPs with the owner’s approval for accessing protected resources.
OAuth APIs provided by SPs such as Google, Twitter, or Facebook are used by developers to authenticate users
or obtain access to users’ resources through their major accounts in SPs. Although OAuth was first introduced as
an authorization framework, it has been widely adopted to implement Single-Sign-On authentication, making it
difficult for developers to use it properly. To address this challenge, OpenID Connect [35] was introduced as an
authentication framework based on OAuth. The OAuth specification [22] defines four different protocol flows or grant
types: (i) authorization code, (ii) implicit, (iii) resource owner password credentials, and (iv) client credentials.
Figure 3.a depicts the process of authorization code grant which is the the most commonly used grant type. As shown
in Figure 3.a, the process begins with a user sending a request to a RP to access a remote resource (step 1). The RP
then redirects the user to the SP with an APP ID and an optional state parameter to bind this request (step 2). Next, the
user authenticates with the SP and grants the RP’s requested permissions (step 3). The SP issues an authorization code
and an optional state parameter to the user (step 4). The user is then redirected back to the RP’s redirection endpoint,
where the request is rejected if the received state parameter mismatches the initial one (step 5). Next, the RP sends the
authorization code and it’s secret (established during registration with the SP) to the SP to request an access token (step
6). The SP verifies the RP app by validating the App ID and app secret and then responds with an access token (steps 7).
With the access token the RP requests user data from the SP, which is then shared with the RP accordingly (steps 8-9).

RP 1. User request User SP

< Android Device
2, Redirection: App ID,Redirect URL(State . | 1
3. User permission grant o < -
> Client App 6 lent
5 Redirection Endpoint: Auth Code, (State) 4. Auth Code, (State) Server
6. Access Token request: Auth CZde, Redirect URI, App Secret > 5 T lz
P 7. Access Token K 4
< 8. U - A Tok Google Play Services 1
. User resource request: Access Token > (GMS-process) 3 Google
P 9. User resource Server
a) OAuth authorization code grant b) SafetyNet Attestation

Fig. 3. (a) OAuth authorization code grant flow between user, relying party (RP) and service provider (SP) and (b) attestation process
performed using Google SafetyNet Attestation APl [S69]

In the implicit grant (which is simpler than the authorization code grant), in step 4, the SP directly responds with an
access token instead of an authorization code, without authenticating the RP. Resource owner password credentials and
client credentials grants are rarely used.

Our review included 8 studies that evaluated the usage of OAuth APIs in Android and web applications. Additionally,
one study [S54] focused on both OAuth and OpenID Connect APIs for implementing authentication in Android apps.

4.4 Fingerprint APls

Our review identified one study [S37] that investigated the usage of Fingerprint API in Android apps. With the
increasing use of smartphones for security-sensitive tasks such as mobile payments and banking, ensuring a highly
secure authentication process is crucial. Two-factor authentication (2FA) was developed to enhance security and usability
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by incorporating an additional factor during authentication. While smartphones can serve as a second factor in 2FA, they
also pose significant security threats if stolen or compromised. Modern smartphones equipped with Trusted Execution
Environments (TEE) can securely generate and store cryptographic keys. Combining TEE with fingerprint readers for
2FA provides strong security comparable to external hardware devices such as YubiKeys [36].

Both Google [37] and OWASP [38] guidelines recommend using a fingerprint reader in conjunction with cryptographic
operations for secure authentication. This involves using the fingerprint to unlock a cryptographic key protected by
the TEE, rather than just recognizing the user. To interact with the fingerprint sensor and verify whether a legitimate
user has touched it, four essential steps are required to follow [S37]. That begins with generating a cryptographic key
where developers specify key properties via parameters such as setting the user authentication required parameter to
True ensuring key usability only after a legitimate user has touched the fingerprint reader. Next, the key is unlocked
through user authentication. If a legitimate user touches the sensor, the cryptographic key is unlocked, triggering a
series of callback functions. Developers can override the fingerprint callbacks to handle different scenarios based on
user legitimacy. Once authenticated, the unlocked key can be used by an app to encrypt, decrypt, or sign data. Google
recommends using a previously generated private key to sign a server-provided authentication token to authenticate,

and then to send this token to the app’s remote backend [37].

4.5 Spring Security APIs

Spring Security [39] is a powerful and highly customizable framework for securing Java-based applications. It provides a
wide range of security services, such as authentication, authorization, and access control. While Spring Security provides
its own set of authentication features, it also supports integration with various authentication mechanisms such as
Lightweight Directory Access Protocol (LDAP), OAuth, and Java Database Connectivity (JDBC). The framework enables
developers to implement role-based and permission-based authorization, allowing for granular access control policies
for different parts of their applications. It allows the implementation of an access-control specification model by typically
defining various filters for finding access to a given resource. In addition, Spring Security offers features for securing
communication between different application components using HTTPS, SSL/TLS, and other encryption mechanisms.

In our review, one study [S38] examined Spring Security’s use for implementing an access-control specification model.

4.6 SafetyNet Attestation APIs

Attackers can alter an application’s behavior either by directly modifying the app or by obtaining root access to the host
system and injecting malicious code. Hence, developers need to ensure their app’s code integrity and the client device’s
status. Google offers the SafetyNet Attestation API [40] to check the integrity of a device or application and detect
compromised devices and tampered applications. Figure 3.b illustrates the attestation process using this API. The attest
function, requiring a nonce and an API Key, triggers the attestation APIL The nonce is generated by the application’s
backend server and sent to the device upon attestation request (step 1). The API Key is created using Google’s APT
Console, a platform for developers to manage their Google APIs. When attestation is requested (step 2), Google Mobile
Services (GMS) conducts several checks on the device, forwarding the results to Google’s server (step 3). Google’s server
responds with signed attestation data (step 4), which GMS delivers to the client (step 5). The client app extracts a JSON
Web Signature (JWS) from the data, sending it to the backend server for validation (step 6), followed by the client server
verifying the JWS (step 7). In our review, one study [S69] analyzed the usage of attestation API in Android applications.
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| Misuses of Crypto API (44) ‘ Misuses of OAuth API (9) Misuses of Attestation API (1)
1) Insecure key management (31) 1) Local storage of relying party secrets (3) 1) Local checks
2) Insecure storage of credentials (14) 2) Local storage of access tokens (1) 2) Using Google test server
3) Insecure pseudorandom number generators | | 3) Inadequate transmission protection (5) 3) Local nonce generation
(PRNGS) (27) 4) Lack or misuse of the state parameter (5)

4) Wrong verification at server

4) Insecure configurations for encryption (31) | | 5) Client-side API call (1) 5) Sending partial JWS to server

5) Insecure configurations for password-based 6) Insecure redirection options (4)

encryption (PBE) (27) 7) Using authorization flows for authentication (1) g)) II\\TISlt] };?_r‘lsl!gxllggig;ri ey
6) Insecure cryptography algorithms (22) 8) Lack of authentication (1) o 8) Using deprecated AP
X 9) Lack of PKCE parameters for authorization code grant (1) 9) Calling SafetyNet only at first launch
Misuses of SSL/TLS API (34) 10) Insecure grant types (1)
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2) Improper certificate validation (28) ( Misuses of Spring API (1) w Misuses of Fingerprint API (1)
3) Improper SSL socket (6) 1) Lack or misuse of authentication 1) Lack of key generation
4) Insecure SSL/TLS standard (10) 2) Lack of authorization 2) Lack of authentication
5) Ignoring validation error (5) 3) Incorrect authorization 3) Lack or misuse of cryptography
6) Occasional use of HTTP (7) 4) Method call with higher access rights 4) Using unlocked key

Fig. 4. List of misuses for each type of security APls with number of studies given within parentheses

5 RQ2: MISUSES OF SECURITY APIS

This section addresses RQ2 by providing insights into various types of security APIs misuses. Through thorough
analysis and semantic categorization, we have identified 39 distinct misuse types, as given in Figure 4. In the subsequent

subsections, we outline these misuses focusing on each security API separately.

5.1 Misuses of cryptographic primitive APIs

The analysis of our review provided six common types of misuses made by developers while using cryptography
APIs that are related to insecure management and configuration of keys, credentials, and cryptographic algorithms.

Following we provide a concise description of each of the misuses.

1) Insecure key management: Inadequate key management practices pose significant security risks in cryptography.
For instance, deterministic key generation and poorly derived keys lacking randomness are considered insecure. The
use of hard-coded, static (constant), or predictable keys and expired or previously used keys are among the misuses
identified by prior research [e.g., S1, S2, S4, S5]. Furthermore, keys of inadequate length also increase the possibility of
a brute-force attack; for example, RSA keys and ECC keys should be at least 2048 and 224 bits long, respectively [41].
Another risky practice is retaining keys in memory for an extended period after their use to establish a secure channel,
as it creates opportunities for code injection or side-channel attacks, enabling potential key recovery [S13]. In addition,
developers must ensure that keys are distributed securely. Using a key agreement protocol that allows a single peer to
generate the shared secret without involving the other peers compromises the security of negotiated key [S13]. Likewise,
key exchange without authentication from a trusted entity leads to vulnerabilities to MitM attacks, where malicious
servers can impersonate trusted servers and gain access to sensitive information [S15]. Additionally, developers should
conduct integrity checks after symmetric key exchange to ensure the integrity of the exchanged keys [S29].

2) Insecure storage of credentials: Developers sometimes use strings to store credentials (passwords, secret keys, etc.).
Programming languages, such as Java, do not clear string values from memory unless the garbage collector runs,
which leaves them vulnerable to credential dumping [42]. Similarly, storing sensitive data in files or shared storage
poses a significant security risk of data exposure. It is recommended to use the key storage method offered by crypto
APIs for storing sensitive data such as secret keys and certificates, which requires a password to access the stored
data [43]. However, developers often make sensitive data vulnerable to exposure by using hard-coded, static (constant),

or predictable passwords for key storage as highlighted by several studies [e.g., S1, S2, S10].
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3) Insecure PseudoRandom Number Generators: Insecure PseudoRandom Number Generators (PRNGs) are a major
source of cryptography vulnerabilities [44]. It is essential to exclusively use the secure PRNG offered by crypto APIs
and provide a truly randomly generated seed for initialization. However, developers often make two common mistakes:
1) using simple PRNGs that have been proven to be insecure as they can generate deterministic and predictable random
numbers [45], and 2) using static (constant), low-entropy, predictable or previously-used seeds. These practices severely
undermine the security of cryptographic materials, like keys, that should be generated randomly.

4) Insecure configurations for encryption: One common misuse is using unsafe modes of operation for encryption, such
as Electronic Codebook (ECB). ECB mode encrypts data blocks independently, transforming identical message blocks
into identical ciphertext blocks, thus revealing data patterns and compromising confidentiality. To ensure security, it is
recommended to use more secure modes, such as Cipher Block Chaining (CBC) or Galois/Counter Mode (GCM). Some
other instances of unsafe encryption modes include using DESede with ECB, DES with CBC3 SHA, AES with CBC
and PKCS5Padding, CBC without HMAC, and 3DES with EDE CBC SHA. Additionally, Initialization Vectors (IVs) are
used in several encryption modes to add entropy to ciphertexts. To ensure the security of cryptographic schemes, IVs
must be randomly and properly generated. However, some developers introduce vulnerabilities by using empty, zeroed,
hard-coded, static, badly-derived (e.g., deriving from keys or messages), short-length, previously-used, or any kind of
predictable IVs. Another parameter that requires secure configuration is the padding scheme, which specifies how to fill
the last block of data in encryption if its size is less than the block size. Missing padding or using insecure padding (e.g.,
PKCS 1-v1.5 for RSA) make it easier for an attacker to launch a padding oracle attack and recover the plaintext.

5) Insecure configurations for Password-Based Encryption (PBE): PBE is a commonly used method for generating a
strong secret key based on user-supplied passwords. However, the security of PBE heavily relies on selecting appropriate
parameters for key derivation, including salt, password, and iteration count. Improperly setting these parameters can
significantly compromise the security of the derived key. One major misconfiguration of PBE is using an empty, static
(constant), short-length (size < 64 bits [46]), or predictable salt, which introduces vulnerabilities to brute-force and
dictionary attacks. Additionally, using hard-coded, static, weak, NIST-blacklisted, expired, previously-used or predictable
password is among the other misuses identified in PBE. Moreover, developers may prefer to choose small iteration
counts (less than 1000 [46]) to achieve better performance, making easier for attackers to perform brute-force attacks.
6) Insecure cryptography algorithms: Security is a constantly evolving area, and what was once considered a secure
algorithm or technique may no longer be considered safe due to new vulnerabilities and attacks that are discovered
over time. This makes it challenging for developers to keep up with the latest updates and current best practices in
cryptography. Using unsafe symmetric encryption algorithms such as 64-bit block ciphers (e.g., DES, IDEA, Blowfish,
RC4, RC2), weak password-based encryption algorithms (e.g., PBKDF1), insecure asymmetric ciphers (e.g., RSA, ECC),
insecure cryptographic MACs and broken hash functions (e.g., SHA1, MD5, MD4, MD2) as well as insecure combinations
of encryption and hashes or MACs (e.g., PBKDF with < SHA224) are common types of misuses identified by our review.

5.2 Misuses of SSL/TLS APIs

SSL/TLS APIs are intended to establish secure communication channels against various types of attacks, especially MitM
attacks. However, misusing SSL/TLS APIs can compromise the security of the communication and leave it vulnerable to
MitM attacks. Our review identified six common types of misuses made by developers while using SSL/TLS APIs:

1) Improper hostname verification: Hostname verification is a crucial security measure that ensures the hostname
in the SSL certificate matches the server hostname to which the client is trying to connect. However, various studies
[e.g., S1, S2, S8, S9] have revealed that some developers trust all hostnames or do not verify the hostname correctly.
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Improper hostname verification enables an attacker to intercept the communication between the client and the server
by presenting a valid SSL certificate for a poisoned hostname.

2) Improper certificate validation: Certificates serve as a means of authentication and establishing trust between the
client and server, so improper certificate validation can leave the SSL channel vulnerable to MitM attack. However, many
developers make mistakes in implementing proper certificate validation as identified by several studies [e.g., S14, S15,
S19]. One of the most common mistakes is blindly trusting all certificates, allowing attackers to present fake certificates
and gain unauthorized access to sensitive information. Additionally, some developers only check that each certificate in
the chain has not expired without performing any other validation. Other ways of compromising certificate validation
include incomplete validation, neglecting to check for expiration or revocation, trusting self-signed certificates, trusting
too many CAs, trusting certificates with unclear names, inadequate CA verification, or insecure certificate pinning.
3) Improper SSL socket: The SSL socket is designed to establish a connection between a specific host and a specific
port. Nonetheless, verifying and authenticating the server’s hostname is essential before establishing the connection. A
flawed implementation of the SSL socket may ignore hostname verification when creating the socket [S1, S26].

4) Insecure SSL/TLS standard: TLS, the successor of SSL, is generally considered to be more secure. However, older
versions of TLS, including TLS 1.0 and TLS 1.1, have been found to be susceptible to various types of attacks, such
as POODLE, BEAST, and CRIME, and therefore are no longer deemed secure. These outdated versions have been
deprecated [47-49], and TLS 1.2 is being recommended as the minimum protocol version for secure communication.
Nevertheless, some developers still use outdated versions of TLS and compromise the security of transmitted data.

5) Ignoring validation error: Some developers choose to prioritize functionality over security by ignoring errors that
occur during certificate validation and instead call a method to proceed with normal operations [S24, S34, S43, etc.].
6) Occasional use of HTTP: Incorporating both secure and insecure connections within the same application is an
unsafe practice that is occasionally adopted by some developers. This pratice exposes the application to potential attacks

like SSL stripping [50, 51], wherein a malicious actor can launch a MitM attack on an SSL connection.

5.3 Misuses of OAuth APIs

Generally, OAuth APIs are too complex for developers to fully understand and use correctly. The initial design of OAuth
for authorization adds further challenges for developers for its adoption in authentication. Our review identified ten

misuses in nine studies regarding the use of OAuth API for authentication and authorization.

1) Local storage of RP secrets: Although RP secrets are intended to be used by SPs to authenticate the RP, many
developers store these secrets on the client-side application, posing a significant security threat to the user’s privacy
[S30, S48]. As a result, an attacker could retrieve the secret through reverse engineering, and use it to impersonate a
benign application and request an access token from the SPs.

2) Local storage of access tokens: The storage of access tokens is a critical security concern as they provide RPs access
to a user’s protected resources hosted by SP. Simply storing them on client devices can easily compromise user accounts.
Attackers may steal locally-stored tokens, consequently gaining unauthorized access to user accounts and sensitive
information stored in SPs.

3) Inadequate transmission protection: OAuth security heavily depends on the secure transmission of messages during
the OAuth process. Transmitting messages in plaintext lets attackers eavesdrop and steal access tokens or other
OAuth credentials. It is crucial to use SSL/TLS encryption when transmitting confidential information during OAuth

transactions to prevent this exploit.
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4) Lack or misuse of the state parameter: The state parameter safeguards user sessions against a Cross-Site Request
Forgery (CSRF) attacks by verifying request authenticity. In CSRF an attacker uses a user’s previous session data to
make a malicious request on their behalf [S52]. OAuth guidelines recommend generating and validating a randomized
state parameter, bound to the user’s session to prevent such attacks [22]. However, developers may misunderstand its
purpose leading to mistakes such as using a predictable or constant value, enabling multiple replays, neglecting state
parameter verification, accepting requests without a state parameter, or assuming that all state parameters generated
by their app are valid without proper session binding checking [S51].

5) Client-side API call: A significant security concern in OAuth authentication flows arises from the reliance on client-
side API calls, which attackers could easily manipulate [S30]. Some developers mistakenly assume that access tokens
granted by SPs are only valid for their application. However, an attacker can use an access token granted for a malicious
application to log in as a user for a different, benign application and gain access to sensitive information.

6) Insecure redirection options: To ensure the security of OAuth transactions, it is crucial to use secure methodologies
for handling redirection [22]. Insecure redirection methods can allow attackers to redirect users to arbitrary domains or
URLs, potentially leading to further attacks or data theft. For instance, in a mobile context, using WebView is considered
insecure as it undermines the isolation between a SP and a RP [S30]. A malicious RP can use the WebView of their
mobile applications to host a SP, allowing them to access the user’s cookies and log in on the user’s behalf.

7) Using authorization flows for authentication: OAuth was primarily designed for authorization, and its use for
authentication was not explicitly defined in the initial specifications [S30]. Consequently, many developers erroneously
adopted authorization flows for authentication purposes [S48]. Particularly, an access token in authorization flows
is used as a means of authentication, but the access token only validates the authorization granted to a third-party
application and can not provide an accurate representation of the user’s identity.

8) Lack of authentication: In the OAuth transactions, a SP is responsible for authenticating a RP, and reciprocally, a
RP is also responsible for authenticating a SP. This verification process can be performed using the same methods by
which a SP authenticates a RP application. However, a study conducted by AuthDroid [S47] on a collection of Android
apps revealed that none of the RP apps in their investigation verified the SP’s identity.

9) Lack of PKCE parameters for authorization code grant: The authorization code grant is generally considered to be the
most secure OAuth grant type. However, it is still susceptible to code interception attacks, where an attacker intercepts
the authorization code sent by the SP and uses it to obtain an access token [52]. To mitigate this vulnerability, the Proof
Key for Code Exchange (PKCE) protocol was introduced in the OAuth 2.0 specification [53]. PKCE verifies that the
requesting application is the same one that originally requested the authorization code by using a cryptographically
linked code verifier and code challenge exchanged between the application and the SP. PKCE is recommended as a
mandatory security measure for public clients to enhance the security of the authorization code grant.

10) Insecure grant types: The security of an OAuth transaction highly depends on the choice of grant type. It is essential
to avoid using insecure grant types such as implicit for authentication. Implicit grants raise a major security concern
because the access token is not bound to the intended RP which enables an attacker to use a user’s access token, issued
to the malicious application, to log in as the user on a benign application [S48]. Best current practices recommend using

the authorization code flow, which can be protected by PKCE, as a more secure alternative to other grant types [S54].

5.4 Misuses of Fingerprint APls

Several security issues are identified based on the analysis of the usage of Fingerprint API in Android applications,
with “weak usage” being the least secure [S37]. Authentication in a weak usage scenario relies solely on TEE to validate
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the authenticity of a user interaction, without employing encryption. The absence of a trusted User Interface (UI) in
Android allows attackers to impersonate the operating system, bypassing authentication and authorization for server
transactions. Thus, root attackers can easily bypass Fingerprint API, and non-root attackers can exploit confused deputy

problems * through UI attacks. We categorized the following weak use cases as Fingerprint API misuses.

1) Lack of key generation: Some developers neglect using methods for generating keys to be used for securing
fingerprint-based authentication causing insecure app development.

2) Lack of authentication: This occurs when developers designate authentication methods as null.

3) Lack or misuse of cryptography: This occurs when developers do not utilize any cryptography operation after the
user touches the sensor or perform an insecure cryptography operation using constant encryption keys.

4) Using unlocked key: The key being used is not locked, and therefore, any attacker with root access can use it without

requiring the user to touch the fingerprint sensor.

5.5 Misuses of Spring Security APIs

In our review, one study [S38] targeted the detection of access-control vulnerabilities arising from incorrect usage of
Spring Security. This study identified four common mistakes made by developers while implementing an access-control

specification model using Spring Security.

1) Lack or misuse of authentication: A common security issue is when a developer fails to implement authentication
for accessing a resource, allowing unauthorized access to a resource that actually requires authentication. This can
happen if the developer forgets to include an authentication filter or improperly configures a filter that grants all users
unrestricted access to the resource. Consequently, any user without authentication can access the resource, resulting in
a vulnerability known as missing authentication (CWE-306) [54].

2) Lack of authorization: A developer may fail to include appropriate authorization filters for a particular resource,
which needs valid authorization according to the access-control specification model. Using authentication as the
authorization filter also results in the same misuse since it only verifies the user’s identity. The misuse causes the
security vulnerability of missing authorization (CWE-862) [55], leading to either all users or authenticated users gaining
access to the resource based on the type of applied filter.

3) Incorrect authorization: A developer applying an incorrect authorization formula while using an authorization filter
for a specific resource causes unauthorized users to access resources. This misuse leads to the vulnerability of incorrect
authorization CWE-863 [56].

4) Method call with higher access rights: This misuse is another instance of the incorrect authorization vulnerability
(CWE-863). It occurs when a developer correctly configures a resource but calls a method that demands higher access

rights in a deeper application layer, which should not be accessible to the user.

5.6 Misuses of SafetyNet Attestation APls

In our review, one study [S69] conducted an analysis of how the SafetyNet Attestation API is used in Android applications.
It identified various ways in which the API can be misused, including:

1) Local checks: The SafetyNet Attestation returns a JWS object representing the device and application state. It is
crucial to send the JWS object to the backend server for verification. Performing local checks enables an attacker to
bypass the verification by modifying the application.

3Confused deputy problems refer to security vulnerabilities that arise when a program or system mistakenly grants excessive privileges to another
program Or user.
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2) Using Google test server: Google provides a verification service for SafetyNet, which is essentially a test server
that allows a client application to submit a SafetyNet JWS for verification. It is important to note that this service is
exclusively designed for testing purposes, and using it in a production environment may compromise the performance
of the SafetyNet Attestation.

3) Local nonce generation: The purpose of using a nonce argument in the attest function is to avoid a replay attack.
This value will be included in the JWS output of the API and can be checked against the value passed to the function to
confirm that the correct JWS result is being attested. However, if the nonce value is generated locally on a compromised
device or application, an attacker can exploit a previously generated nonce value to conduct a replay attack.

4) Wrong verification at server: The verification process of SafetyNet JWS involves several checks by the server, such
as validating the nonce, APK package name, and the hash of the application’s signing certificates present in the JWS
payload. Inaccurate or incomplete execution of these validations may enable an attacker to send a tampered SafetyNet
JWS to the server and bypass the verification.

5) Sending partial JWS to server: The SafetyNet JWS should be sent to the server for verification. However, a developer
may choose to send only certain values extracted from the JWS object. This enables attackers to replace the missing
values on a compromised device or application without any means for servers to detect tampering.

6) Not handling errors: Errors may occur during the integrity checks performed by SafetyNet Attestation. To ensure a
successful attestation process, handling any errors that arise is important. This can involve attempting the attestation
again or following the protocol if integrity checks fail.

7) Null or wrong API key: Developers must provide the API with a valid key obtained from the Google APIs Console.
However, it is not uncommon for developers to mistakenly use an incorrect or null API key, leading to an error in the
attestation process. If this error is not handled properly, the attestation process fails, leaving any tampering undetected.
8) Using deprecated API: The attestation process cannot be accomplished if developers use the deprecated API, which
always returns an error and can not generate a valid SafetyNet JWS.

9) Calling SafetyNet only at first launch: SafetyNet Attestation should be consistently performed during an application
life cycle, specifically when launching or handling sensitive information. However, some developers only perform
SafetyNet Attestation during the first launch, leaving the application vulnerable to tampering. Attackers can launch
the application once in a non-tampered state, then tamper the device or application later without being detected, as

SafetyNet Attestation will not be performed anymore.

6 RQ3: MISUSE DETECTION TECHNIQUES

To ensure proper usage of APIs, one needs to follow the specifications provided for input, output, and invocation
context. These specifications evolve over time and detecting misuses involves verifying if the application adheres to the
most up-to-date specifications available. Heuristic-based approaches are the most commonly used method to detect
security API misuse. They use API specifications to model normal and misuse patterns of API use and then compare
the application being tested with those patterns to identify misuse. They can also generalize code examples, including
secure or insecure use of APIs to infer patterns for detecting misuse. Machine learning (ML) techniques have recently
emerged as an alternative approach, which learns a misuse detection model directly from source code available in code
repositories. This approach requires the extraction of features representative of correct or incorrect API use, and then a
model is trained to classify input code as secure or insecure.

One way to assess an application’s security API usage is by analyzing its source code, which provides early feedback to

developers in the development phase. However, a tester may execute an application and examine runtime information
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in order to detect misuses, without the need for access to source code. Figure 5.a provides an overview of techniques
used to detect misuses of security APIs with three main components, input, analysis engine, and output. Figure
5.b illustrates our proposed taxonomy, which categorizes current literature based on modeling input, testing input,
output types, automation mode, and analysis algorithms. The following subsections present an analysis of the misuse

detection approaches based on each factor.
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Fig. 5. Overview and taxonomy of techniques used by primary studies for detecting misuses of security APls

6.1 Modeling Input Types

The analysis engine can use different input types such as API specifications and code examples to build a misuse
detection model. A primary source to distinguish between misuse and normal usage of APIs is API specifications
that are typically published upon API release. These specifications can be obtained from various sources such as
API documentation, the literature related to the vulnerabilities caused by misuse of security APIs, or security-related
standards and the best current practices defined by organizations and agencies such as NIST and IETF [S10]. In total,
63 primary studies used API specifications to manually define misuse or normal patterns for security APIs and then used
a pattern-matching component to identify misuses. However, API specifications may become obsolete over time and
may not reflect current practices for the correct use of APIs. For example, using the SHA-1 hash function is no longer
recommended for cryptography since the discovery of a collision against it [57]. Hence, relying solely on manually
defined patterns based on these specifications may lead to failure to detect new or evolving misuses.

Another valuable source for modeling is code examples, which have been adopted by 3 studies to infer misuse and
normal patterns for crypto APIs [S2, S29, S46] and SSL APIs [S2, S46]. Code repositories are frequently updated to fix
newly discovered security issues. Hence, CryptoChecker [S29] introduced DiffCode to infer crypto misuse patterns
from code changes, including three steps: (i) collecting code changes from GitHub repositories, with a focus on patches
for classes that use the target API; (ii) creating Directed Acyclic Graphs (DAGs) to represent the invoked APIs and
related parameter values, and comparing them to extract relevant changes; (iii) clustering similar changes to identify
API misuse patterns. On the other hand, Seader [S2] and VURLE [S46] leveraged Abstract Syntax Trees (ASTs) of a given
vulnerable code and its corresponding repaired code to infer misuse patterns from code examples. Unlike heuristic-based
approaches that consist of pattern inference and pattern matching, ML-based approaches learn detection models directly
from source codes available in code repositories. Three studies [S18, S45, S65] adopted a supervised learning approach
to learn a detection model from secure and insecure code examples with API usage. The obtained model is then used to
predict an API use class as misused or normal, for an application under test. Only 6 studies among the 69 rely on code

examples for API misuse detection whereas others rely on API specification as shown in Figure 6.a.
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Fig. 6. Distribution of misuse detection techniques adopted by primary studies over (a) modeling input types (b) testing input types
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6.2 Testing Input Types

Various input types are utilized to analyze an application for the presence of misuse. Out of the 69 studies reviewed,
33 examined the source code of applications for detecting instances of security API misuses. While their scope is
restricted to open-source applications, they offer developers timely feedback on potential misuse. Some studies proposed
misuse detection tools as an IDE plugin, providing real-time feedback to developers. For example, FixDroid [S5] is a
plugin for Android Studio, which highlights bad security practices, including misuse of security APIs as developers
write code. Similarly, CogniCrypt [S3] was introduced as an Eclipse plugin, which uses standard error markers by
Eclipse to issue misuse alarms. Some studies [S14, S23, S26] decompiled binary codes to gain access to source codes
when the original source code is unavailable. However, obfuscation techniques that modify class files to protect the
source code present challenges to successful decompilation. The proposed approaches targeting source code analysis
are limited to specific programming languages such as Java, Python, C, or C++. The need for multi-language analysis
tools was highlighted in one study [S20], which revealed that developers in the embedded domain frequently rely on C
language to implement cryptography in MicroPython projects.

Furthermore, some studies perform program analysis on binary codes in the absence of source code. Binary files
are typically packaged with other resources such as images and configuration files into application files. Thus, misuse
detection techniques usually perform reverse engineering to decode an APK file and disassemble it into binary files,
ready for analysis. Disassembling is typically faster than decompiling and is not affected by obfuscation. Common
program analysis frameworks used by primary studies to extract binary files from application files include SOOT [58],
APKTool [59], and Androguard [60]. In total, 25 studies targeted analyzing binary codes to detect misuses in a variety
of applications such as Android [e.g., S1, S2, S4, S7, S11] or Apache projects [S2, S11].

However, analyzing low-level representations of applications (i.e., binary files) can be laborious and error-prone.
Some studies [S4, S11, S12, S28, S37, S44] chose to convert binary files into a higher-level Intermediate Representation
(IR) that accurately captures the program behavior and is more appropriate for analysis. In addition, using IR helps to
address the inconsistency of different input formats. For instance, CryptoREX [S22] converts diverse binary codes into a
unified IR to carry out large-scale crypto misuse detection for IoT firmware with non-unified underlying architectures.
Moreover, the research conducted in [S45] performed misuse detection by identifying instances of specific vulnerable
code snippets with security API misuse in Android apps. This study used WALA [61]—a program analysis framework—
to transform both known vulnerable code and Android apps to a unique IR.

Meanwhile, some approaches rely on application files to detect misuses by executing them and observing their
behavior during runtime, without needing to access source or binary code. However, they are resource-intensive and
time-consuming, requiring the deployment and execution of an application. In our review, 22 studies [e.g., S6, S8, S10,
S13, S14] used application files as input for testing their analysis engine.

Figure 6.b shows the distribution of input types used for testing software artifacts in our reviewed studies. It is worth

noting that some studies conducted the analysis using multiple input types. We have listed and counted them under
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their respective relevant categories. For example, some studies [e.g., S19, S24] detect potential misuse by analyzing

binary codes and then execute the applications to identify exploitable misuses during runtime.

6.3 Output Types

Common ways to support developers to deal with misuses are issuing misuse alarms, performing source attribution,
generating security advice, and assisting with fixing misuses. Figure 6.c shows the distribution of output types in our
reviewed studies. All the studies that provided support, aside from misuse alarm, are focused on crypto APIs.

Source attribution: The objective of source attribution is to attribute whether a misuse originates from an application
code or from a third-party library. It is beneficial for developers to identify libraries with misuses and avoid using
them, and for researchers to avoid over-counting misuses by identifying those that stem from libraries [S12]. Three
studies investigated the primary source of crypto misuse and, interestingly, showed that third-party libraries are the
major reason for misuse in Android applications [S1, S12] and popular Python projects in GitHub [S20]. Thus, it is
crucial for developers to be aware of the security implications of the libraries. Furthermore, one study [S35] evaluated a
large database of third-party libraries and found that crypto misuses are very common among widely used advertising
libraries. The study also identified affected Android apps through third-party library detection.

Security advice: Developers often face challenges while trying to fix identified issues, leading to new mistakes [62].
Warning messages can support developer in fixing misuses and writing more secure code by providing them with clear
and helpful feedback. According to one study [S59], integrating security advice and secure programming hints with
crypto APIs led to significant improvements in the accuracy and security of API usage in users’ codes. It designed a
patch that hooks crypto API calls to identify insecure cryptographic objects. When a misuse is detected, it triggers an
advice method that utilizes contextual information to issue a warning message. Similarly, FixDroid [S5] was developed
as a plugin for Android Studio, which provides real-time feedback and suggestions for quick fixes. Besides, studies [S63,
S17] focused on tutoring and helping students to correctly use crypto APIs. One study [S63] implemented an IDE-based
interactive educational environment as an intelligent tutoring system, to help students fix misuses. Another study [S17]
designed CryptoTutor for providing coding feedback to help students understand the misuse detected in their program.

Repair: Studies that generate security advice and provide users with fix suggestions, generally lack the ability to
provide customized fixes for a given vulnerable program. Only four studies [S2, S16, S17, S46] proposed the automated
generation of customized fixes for crypto misuses. One simple approach is to use manually crafted patch templates,
as employed by CDRep [S16] and CryptoTutor [S17]. These studies provided a set of templates consisting of code
transformations that were applied to vulnerable programs. However, such patch templates are unable to cover all possible
variations of misuse. In contrast, Seader [S2] and VuRLE [S46] used automated techniques to generate customized
fixes from insecure and secure code examples. They generated and compared ASTs of a given vulnerable code and its
corresponding repaired code to extract the edit operations necessary to transform a vulnerable program into a secure
one. Using edit operations, Seader generated an abstract fix for a vulnerable program including abstract variables which
were replaced by concrete variables to customize fixes. On the other hand, VURLE customized the edit patterns for a

specific vulnerable program and applied the customized changes to repair vulnerabilities.

6.4 Automation Mode

The reviewed studies are categorized into manual, semi-automated, or automated groups based on their level of
automation. Figure 6.d shows the distribution of analysis techniques with regard to their level of automation. Most of

the reviewed studies (57 studies) fall under the semi-automated group. This group relies on manually defined patterns
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for correct or incorrect patterns of API usage. Further details on semi-automated approaches are provided in Section 6.5.
Six studies [S2, S18, S29, S45, S46, S65] automatically learn detection models from code examples representing correct
and incorrect use of security APIs. Although this approach eliminates the need for manual effort, it requires labeled
datasets to train the detection models. Six studies [S35, S48, S60, S61, S64, S66] detected misuses through manual source
code inspection by analyzing the state of security API use in real-world software artifacts such as GitHub open-source

projects [S61] or code snippets found in developers’ forums posts [S64, S66].

6.5 Analysis Algorithms

We have categorized the analysis algorithms of reviewed studies into two high-level groups: heuristic-based and
ML-based. In our review, 66 studies applied a heuristic-based algorithm, whereas only three studies employed ML-based

algorithms. This section provides insight into the approaches adopted in each category.

6.5.1 Heuristic-based. Heuristic-based algorithms have been widely used to identify misuse of security APIs in
software applications. These algorithms typically involve modeling patterns for correct or incorrect usage of security
APIs and then applying program analysis techniques to identify whether the application being tested matches these
patterns. Figure 7 shows the taxonomy of heuristic-based approaches based on the adopted pattern types, pattern

representation models, and program analysis techniques, which are elaborated on below.

| Heuristic-based Algorithms |

A7 Y L 4
[ Pattern Type | |Pattern Representation Model| | Program Analysis |
'_I_I 1 : 1
| Normal | [ Misuse | [Hard-coded Rule| [ Template | [ Static Analysis | [Dynamic Analysis| | Hybrid Analysis |

Fig. 7. Taxonomy of Heuristic-based algorithms for detecting misuse of security APIs

A. Pattern Types: API misuses can be detected using two types of patterns: normal or misuse. Misuse detec-
tion through normal usage patterns involves modeling correct API use and identifying deviations from these patterns
in a given application as misuse. This approach has been employed in 12 studies [S3, S9, S11, S36, S40, S51, S53-S56, S58,
S61], and can identify a wide range of misuse types through normal patterns that are limited in scope. While APIs can
be misused in numerous ways, only a small subset corresponds to proper usage. However, a drawback of this approach
is that it produces high false alarms when it fails to model normal patterns thoroughly, leading to unmodeled normal
patterns being mistakenly classified as misuses. An alternative solution is to model incorrect API uses and identify
matches of an application with these patterns as misuses. However, predicting all possible ways that a developer could
misuse an API is a challenging task, so this approach may not capture all misuses. Nevertheless, most of the studies in

our review (54/66 studies) rely on misuse patterns to avoid high false alarms in approaches based on normal patterns.

B. Pattern Representation Model: The simplest way to model patterns is to establish a fixed set of rules that will
be hard-coded in the misuse detection algorithm. The consistency of an application is then evaluated against these
rules. Some example rules that were used to model misuse patterns are “Don’t use a constant key for encryption” while
using crypto APIs, or “Don’t store access tokens on clients” while using OAuth APIs. As illustrated in Figure 8.a, most
of the primary studies perform misuse detection based on hard-coded misuse patterns. For example, CryptoLint [S4]
hard-coded six misuse patterns for detecting misuses of crypto APIs, which were later used and expanded in other

studies [e.g., S12, S16, S29, S35]. 31 studies use hard-coded misuse patterns to detect misuses of crypto APIs. Hard-coded
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rules were also used to model misuses of SSL/ TLS [e.g., S8, S14, S19], OAuth [e.g., S47-S50], Fingerprint [S37], SafetyNet
Attestation [S69] APIs. Furthermore, one study [S54] based on hard-coded normal patterns investigated the compliance
of Android apps with the best current practices of OAuth for native apps.

Hard-coded rules-based approaches are straightforward to design and implement but have limitations. For instance,
they can only detect a predefined set of misuses, making it difficult to extend beyond these established rules. The
constantly evolving threat landscape for security APIs requires developing more adaptable methods for pattern
representation models. With this goal, some researchers proposed using templates to abstractly represent both secure
or insecure uses of security APIs that include language-based, graph-based, state-machine, and code-based templates.

Language-based templates rely on a syntax-based representation of patterns. CrySL [S11] is a language designed
for crypto experts to specify the secure usage of crypto APIs. Several studies [S3, S11, S36, S40, S58, S61] used CrySL
to detect crypto API misuses. Meta-CrySL [S55] is an extension of CrySL that helps manage variations in the API
and security standards specified in CrySL. Another study [S56] introduced a formal model for security annotations
that describe properties ensuring the secure usage of WebCrypto APIs within a JavaScript program. Furthermore, an
anti-protocol language was introduced by the study [S30] to describe common misuse patterns for OAuth APL

Graph-based templates involve nodes that represent key elements while using APIs and edges that represent
correlations between these elements. SSLint [S9] models the proper use of SSL API based on the program dependency
graph representing critical API call-sites, variables, parameters and conditions.

Finite State Machine (FSM) can represent the behaviour of an application while using an API through a finite
number of states and transitions between them. For example, two studies [S51, S53] used FSMs to model the regular
operation of OAuth, where sending an HTTP(S) request or receiving an HTTP(S) response triggers the transition
between states. FSMs were also used to model misuse patterns of SSL/TLS [S25] and Spring [S38] APIs. The research
conducted in [S38] implemented FSMs to monitor the program’s authorization state for each type of misuse. The
transitions between states occur when method calls are made to authorize the user or gain access to a critical resource.

Code template: Crafting language, graph, and FSMs-based templates relies on domain knowledge and manual effort
to specify the critical elements for API usage, their correlation, and modeling them as templates. Source code is an
alternative solution that includes instances of security APIs used to automatically infer templates useful for misuse
detection based on code analysis. A misuse template abstractly represents a code pattern including misuse of security
APIs. Two heuristic-based studies [S2, S46] relied on concrete (insecure, secure) code examples to generate misuse and
repair templates. The study [S2] extracted the edit operations by comparing a given vulnerable code’s ASTs and its
corresponding repaired code. Then, vulnerable code templates and repair templates were generated by performing a
data-dependency analysis of ASTs and abstracting variables in the code. The vulnerable code template is used to detect
misuses through pattern matching, while the repair template is used to generate customized fixes. The study [S46]
similarly used ASTs to extract the required edit operations for fixes and then clustered similar edit operations based on
the longest common subsequences between them. Finally, each cluster was generalized to a vulnerable code template
and repair template to be used for detecting and fixing misuses. While code templates facilitate automatic pattern
generation, they are limited to known misuses for which code is already available. In our review, one study [S2] used a
set of code examples from prior research and another study [S46] collected 48 applications from GitHub and identified
misuses by manual analysis of commits within each application’s repository. Table 5 summarizes descriptions, strengths

and weaknesses of pattern types and representation models and Figure 8.a shows their distribution in primary studies.

C. Program Analysis Techniques: Our review identified three categories for dividing program analysis techniques
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Table 5. Pattern Inference categorizations with their descriptions, strengths and weaknesses

Type Description Strengths Weaknesses
Pattern Type
Patterns are inferred from correct uses of ~ ® Limited number of patterns
Normal APIs and any violation of these patterns e Incomplete specification does not result @ Susceptible to high false alarm rates
is considered as misuse. in missed vulnerabilities
Patterns are inferred from incorrect uses . . o Difficult to capture all possible patterns
. . ® Incomplete specification does not result . . P
Misuse of APIs and any matches with these pat- . o Incomplete specification results in mis-
- . in false alarms . .
terns are considered as misuses. uses being missed
Pattern Representation Model
Hard- ® Dependent on domain knowledge

coded rules

Patterns are defined as a set of rules.

o Simple to design

o Hard to extend to new misuses

Template

Patterns are abstracted via a higher level

e Easier to extend to new misuses

o Difficult to design a template from in-
stances

template.

o 5 10 15 20 25 ) Static AflalySlS pynamlc Analysis Hybrid Analysis
Crypto
E 5 33 12| 4 2 9 4
SSL 0 Misuse (Hardcoded) I I | I I I I
Crypto & SSL ) Y
OAuth oMisuse (Template) Intra- Tter- ®E 3
Fingerprint 0 Normal (Hardcoded) procedural procedural RS Z
Spring aN 1 Jate) J
N ormal (Template
SafetyNet P Manual Automatic Passive Act‘ive ggltvlg & ?;22112 e&
(a) Distribution of pattern types and represenation (b) Number of primary studies over program analysis dynamic y{{amic

models used by primary studies for each security API technique in heuristic-based appraoches for misuse detection

Fig. 8. Distribution of a) pattern types and representation models b) program analysis techniques in heuristic-based misuse detection

based on their reliance on code execution: (i) static analysis, (ii) dynamic analysis and (iii) hybrid analysis.
Following we investigate these methods and their adoption in the existing literature.

(i) Static Analysis: Static analysis involves examining (recovered) source code, binary code, or an intermediate
representation of binary code without executing the application. It is also known as white-box testing as it requires
application code or its implementation details to identify misuses. It is resource and time efficient and can achieve
high code coverage. The main idea is to determine the possible values of the parameter objects in a relevant API call
and examine them against normal or misuse patterns to detect misuse which is achieved through data flow analysis.
Data flow analysis typically uses program dependency graphs to understand how data is used and manipulated within a
program. There are two types of data flow analysis: intra-procedural and inter-procedural, depending on whether
the interactions between different procedures or functions are considered or not. Most of the static approaches in our
review rely on inter-procedural analysis, which enables the capture of more complex misuses. However, several studies
[e.g., S28, S38, S59] are based on intra-procedural analysis. For example, one study [S28] used data flow in cryptographic
functions to identify paths taken by a parameter from its initial origin to its ultimate use within a function.

To achieve more efficient misuse detection, many studies applied program slicing. Program slicing simplifies
the complexity of a program by removing parts of the code that are irrelevant to a specific analysis or task [63].
This is accomplished by computing a set of program statements that affect (backward slicing) or are affected by
(forward slicing) a given slicing criterion, which is typically an API parameter, based on data flow [S1]. For instance,
CryptoTutor [S17] applied inter-procedural data flow analysis and program slicing to detect crypto misuses in Java
code. CryptoLint [S4] also used inter-procedural backward slicing to track flows between crypto parameters and
operations, enabling the detection of pre-defined misuse patterns in Android applications. Later, BinSight [S12] and
CDRep [S16] leveraged CryptoLint to examine the current state of crypto API usage in Android applications, with
additional efforts towards source attribution [S12] and repair [S16]. Amandroid [S44] also applied inter-procedural data
flow analysis to assess the security state of Android apps in terms of data leaks, data injection, and improper use of

crypto APIs. CogniCryptsast [S11], a tool based on inter-procedural analysis, was designed as a compiler for CrySL (a
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language-based template for normal use of crypto APIs; detailed in pattern representation models) to check Java source
code for compliance with CrySL and generate code for common crypto tasks. Several studies [e.g., S36, S40, S58, S61]
used CogniCryptsast for detecting misuses of crypto APIs.

Several studies [S30, S48, S54] used static analysis to detect misuses in OAuth API For example, OAuthLint [S30] used
Flowdroid [64] to perform inter-procedural data flow analysis and identify key elements for misuse patterns. Another
study [S37] classified applications into different security levels based on their use of the Fingerprint API, performing
inter-procedural backward slicing to extract API parameters as features in a rule-based classification.

A set of studies utilized ASTs to conduct data flow analysis on source code. For instance, in one study [S20], the
source code was parsed into AST, and subsequently, backward slices were generated by filtering the AST according to
the targeted crypto elements. Other studies [e.g., S33, S63] also employed ASTs for data flow analysis purposes. They
analyzed ASTs to identify misuse locations that match predefined patterns.

Although program slicing improves the efficiency of static analysis, it may lead to large memory and runtime
overhead on massive-sized projects. To address this challenge, CryptoGuard [S1] proposed a trade-off between accuracy
and scalability by performing on-demand slicing. This approach limits the analysis to methods that have the potential
for security impact, effectively reducing the size of the code that needs to be analyzed. Additionally, it utilized refinement
algorithms to remove irrelevant language-specific elements and mitigate the high rate of false alarms in static analysis.
Later, another study [S39] used CryptoGuard to evaluate the state of crypto API use in Android applications.

Another technique to minimize false alarms in static analysis is symbolic execution [65] that executes a program
by using symbolic values as inputs, rather than concrete values, and expressing the values of program variables as
symbolic expressions of these inputs. Several studies, such as SSLDoc [S21] and TaintCrypt [S25], leveraged symbolic
execution to statically detect security API misuses by creating program path traces that capture semantic information
for each targeted API. Another study [S18] performed a simple variant of symbolic execution to extract crypto API
sequences from Android applications, which were then used to learn probabilistic models to predict misuses. Some
studies performed manual code analysis to detect crypto misuses [S35, S60, S61, S64, S66] and OAuth misuses [S48].

Developers can use static analysis tools in their daily coding tasks to detect misuses in the early stages of software
development. However, the static analysis also has limitations, such as high false alarm rates caused by infeasible
misuses (that never occur at runtime) and failure to capture runtime misuses.

(ii) Dynamic Analysis: Dynamic analysis involves executing the code of an application and monitoring its behavior
during runtime. As a result, these approaches do not usually produce false positives and can capture misuses occurring
during runtime. Dynamic analysis is also known as black-box testing as it treats applications as black boxes and only
considers the external behavior of an application at runtime. There are two types of dynamic analysis for discovering
software vulnerabilities, including API misuses: active and passive. Active dynamic analysis involves intentionally
attempting to exploit vulnerabilities or cause disruptions in a system. In contrast, passive dynamic analysis focuses on
collecting data and observing behavior without trying to cause harm. The passive dynamic analysis examines execution
logs, the memory state of a program, or network traces to gain insight into its behavior. Considering the observed data,
we have categorized passive dynamic approaches into log, memory, and network analysis.

Log analysis involves collecting runtime information and execution traces and performing offline analysis after the
execution is completed. While the offline analysis does not affect the application’s performance [S10], it can generate
large log files, creating an I/O bottleneck slowdown [S13]. For example, one study [S10] examined logs that record
parameters relevant to crypto API calls to find matches with some misuse patterns. In our review, log analysis was

performed by a few studies to detect misuse of security APIs. Memory analysis was also utilized by some studies for
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Table 6. Program analysis techniques with their descriptions, strengths, and weaknesses
Type Description Strengths Weaknesses
® Doesn’t require program execution and

Static analysis examines the application’s o Applicable only to open-source projects

Static code against API usage constraints. ;S;f:lable to a large number of applica- o Suffers from high false alarm rate
Dynamic testing executes the software . . . ® Requires code execution
. . L ® Able to capture misuses occurring during
Dynamic and validates output or runtime informa- runtime o Costly and not scalable to a large number
tion against API usage constraints. of projects

misuse detection. For example, K-Hunt [S13] tracks memory buffers that store encryption keys to verify whether keys
are generated and transmitted securely. It started with a lightweight dynamic analysis to gather runtime information
required to locate memory buffers where crypto keys were stored. Meanwhile, several studies adopted network analysis
approach to detect misuses of APIs such as SSL/TLS and OAuth. One study [S52] evaluated the implementation of CSRF
protection in OAuth transactions by checking the presence or absence of a state variable in URLs.

Some studies performed active dynamic analysis to verify the results obtained from network analysis. Active dynamic
analysis can include a range of techniques, such as penetration testing which simulates a real-world attack on a
running application to identify any misuses that could be exploited. It is considered as the most effective approach
to uncover exploitable misuses and avoid false alarms. One study [S50] manually analyzed the HTTP messages to
capture the information flow of SSO credentials and detect potential misuse of OAuth. It further designed exploits to
prevent manual inspection errors. Similarly, another study [S49] performed network analysis followed by examining
the feasibility of a CSRF attack to uncover exploitable misuses of OAuth.

However, dynamic analysis is resource-intensive and time-consuming, involving tasks such as installing, configuring,
and testing, some of which may require human intervention [S23]. It also has limitations in terms of code coverage.

(iii) Hybrid Analysis: Attempts have been made to combine static and dynamic analysis in a hybrid approach to
leverage the strengths of both techniques and overcome their weaknesses. Table 6 provides a concise summary of the
strengths and weaknesses associated with static and dynamic analysis techniques. To mitigate the risk of false positives
in the static analysis, some researchers proposed a hybrid approach that typically applies static analysis to identify
potential misuses, followed by dynamic analysis to validate the results. Several studies [S8, S14, S19, S24, S57, S67]
evaluated Android apps against a MitM attack to verify misuses reported by static analysis. Another study [S23] applied
manual static analysis to find potential crypto misuses in Android apps and then performed dynamic memory analysis
to examine the crypto libraries invoked during execution. This approach enables the detection of misuses that are
feasible at runtime. Another study [S69] used a combination of static and dynamic analysis to find Android applications
that call the SafetyNet Attestation API during their execution. Next, it did a manual static analysis to find vulnerable
applications with potential misuses, followed by bypassing the SafetyNet Attestation checks to confirm the misuses.

Static analysis can also serve as a guide for dynamic analysis, reducing the time and memory consumption of dynamic
analysis by pruning its exploration space. Some studies [e.g., S19, S24, S67] employed a preliminary static analysis to
detect misuses. They further used static analysis for method call graphs to identify the entry points that trigger the
execution of vulnerable methods. These entry points were then used to generate inputs for running applications during
dynamic analysis, resulting in a more efficient analysis with a reduced input space. Another study [S6] combined static
and dynamic analysis techniques to detect crypto misuses in iOS apps. It first used static analysis to find the locations
of crypto APIs and then monitored those API calls at runtime using API hooking techniques. Misuses were detected by
analyzing the execution logs, which record parameter values and other relevant information. AuthDroid [S47] also
adopted a hybrid approach to detect OAuth misuse in Android apps. It uses static analysis to extract the basic elements

of OAuth (e.g., user-agent, the identity of SP) from the app, then uses a MitM proxy in dynamic analysis to find API
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misuses in an authentication process. While the mentioned studies followed a static-dynamic approach in detecting
misuses, one study [S26] has taken a different hybrid approach by first simulating a MitM attack to find vulnerable

apps, and then manually performing static code analysis to identify the root causes of misuses.

6.5.2 ML-based. Based on our review, only three studies adopted ML-based algorithms to detect security API misuses.
The basic idea is to classify API usage instances within a given application as correct or incorrect using features that
indicate the application’s behavior. Following we examine the feature engineering and classification components of

these approaches.

A. Feature Engineering: Three types of features were identified in the existing literature for building security API
misuse detection models which are sequential-, word-, and graph-based features.

(i) Sequential-based features: APl sequences representing both API orders and API arguments were used to learn
probabilistic models proposed in [S18]. To this end, they used static analysis to extract possible traces for each reachable
method from application binary files. Furthermore, they performed a simple variant of symbolic execution on each
trace and then filtered traces of irrelevant APIs.

(ii) Word-based features: Term frequency-inverse document frequency (tf-idf) is a common technique used in
Natural Language Processing (NLP) to evaluate the importance of a term in a document or corpus. Recent advances in
NLP have inspired many researchers to apply it to analyzing source code by considering it as natural-language text. In
our review, one study [S45] extracted tf-idf from source codes to train a misuse detection model.

(iii) Graph-based features: One study [S65] utilized graph-based features to analyze the usage of security APIs in
source code. First, the source code was parsed to AST and then modeled through graph embedding techniques, Bag of
Graphs (BoG), and node2vec. These techniques are similar to word embedding techniques in NLP, where words are
embedded in a vector space based on their co-occurrence with other words in a text corpus. For example, BoG generates
a collection of graph bag items representing elements or sub-graphs within a graph. These items are then used to
construct a vector representation that captures the local attributes and relationships of the original graph. Node2vec is
another graph embedding technique that extracts features from graphs, utilizing a flexible neighborhood sampling

strategy.

B. Classification: Our review identified various classification techniques that were employed to detect security API
misuse. In one study [S18], two probabilistic models, Hidden Markov Model (HMM) and n-gram, were trained using
both secure and insecure API sequences. These models were employed to predict the probability of a given API sequence
being secure. An API sequence was considered insecure if its probability fell below a pre-defined threshold. The study
also addressed the problem of identifying misuse locations within an insecure sequence by using a distance measure
based on the probability of an API misuse at possible locations. In another study [S45], code snippets with the usage of
security APIs were mined from SO and then classified using a Support Vector Machine (SVM) model. A small set of
extracted code snippets was manually labeled to build the training dataset. Similarly, the approach proposed in [S65]
used SVM but trained a classifier for each category of misuse using correct and incorrect instances for corresponding

misuse. Thus, the model can identify both the presence and type of API misuse.

7 RQ4: EVALUATION METHODS AND RESULTS

This section provides an insight into the prevalence of security API misuses in software artifacts by presenting the
misuses reported in primary studies (Section 7.1). We also analyze metrics, benchmarks, and strategies adopted to

evaluate the performance of misuse detection approaches (Section 7.2).
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Fig. 9. Distribution of (a) types, (b) sources, and (c) programming languages of software artifacts analyzed by reviewed studies
7.1 Security APl Misuses in Wild

A total of 50 primary studies have investigated the usage of security APIs in real-world projects and reported alarming

results. The following subsections present the software artifacts studied and the types of reported misuses.

7.1.1 Software artifacts. Our reviewed studies designed experiments to assess various software artifacts acquired
from various data sources, as demonstrated in Figure 9 (a-b). Given the widespread use of mobile devices for storing
confidential data, and the fact that Android is the most widely used system, many researchers have focused on assessing
the security of Android apps in terms of their use of security APIs. Most of the studies used the Google Play Store as
the primary source for downloading Android applications. Moreover, AndroZoo [66], which offers the most extensive
publicly available dataset of Android apps collected from the Google Play Store, was utilized in several studies. The
number of apps targeted in these studies ranged from 45 [S15] to over 500,000 [S36]. Several studies focused on analyzing
i0S apps from the official Apple App Store. Two studies leveraged Maven Central and GitHub to analyze Apache
projects, and one study [S22] assessed 521 IoT firmware obtained from various IoT vendors’ websites. Additionally,
there were studies dedicated to assessing Windows and Ubuntu applications, and studies that investigated OAuth API
usage in web applications.

Previous research revealed that forums like SO are crucial sources of information for developers as they may copy
and paste code snippets from such sources into their software projects [67]. Consequently, four studies examined the
state of security API usage in code snippets available in forum posts. Three studies assessed 187 [S33], 3,834 [S45],
and 25,855 [S66] code snippets from SO, while another study [S64] investigated 140, 71, and 48 posts from Oracle Java
Cryptography (OJC), Google Android Developers (GAD), and Google Android Security Discussions (GASD), respectively.
The distribution of programming languages of studied artifacts is depicted in Figure 9.c which shows the majority of

the software artifacts were written in Java, followed by C/C++ and Python.

7.1.2 Reported Misuses. Our review has revealed a concerning trend of incorrect usage of security APIs among
developers, with reported vulnerable applications ranging up to 100% of the studied applications in some cases.

The study [S45] identified 30.28% of code snippets from a collection of security-related snippets on SO as being
insecure while applying ML techniques, with crypto and SSL/TLS misuses. It further analyzed a dataset of Android
applications and found that 15.4% of this dataset contained security-related code snippets from SO, out of which 97.9%
contained at least one insecure code snippet. Other studies in our review relied on heuristic-based approaches to report
instances of security API misuse in real-world software artifacts.

Three boxplots, shown in Figures 10 (a-c), depict the percentage of software artifacts with at least one misuse
identified by heuristic-based approaches. The boxplots represent three different approaches: static, passive dynamic,
and active dynamic. Static approaches may yield false positives. Passive dynamic approaches can detect misuses during

runtime, and active dynamic approaches can identify exploitable misuses, resulting in different misuse rates. Static
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Fig. 10. Boxplots with mean markers illustrating the percentage of software artifacts with at least one misuse detected by (a) static
analysis, (b) passive dynamic analysis, and (c) active dynamic analysis approaches in reviewed studies
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approaches have reported at least one misuse of security APIs, including crypto, SSL/TLS, OAuth, Fingerprint, and
Attestation APIs in 6%-100% of Android applications, 60%-82% of iOS applications, 7%-100% of Ubuntu, 24% of IoT
applications, 83% of Apache projects, and 48%-90% of code snippets in developers’ forums. Passive dynamic approaches
have reported at least one misuse of security APIs, including crypto, SSL/TLS, and OAuth APIs in 86%-100% of Android
applications, 65% of i0S applications, 88% of Ubuntu and Windows applications, and 25%-83% of web applications.
Active dynamic approaches have reported at least one misuse of security APIs, including crypto, SSL/TLS, OAuth, and
Attestation APIs in 3%-41% of Android applications and 46%-58% of web applications.

Figure 11 illustrates different findings regarding the common misuse of security APIs. Insecure cryptography
algorithms (broken hash) for crypto API, improper certificate validation for SSL API, misuse of the State parameter for
OAuth API, and lack of cryptography for Fingerprint API are the misuses reported as the most frequent occurrences.

7.2 Performance Evaluation

Our review identified 25 studies that performed experiments to assess the performance of misuse detection techniques.
Out of these, 5 studies [S31, S32, S34, S41, S42] evaluated the performance of various static analysis tools in detecting
crypto and SSL/TLS misuses. Following we discuss various metrics, benchmarks, and strategies adopted for evaluation.
7.2.1 Evaluation Metrics. We have identified 10 evaluation metrics that are commonly used to measure the per-
formance of security API misuse detection techniques. These metrics are grouped into two categories: detection

effectiveness and computation efficiency.
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Metrics for detection effectiveness are typically calculated using True Positive (TP), False Positive (FP), True Negative
(TN), or False Negative (FN) values. While detecting all misuses is crucial, having a high number of false alarms can
be highly time-consuming and burdensome for developers. Hence, the primary objective of misuse detection is to
maximize the True Positive Rate (TPR) or Recall (R), while minimizing the False Positive Rate (FPR). These two
metrics are the most commonly used. Other metrics, such as True Negative Rate (TNR), False Negative Rate (FNR),
Precision (P), Classification Accuracy, F-Measure, and Coverage have also been used by researchers to measure the
effectiveness of misuse detection.

Several primary studies also considered the computation efficiency of detection techniques, which was measured
using the runtime and space complexity required for misuse detection. Evaluating computation efficiency is crucial in
demonstrating the suitability of these techniques for real-world applications. Classification accuracy was used only
by ML-based detection techniques, and coverage measurement is exclusive to dynamic analysis as it measures the
proportion of the program code that has been executed during testing. Figure 12 illustrates the distribution of the

identified evaluation metrics that are categorized by detection technique.

7.2.2 Evaluation Benchmarks. Benchmarks are critical for evaluating detection techniques and identifying their
strengths and weaknesses. Unfortunately, there is an inadequate number of publicly available benchmarks, and all of
them are limited to test cases for some misuses of Java crypto and SSL/TLS APIs. Table 7 lists 9 public benchmarks
commonly used by researchers. Among them, the first five benchmarks were specifically created to evaluate and
compare the performance of crypto misuse detection approaches.

CryptoAPI-Bench includes synthetic source codes with crypto API misuses, false positive tests, and correct API
uses. It offers both basic test cases and advanced test cases that involve more complex scenarios. CryptoAPI-Bench was
designed to assess static tools. CryptoAPI-Bench” [S10] is an extension of CrytoAPI-Bench with additional cases suitable
for evaluating dynamic approaches. CryptoAPI-Bench is not suitable for evaluating the scalability property of a tool, as
all test cases are lightweight by design. To address this limitation, another study [S32] created ApacheCryptoAPI-Bench
using 10 real-world Apache projects that are complex programs with numerous and lengthy code files. This benchmark
is therefore appropriate for assessing the scalability and applicability of existing approaches to real-world applications.

Two additional benchmarks for evaluating crypto misuse detection techniques are Braga et al’s [68] and Fischer
et al’s [67] datasets that contain labeled instances of secure and insecure use of the Java Cryptography Architecture
API Braga et al.’s dataset consists of synthetic Java source codes, while the latter consists of real-world code snippets
collected from SO. Both datasets were used by the study [S65] to train and test an ML-based detection technique. The
last four benchmarks have been designed to evaluate API misuse or vulnerability detectors and include some test cases
for evaluating crypto misuse detection techniques as well.

7.2.3 Evaluation Strategies. In our review, various techniques were used to evaluate the performance of misuse
detection models. We noticed only seven studies designed experiments using public benchmarks, as was shown in
Table 7. Existing benchmarks are typically limited in terms of scale and diversity of test cases. To address this issue, one
study [S34] explored the automatic generation of test cases using mutation operations. It generated over 20,000 test
cases, which were used to evaluate several crypto misuse detection tools and identify their flaws, such as failure to
detect insecure algorithms provided in lowercase. In addition, 19 primary studies conducted case studies or manually
analyzed a subset of their dataset or a subset of reported misuses to verify their results. For instance, one study [S10]
randomly selected 150 Android apps out of 1,780 analyzed apps to validate their findings, and another study [S58]

randomly sampled 157 misuses and manually verified them to gain a deeper understanding of common false positives.
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Table 7. Public benchmarks for evaluating crypto misuse detection techniques used by the reviewed studies

Benchmark Size Type Description Ref
CryptoAPI-Bench 181 Synthetic Benchmark for evaluating crypto misuse detectors containing 45 basic and 136 complex ~ S1,  S2,
(2019) [S1][69] test cases test cases with crypto API misuses, false positive tests, and correct API uses S31, S32
CryptoAPI-Bench” 198 Synthetic CryptoAPI-Bench with further cases suitable for assessing dynamic approaches, totally ~ S10
(2021) [S10] test cases consisting of 157 crypto misuse cases, and 41 normal test cases

ApacheCryptoAPI- 120 Real Ten real-world Apache including 79 basic test cases and 42 advanced test cases, suitable ~ S32
Bench (2020) [S32][70]  testcases for assessing the scalability of misuse detection approaches

Braga et al’s dataset 384 Synthetic Contains 202 misuses (positive cases) and 182 normal uses (negative cases) for Java  S41, S65
(2017) [68] test cases Cryptography Architecture

Fischer et al’s dataset 16,346 Real 6,246 secure cases and 10,100 insecure cases for the use of crypto API adopted from  S65
(2019) [67] test cases code snippets available SO posts

MUBench 21 Real Benchmark for evaluating API-misuse detectors containing instances of crypto API ~ S31
(2016) [71][72] apps misuses collected from 62 Java programs

OWASP 975 Real Java test suite designed for evaluating vulnerability detectors, containing 477 programs ~ S31
(2021) [73] programs with labeled misuses of security APIs and 498 programs with correct uses

DroidBench 21 Real Benchmark apps for evaluating the performance of static information-flow analysis of ~ S44
(2015) [74] apps Android apps including crypto misuse test cases

ICC-Bench 24 Real Benchmark apps for evaluating the performance of static analysis to detect inter- ~ S44
(2017) [75] apps component data leakage problem of Android apps including crypto misuse test cases

The study [S45] created a dataset for 5-fold cross-validation by manually labeling a collection of security-related
code snippets from SO as either secure or insecure that were used for evaluating its proposed ML-based algorithms.
Unlike the study [S45], the study [S18] relied on an existing tool, CogniCryptsast [S11], to label crypto API use cases
in Android applications and provide a labeled dataset for training, validating, and testing purposes of its ML algorithms,
which makes the results dependent on the performance of the employed tool.

Another evaluation technique, adopted by 3 studies, involves executing attacks to validate the results and identify
exploitable misuses. For instance, one study [S6] executed two ethical attacks on two applications and successfully
retrieved personal information encrypted and transmitted over the network. Meanwhile, 16 studies disclosed misuses
identified in real-world projects, some of which analyzed the feedback they received from developers. This analysis
provided valuable insights into developers’ requirements from misuse detection tools disregarded in existing approaches.

Lastly, we found 3 studies that conducted user studies to evaluate the usability of tools with warning messages
and suggestions for fixes. These studies involved 39 developers [S5], 8 developers [S42], and 53 developers [S59] and
showed that security advice could improve the usage of crypto APIs in users’ codes. More importantly, they highlighted

the need for detailed and specific solutions that are comprehensible and feasible for developers.

8 OPEN RESEARCH CHALLENGES AND FUTURE DIRECTIONS

This section provides recommendations for best practices and highlights areas that require further research based on
the key findings of our SLR.

8.1 Need for research on non-cryptography APIs

While the focus of primary studies on cryptography and SSL APIs highlights their crucial role in secure software
development, it raises a warning alarm about potential vulnerabilities caused by misusing the security APIs that receive
inadequate or even no attention from the research community. Meng et al’s analysis of SO posts [14] revealed that
Spring Security is the most popular option among Java developers in secure coding practices. However, our review
found only one study dedicated to this overly complicated and poorly documented APIL On the other hand, research
suggests that misusing other security APIs, including those designed for storing and accessing sensitive information,
can lead to significant security implications [76-78]. As a result, developing effective mechanisms for detecting and

preventing API misuse in these contexts is critical. Moreover, novel security APIs have been developed to facilitate the
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integration of applications with cutting-edge security technologies, including various ML-based authentication schemes
such as facial recognition, vocal recognition, and iris-based authentication, which are increasingly utilized in mobile
applications [79]. However, there is a lack of research on the current state of ML-based security APIs, particularly
concerning their usability and usage patterns. Therefore, conducting timely studies in these areas is imperative to

prevent any serious consequences arising from their misuse before they are widely adopted.

8.2 Need for support of diverse programming languages

The complexity of API designs in Java and its popularity, especially in Android app development, motivated many
researchers to examine the usage patterns of security APIs in Java-based applications. However, it is essential to
recognize the significance of exploring this area and addressing the existing challenges for APIs in other widely used
programming languages such as Python and C. Several primary studies conducted on non-Java languages indicate
that developers in other languages are also likely to make mistakes when using security APIs. In addition to the need
for developing tools for various languages, there is a special need for developing cross-language tools. For example,
a study [S20] analyzing MicroPython projects suggests that developers working in the embedded domain often use
C language to implement cryptography operations, highlighting the need for cross-language analysis capability for
tracking program information across multiple programming languages. Furthermore, Meng et al’s analysis of SO
posts [14] has shed light on the challenge of cross-language data handling of cryptography APIs, where developers
struggle to encrypt data in one language (e.g., PHP or Python) and decrypt data in another language (e.g., Java).
Developing cross-language approaches can ensure more secure software development across different programming
languages. Therefore, it is highly recommended that researchers broaden their research scope to include non-Java

languages and focus on developing cross-language tools and approaches for security APIs.

8.3 Need for research on human-centric models

There is a significant research gap when it comes to understanding the human needs in misuse detection models for
security APIs. Sixteen studies disclosed misuses identified in real-world projects, some of which [e.g., S1, S10, S31]
reported the feedback received from developers. These studies revealed inadequacies of current tools in meeting the
expectations and requirements of developers, indicating the need for adapting these tools based on user feedback and
preferences. In certain cases, developers acknowledged the existence of misuses (71% [S21], 52% [S9], 20% [S29] of
reported misuses) and attempted to address them. However, in some cases, they disregarded the identified misuses,
believing them to be irrelevant. These misuses were often found in non-sensitive contexts such as security-irrelevant
pieces of code, test cases, or archived code [S10, S31]. Additionally, in some cases, developers rejected misuses without
concrete exploit demonstrations [S1, S10, S31]. To better align with developers’ requirements, detection tools should
be capable of differentiating between security-relevant and security-irrelevant contexts and demonstrating concrete
exploit examples for identified misuses.

To fill this research gap, it is recommended that researchers conduct studies to understand and identify user
requirements and expectations from misuse detection models in the context of security APIs. These studies should
focus on gathering insights directly from developers, enabling a deeper understanding of their needs. Additionally, tool
developers should prioritize user needs by adopting human-centric policies and incorporating user feedback into the
design and development process. By addressing the human-centric aspects of misuse detection models, researchers, and

tool developers can enhance the usability, effectiveness, and adoption of these tools among developers.
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On the other hand, effective misuse detection is the first step toward the subsequent mitigation strategies for
supporting developers in the effective use of security APIs. Developers may face challenges while trying to fix identified
issues, which can result in the introduction of new mistakes [S42]. Thus, misuse detection tools need to be complemented
by comprehensible, detailed, and actionable fixing suggestions. Based on the vulnerability disclosures reported in the
reviewed studies, there were instances where developers acknowledged the misuses but were unable to resolve them.
Some developers cited operational limitations, such as the need to maintain backward compatibility for clients, as
hindering them from making necessary fixes [S1]. Others noted that the guidance offered by the tools was inadequate
and failed to provide all the necessary details for repairs [S31]. Additionally, some developers found it challenging to
deal with the complexity of implementing secure solutions [S31]. In our review, a few studies [S5, S59, S63] provide
users with fix suggestions and general guidance for some crypto misuses, but they often lack customizing fixes for a
given vulnerable program. There are only four studies [S2, S16, S17, S46] proposed automated generation of customized
fixes for crypto misuses. Existing tools are still inadequate in assisting developers with accurately correcting misuses,

highlighting the crucial need for more detailed and customized suggestions for repair [S31].

8.4 Need for applying state-of-the-art ML-based techniques

One of the key findings of our SLR is that there is a scarcity of state-of-the-art ML-based and extensible detection
models for identifying security API misuses. Most primary studies rely on traditional heuristic-based approaches that
require significant domain knowledge and result in labor-intensive, time-consuming, and error-prone processes. Manual
analysis of identified misuses in one study [S58], using CrySL [S11], also revealed several false positives due to incorrect
specifications in CrySL. Additionally, these methods often rely on hard-coded rules, making them difficult to adapt to
emerging misuses to keep pace with the rapidly evolving security threat landscape.

Despite the availability of vast open-source repositories, which has motivated many researchers to explore data-
driven techniques and ML and Deep Learning (DL) models to discover vulnerability patterns [80], there are few studies
that have employed ML to implement misuse detection for security APIs. Furthermore, while there has been increasing
interest in utilizing NLP techniques to understand source code semantics and patterns, the application of NLP in
security API misuse detection remains largely unexplored. In addition, recent advancements in Large Language Models
(LLMs), like ChatGPT, have shown remarkable performance in various tasks and attracted considerable attention from
researchers in different domains. LLMs have demonstrated their capability to understand and generate both natural
language and code, making them potential tools for addressing security API misuses. However, their specific application
in this context is yet to be explored.

The integration of NLP, ML, and DL techniques can offer great promise in improving the accuracy and efficiency of
security API misuse detection. Further research in this area, particularly providing required labeled data, could lead to
more effective and adaptable solutions for identifying and mitigating security API misuses in the future. Additionally,
the continuous adaptation of ML-based models with new data is essential to maintain their effectiveness and relevance

in the face of evolving security APIs, misuses, and trends.

8.5 Need for developing evaluation benchmarks

Benchmarks are crucial to compare and evaluate the performance of proposed approaches and tools for security API
misuse detection and to identify the areas for further improvement. However, our review identified only 8 publicly
available benchmarks, out of which only five were specially designed for security API misuses. All these benchmarks

are limited to test cases for some misuses of crypto or SSL/TLS APIs in the Java programming language. Thus, there is
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a desperate need to expand the scope of benchmarks to cover a broader range of security APIs, real-world misuses,
programming languages, and software platforms suitable for evaluating tools developed for diverse security APIs in
real-world scenarios. Although some studies have manually analyzed a random subset of misuses identified in their
experiments, none of them have publicly shared the results of their analysis. Therefore, we recommend that datasets
resulting from manual analysis be made available to support validation and future research. On the other hand, existing
benchmarks are mostly limited to test cases for evaluating static tools, which renders them unsuitable for assessing
the performance of dynamic analysis tools [S10]. Therefore, benchmarks need to come with test cases for evaluating
dynamic analysis tools. It is also crucial to continuously update existing benchmarks to incorporate new misuses and
the future evolution of APIs. Furthermore, we recommend versioning benchmarks to address issues such as concept

and temporal drift.
9 THREATS TO VALIDITY

We followed the guidelines outlined in study [26] to design and conduct our SLR. We took necessary steps to minimize
the impact of any potential threats to the validity of the SLR, which are elaborated upon below:

One of the common threats to the validity of an SLR is the possibility of missing relevant studies. To minimize this
risk, we utilized Scopus, which is the most comprehensive search engine and largest indexing system [27, 28], and
supplemented it with the two most frequently used digital libraries, IEEE Xplore and ACM Digital Library [29]. We also
conducted a series of pilot searches to establish a search string that would retrieve relevant papers already known to us.
In addition, we employed both forward and backward snowballing techniques to locate any other relevant papers that
might have been missed by the search string.

The potential for subjective bias in the selection of studies cannot be ruled out, as it could be influenced by the
author’s subjective judgment. To address this concern, we carried out a rigorous and well-defined multi-step process
(detailed in Section 3.3) with clear inclusion and exclusion criteria. We also established specific guidelines to exclude
low-quality papers. At every stage of the selection process, we carefully deliberated and addressed any uncertainties to
minimize the risk of selection bias.

Human errors and author biases during data extraction, analysis, and interpretation can impact the accuracy of the
results and findings. To mitigate this issue, a data extraction form was developed and refined to ensure the collection of
adequate and consistent information for answering the research questions. We also conducted fortnightly meetings
to review and verify the synthesis and interpretation of our quantitative and qualitative analysis and to resolve any

disagreements before finalizing our responses to the research questions.

10  CONCLUSION

Security APIs play a crucial role in secure software development. Prior studies have shown developers often misuse
security APIs, leading to costly software vulnerabilities. Thus, misuse detection for security APIs has gained significant
attention from the research community for ensuring software security. However, the existing literature on the topic is
dispersed, and a systematic review was necessary to identify the state-of-the-art approaches and highlight areas that
require further exploration. This study presents our research effort aimed at systematically reviewing and rigorously
analyzing the literature on misuse detection for security APIs. To the best of our knowledge, this SLR is the first
attempt to systematically review the literature on this topic. We have provided an organized evidence-based body
of knowledge to enrich this domain by identifying security APIs, their potential misuses, detection techniques, and
evaluation methods. In conclusion, based on a comprehensive analysis of 69 primary studies, we identified key trends
in security API misuse detection research that are:
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1) We identified 6 security APIs examined for misuse detection, namely cryptography primitives (crypto), SSL/TLS,
OAuth, Fingerprint, Spring, and SafetyNet Attestation. Most studies focused on crypto and SSL/TLS, highlighting
the need to explore this topic for other security APIs.

2) We identified a total of 39 misuses, including 6 crypto, 6 SSL/TLs, 10 OAuth, 4 Fingerprint, 4 Spring, and 9 SafetyNet
Attestation misuses. The primary studies mainly focused on analyzing Android apps, and the most commonly
reported misuses were using insecure crypto algorithms for crypto APIs, improper certificate validation for SSL
APIs, misuse of the state parameter for OAuth APIs, and lack of cryptography for Fingerprint APIs.

3) We proposed a taxonomy consisting of heuristic-based and ML-based approaches for misuse detection techniques.
Most studies relied on heuristic-based approaches, with 42 studies based on static analysis, 9 studies using
dynamic analysis, and 13 studies using a hybrid approach. We found only 3 studies using ML to address misuse
detection. Our findings suggest the need to explore the application of ML, DL, and NLP techniques in this area.

4) We identified 11 metrics for evaluation, grouped into accuracy and efficiency categories. We found only five
public benchmarks, particularly designed for security API misuse, which are limited to test cases for crypto
and SSL/TLS misuses. These findings highlight the need for further research and development of more diverse

benchmarks to facilitate the evaluation of misuse detection techniques for security APIs.

Overall, our review offers valuable insights for both researchers and practitioners. Researchers can leverage the research
gaps, taxonomies of misuses and detection techniques to advance their research. Particularly, our research highlighted
a crucial area that needs attention - understanding what developers expect and require from misuse detection models.
Filling this gap results in significant advancement in this field. Practitioners can also benefit from our findings by

selecting appropriate techniques, improving their tools through best practices, and adopting human-centric policies.
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