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Abstract: This study aims to provide a comprehensive analysis of tools and methods for ensuring smart
contract security. The research employs a systematic review of static analysis, dynamic testing, and formal
verification approaches. Static analysis tools, including Oyente, Mythril, and Slither, are systematically
evaluated regarding their effectiveness in identifying vulnerabilities at early development stages, highlighting
strengths in detecting known vulnerability patterns as well as limitations such as false positives. Dynamic
analysis methodologies, such as fuzz testing (e.g., Echidna, Harvey) and symbolic execution (e.g., MAIAN,
teEther), are assessed for their capability to identify complex logical vulnerabilities that are typically missed by
static methods, examining their accuracy, scalability, and real-world applicability. Formal verification
approaches employing K-framework, Why3, and Coq are thoroughly examined for their ability to deliver
rigorous mathematical guarantees of smart contract correctness, along with their practical applicability,
complexity, and integration into typical smart contract development workflows. The study reveals that an
integrated security strategy, combining static analysis, dynamic testing, and formal verification methods, is
essential for comprehensive and robust smart contract protection, effectively mitigating diverse vulnerabilities
across the entire contract lifecycle. The research contributes to the field by offering a comparative analysis of
current tools, identifying their strengths and limitations, and proposing future research directions, including
automated specification generation and Al-driven vulnerability prediction.
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1. Introduction

Smart contracts are deterministic, self-executing programs that operate autonomously on blockchain
platforms, enforcing predefined contractual conditions without requiring intermediary oversight or manual
intervention. These digital agreements automatically enforce predefined conditions encoded within them,
eliminating the need for third-party involvement. The pivotal role of smart contracts in the blockchain
ecosystem is to automate and ensure the transparency of transactions, potentially revolutionizing numerous
industries, from finance to logistics.

Therefore, the security of smart contracts is a critical aspect of their development and deployment.
Unlike traditional software, once deployed on the blockchain, smart contracts become immutable, and their
execution is irreversible. This characteristic, combined with the fact that smart contracts often manage
substantial financial assets, makes them an attractive target for malicious actors. Any vulnerability in smart
contract code can result in severe consequences, including substantial financial losses, unauthorized asset
manipulation, and significant erosion of user and investor trust in blockchain-based platforms [1].

Analysis of known smart contract attacks and vulnerabilities has identified several prominent security
concerns frequently exploited by attackers. The main types of vulnerabilities include:

Integer overflow/underflow,

Reentrancy attacks,

Access control errors,

Timestamp dependence and manipulation,

Gas limit manipulation and unbounded loop issues,

Insecure handling of external calls leading to unintended contract behaviors [1].
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To provide a clear visual overview of the types of vulnerabilities impacting smart contracts, the
classification illustrated in Figure 1 is proposed, outlining semantic, syntactic, and systemic categories.
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Figure 1 — Classification of Smart Contract Vulnerabilities

This classification demonstrates that smart contract vulnerabilities broadly fall into three categories:
semantic vulnerabilities resulting from logical errors and flawed contract design, syntactic vulnerabilities arising
from peculiarities and limitations of programming languages (such as Solidity), and systemic vulnerabilities
linked to blockchain-specific characteristics, such as consensus mechanisms, block times, and immutability
constraints.

Given the seriousness of the potential consequences of exploiting vulnerabilities, the development of
reliable tools and methods to ensure the security of smart contracts becomes a critically important task. To
comprehensively protect smart contracts, security tools and methodologies must encompass the entire
development lifecycle, including secure contract design, implementation, rigorous pre-deployment testing,
continuous monitoring, and efficient vulnerability remediation processes.

The aim of this article is to provide a comprehensive review of modern tools and methods for ensuring
the security of smart contracts. Three main approaches will be considered: static analysis, dynamic analysis and
testing, and formal verification. Each of these methodologies — static analysis, dynamic testing, and formal
verification — will be rigorously analyzed, discussing their theoretical foundations, practical implementation
tools, comparative effectiveness in detecting specific vulnerability types, limitations, and recommended
scenarios for application within the smart contract security process.

2. Methods of Static Analysis for Smart Contracts

Static analysis of smart contracts involves systematically inspecting the contract’s source code or
bytecode to detect vulnerabilities and potential errors without executing the contract itself, enabling early
detection of security issues during development. This method allows for the identification of potential
vulnerabilities and errors at the early stages of development, which is critically important for ensuring the
security of decentralized applications.

The principles of static analysis are based on constructing and analyzing the abstract syntax tree (AST)
and the control flow graph (CFG) of a smart contract. The AST represents the structure of the code in a
hierarchical manner, while the CFG displays all possible execution paths of the program. Analyzing these
structures facilitates detection of potentially dangerous code patterns, insecure coding practices, logic flaws, and
violations of security best practices, significantly reducing risk exposure [2].

Key techniques of static analysis include:

Data Flow Analysis (DFA) - tracks how variable values propagate through the program.
Control Flow Analysis (CFA) - examines the sequence of instruction execution.

Abstract Interpretation - models program execution at an abstract level.

Type Checking - ensures the correct use of data types.

Symbolic Execution - analyzes the program using symbolic values instead of concrete ones.

agkrwbdE

Next, we will consider three leading static analysis tools: Oyente, Mythril, and Slither.

Oyente, developed by researchers at the National University of Singapore, uses symbolic execution to
analyze Ethereum smart contracts. The tool can detect four main types of vulnerabilities: reentrancy attacks,
timestamp dependencies, issues with Ether transfer, and transaction ordering problems. Oyente operates at the
EVM bytecode level, allowing it to analyze contracts without access to the source code.
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Mythril, created by ConsenSys, is a more advanced tool that combines symbolic execution with
Satisfiability Modulo Theories (SMT) analysis. This approach enables Mythril to identify a wide range of
vulnerabilities, including integer overflows, reentrancy vulnerabilities, unprotected self-destruct functions, and
division by zero issues. Mythril also generates detailed counterexamples illustrating conditions under which
vulnerabilities can be exploited, significantly simplifying the debugging and remediation processes for
developers.

Slither, developed by Trail of Bits, analyzes smart contracts using an intermediate representation (IR)
approach combined with taint analysis to effectively track data flow and identify security-relevant code patterns.
This tool applies a series of detectors, each targeting a specific type of vulnerability. Slither is distinguished by
its high analysis speed and low false-positive rate. Slither also offers a flexible API enabling developers and
security experts to create customized vulnerability detectors tailored to specific contract functionalities,
standards (e.g., ERC-20, ERC-721), and application contexts.

For a comparative analysis of the effectiveness of these tools, consider the following Table 1.

Table 1: Tool Effectiveness

Tool Analysis Method Types of Detected Vulnerabilities | Speed | Accuracy
Oyente  |Symbolic Execution Limited set (4 types) Medium |Medium
Mythril  [Symbolic Execution, SMT Analysis |Wide range Low High
Slither IR Analysis, Taint Analysis Wide range High High

This table demonstrates that each tool has its strengths. Oyente offers basic analysis with moderate speed
and accuracy. Mythril provides a deeper analysis but at the cost of longer execution time. Slither, on the other
hand, offers an optimal balance between analysis speed and accuracy.

To illustrate the work of static analysis, consider the following smart contract code fragment:

function withdraw(uint amount) public {
require(balances[msg.sender] >= amount);
balances[msg.sender] -= amount;
msg.sender.transfer(amount);

}

Static analysis of this fragment can reveal a potential reentrancy vulnerability since the contract state is
altered after an external call (transfer). Tools will suggest changing the order of operations by applying the
“checks-effects-interactions” pattern:

function withdraw(uint amount) public {
require(balances[msg.sender] >= amount);
balances[msg.sender] -= amount;
msg.sender.transfer(amount);

}

Despite its significant effectiveness, static analysis possesses inherent limitations, including a
susceptibility to false positives, challenges in identifying vulnerabilities dependent on dynamic interactions, and
difficulty detecting runtime conditions involving external dependencies or blockchain-specific behaviors. It can
generate false positives, especially in complex contracts with multiple interactions. Additionally, static analysis
cannot detect vulnerabilities related to the dynamic behavior of the contract or external dependencies.

Prospects for the development of static analysis for smart contracts include:

1. Integration with Continuous Integration/Continuous Deployment (CI/CD) systems for automatic

analysis with each code change.

2. Development of specialized detectors for analyzing specific protocols and standards (e.g., ERC-20,

ERC-721).

3. Application of machine learning methods to improve analysis accuracy and reduce the number of

false positives.

4. Expanding analysis capabilities to support new smart contract languages and blockchain platforms

[2,6].
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Thus, static analysis is a powerful tool in the arsenal of smart contract developers and auditors.
Combining different tools and methods of static analysis allows for the identification of a wide range of
potential vulnerabilities at early stages of development, significantly enhancing the security and reliability of
smart contracts. However, for comprehensive security assurance, static analysis should be combined with other
methods such as dynamic analysis and formal verification.

3. Dynamic Analysis and Testing of Smart Contracts

Dynamic analysis involves the systematic observation and evaluation of smart contract behavior under
actual or simulated execution conditions, identifying vulnerabilities and errors that only manifest when contracts
interact with real-world data, blockchain states, or external systems. Unlike static analysis, the dynamic
approach allows identifying vulnerabilities and errors that manifest only during the contract's operation, taking
into account the real conditions of the blockchain environment and interactions with other contracts [3].

The methodology of dynamic analysis is based on executing the smart contract with various input data
and different blockchain states. Key aspects include:

1. Code Instrumentation - injecting additional instructions to track execution.

2. State Monitoring - observing changes in the contract's storage.

3. Transaction Analysis - examining the sequence and results of function calls.

4. Attack Simulation - modeling potential attack vectors to assess the contract's resilience.

Fuzz testing is one of the key methods of dynamic analysis. This approach involves generating a large
number of random or semi-random input data to identify unexpected behavior or failures in the contract's
operation. Two leading tools in this area are Echidna and Harvey.

Echidna, developed by Trail of Bits, is a property-based fuzzer. It uses user-defined invariants to check
the correctness of the contract's operation. The process of Echidna's operation can be represented by the
following flowchart (Figure 2).

Test data Execution of a Checking
generation smart contract invariants
Feedback

Figure 2 — Echidna's Operation Process

Harvey, created at ETH Zurich, is a hybrid fuzzer that combines random testing with directed search
based on symbolic execution. This hybrid approach enables Harvey to systematically and effectively explore
challenging execution paths, significantly improving detection coverage for subtle logical vulnerabilities and
boundary-condition bugs that purely random testing may miss.

Symbolic execution is another powerful method of dynamic analysis, which involves executing the
program with symbolic rather than concrete values. This allows for exploring multiple execution paths
simultaneously. Two significant tools in this area are MAIAN and teEther.

MAIAN specializes in detecting three types of vulnerabilities:
1. Suicidal contracts (contracts that can be locked by a specific user).
2. Prodigal contracts (contracts that can send Ether to arbitrary users).
3. Greedy contracts (contracts that can be forcibly sent Ether).

teEther focuses on the automatic generation of exploits for vulnerable smart contracts. It uses symbolic
execution to determine the conditions under which a vulnerability can be exploited and generates the
corresponding transactions.

Code coverage assessment is an essential component of dynamic analysis, critically important for
ensuring comprehensive exploration of contract logic, particularly since many vulnerabilities only manifest
through specific sequences or combinations of function calls and blockchain states. It helps determine which
parts of the code were executed during testing and identify hard-to-reach states. For smart contracts, it is
important to consider not only linear code coverage but also execution path coverage, as many vulnerabilities
manifest only in certain sequences of function calls.
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To demonstrate the criticality of comprehensive code coverage, especially conditional and boundary
cases, consider the following illustrative example involving transaction thresholds:

function transfer(address to, uint256 amount) public {
require(balances[msg.sender] >= amount, "Insufficient balance");
if (amount > 1000000) {
require(isWhitelisted[msg.sender], "Large transfers require whitelisting™);
}

balances[msg.sender] -= amount;
balances[to] += amount;

}

In this case, simple testing with small amounts might not reveal a potential vulnerability in the logic for
checking large transfers. Dynamic analysis with high code coverage should include tests with varying amounts,
including those exceeding the threshold.

To evaluate the effectiveness of different approaches to dynamic analysis, consider the following
comparative Table 2.

Table 2: Effectiveness of Different Approaches to Dynamic Analysis

Method Advantages Limitations
- Difficulty in achieving high code
- Fast detection of obvious errors coverage
Fuzzing - No need for manual specification - May miss complex logical errors
- Systematic exploration of execution - Exponential growth of execution paths
paths - Difficulty in modeling external calls
Symbolic Execution - Ability to find complex logical errors  Jand blockchain state
- Combines advantages of fuzzing and
Hybrid Approaches (e.g., Harvey |symbolic execution - Increased complexity of
combining fuzzing and symbolic |- More effective exploration of hard-to-  [implementation
execution) reach states - May require more resources

Despite the strength of dynamic analysis, it faces several challenges in the context of smart contracts:

1. Modeling Blockchain State: Accurately reproducing all possible blockchain states and interactions
between contracts is complex.

2. Gas Limitations: Dynamic testing must realistically model Ethereum gas constraints, ensuring tests
capture execution failures or vulnerabilities triggered by gas exhaustion scenarios under real
blockchain conditions.

3. Non-determinism: Dynamic analysis faces challenges due to inherent blockchain non-deterministic
behaviors, such as fluctuating block timestamps, block hashes, and miner-controlled data,
complicating reproducibility and consistent test outcomes.

4. Interaction Complexity: The extensive inter-contract interactions typical of decentralized applications
substantially expand the state space complexity, making exhaustive analysis and realistic simulation
of interdependencies increasingly challenging.

To overcome these challenges, researchers are developing new approaches that combine advanced
abstraction techniques, machine learning methods, and specialized emulators. Abstraction techniques, such as
predicate abstraction and abstract interpretation, significantly simplify the modeling of complex blockchain
states while preserving key properties necessary for security analysis. Additionally, applying machine learning
methods, particularly reinforcement learning and generative adversarial networks, opens new possibilities for
directed vulnerability search, allowing efficient exploration of the vast state space of a smart contract.
Developing advanced high-precision EVM emulators capable of accurately simulating gas mechanics,
blockchain-specific non-deterministic behaviors, and intricate inter-contract interactions is vital for achieving
realistic testing scenarios, thus reliably identifying vulnerabilities manifesting only under precise blockchain
conditions. This is critically important for identifying vulnerabilities that manifest only under specific conditions
in a real blockchain network [3,6].
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5. Formal Verification of Smart Contracts

Formal verification is a mathematically rigorous methodology used to prove that a smart contract strictly
adheres to its defined specifications, providing definitive guarantees against specific classes of errors across all
possible states and inputs. Unlike dynamic and static analysis, formal verification can guarantee the absence of
certain classes of errors and the contract’s adherence to specified properties for all possible inputs and system
states [4].

The foundations of formal verification are based on proof theory, Hoare logic, and automata theory. The

process of formally verifying smart contracts includes several key steps:
1. Formal specification of the contract requirements.
2. Construction of a mathematical model of the smart contract.
3. Formulation of assertions about the contract’s properties.
4. Proof of the contract model’s adherence to the specified assertions.

Formal verification employs various approaches, notably deductive verification based on logic reasoning,
model checking using automated exploration of state spaces, and abstract interpretation, which evaluates
approximate contract behavior to detect potential violations. Let's examine three leading formal verification
tools: K-framework, Why3, and Cog.

The K-framework facilitates the rigorous definition of formal semantics for both the Ethereum Virtual
Machine (EVM) and the Solidity programming language, enabling accurate and automated verification of
contracts at the bytecode level, thus reducing discrepancies between theoretical models and actual blockchain
execution. In the context of smart contracts, K-framework is used to create a formal semantics of the Ethereum
Virtual Machine (EVM) and the Solidity language. This allows for rigorous verification of smart contracts at the
EVM bytecode level.

The verification process using K-framework can be represented by the following diagram (Figure 3).

Formal
specification of a
smart contract

Translation to Evidence
K-semantics generation

Automatic proof

Figure 3 — Verification Process Using K-framework

Whya3 is a platform for deductive program verification that supports multiple external solvers and proof
systems. For smart contract verification, Why3, coupled with the WhyML tool, translates Solidity smart contract
code into an intermediate representation (IR), suitable for detailed formal analysis, leveraging multiple external
proof solvers to efficiently verify contract properties.

Coq is an interactive proof assistant based on the calculus of inductive constructions. Though Coq
necessitates substantial effort and expertise for manual proof development, it delivers unmatched correctness
assurances, capable of proving even complex and nuanced contract properties through rigorous mathematical
induction and logic-based reasoning. Specialized libraries modeling the semantics of Solidity and the EVM have
been developed for verifying smart contracts using Coqg.

Consider an example of formal specification and verification of a simple ERC20 token using K-
framework:

contract SimpleToken {
mapping(address => uint256) balances;
uint256 totalSupply;

function transfer(address to, uint256 amount) public {
require(balances[msg.sender] >= amount);
balances[msg.sender] -= amount;
balances[to] += amount;
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The formal specification for the “transfer” function might look like this:
rule
<k> transfer(To, Amount) => . ...</k>
<caller> Sender </caller>
<balance>
Sender |-> (SenderBalance => SenderBalance - Amount)
To |-> (ToBalance => ToBalance + Amount)
</balance>
requires SenderBalance >= Amount
ensures SenderBalance >= Amount

This specification asserts that after executing the “transfer’ function, the sender’s balance decreases by
the transfer amount, and the recipient’s balance increases by the same amount, provided the sender has
sufficient funds.

The advantages and limitations of various formal verification approaches for smart contracts can be
presented in Table 3.

Table 3: Advantages and Limitations of Various Formal Verification Approaches for Smart Contracts

Approach Advantages Limitations

- Complete EVM semantics - Complexity for non-specialists

- Automated proof - Limited support for complex inter-contract
K-framework - High accuracy interactions

- Support for multiple solvers - Need for manual code annotation

- Flexibility in logic choice - Complexity of verifying non-linear
Why3 - Possibility of partial verification arithmetic

- Highest level of guarantees

- Capability to prove complex properties |- Requires significant effort and expertise
Coq - Extensibility - Long verification time

However, formal verification of smart contracts faces several challenges:

1. Complexity of Specification: Formally describing all aspects of a smart contract’s behavior, including
interactions with other contracts and the external world, is a non-trivial task.

2. Scalability: Verifying large and complex smart contracts can require significant computational
resources and time.

3. Gap Between Formal Model and Actual Execution: Ensuring the correspondence between the formal
model and the actual contract behavior in the blockchain environment is essential.

4. Handling Non-deterministic Aspects: Some aspects of blockchain, such as transaction ordering and
block timestamps, are difficult to account for in a formal model.

Research in overcoming the challenges of formal verification of smart contracts is progressing in several
interconnected directions, forming a comprehensive approach to enhancing the effectiveness and accessibility of
this method. Central to this effort is the development of high-level specification languages that are not only
closer to natural language but also integrate domain-specific constructs reflecting unique aspects of the
blockchain ecosystem, such as consensus mechanisms and tokenomics. Concurrently, work is being done on
creating modular verification frameworks that allow decomposing complex smart contracts into independently
verifiable components, significantly reducing the computational complexity of the process and facilitating
incremental verification during contract updates. Integrating formal verification tools into modern development
environments and continuous integration systems transforms this process from an isolated stage into an integral
part of the smart contract development lifecycle, enabling the early detection and elimination of potential
vulnerabilities. Fundamental research into specialized logics and theories that consider the unique properties of
blockchain systems, such as distributed state and transaction immutability, paves the way for more accurate and
efficient modeling of smart contract behavior under real conditions, which is critically important for ensuring
the reliability and security of next-generation decentralized applications [4,6,7].
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5. Conclusion

The security of smart contracts is a critically important and multifaceted issue in the modern blockchain
ecosystem. The analysis of tools and methods for ensuring the security of smart contracts demonstrates that an
effective solution to this problem requires a comprehensive approach that combines static analysis, dynamic
testing, and formal verification.

Static analysis tools such as Oyente, Mythril, and Slither offer rapid, automated detection of common and
known vulnerabilities early in development, significantly reducing potential security risks, despite their inherent
limitations like false positives and incomplete dynamic vulnerability coverage. However, the limitations of this
method, including potential false positives and the inability to detect certain types of vulnerabilities, necessitate
its supplementation with other approaches.

Dynamic analysis techniques, particularly fuzz testing tools (e.g., Echidna, Harvey) and symbolic
execution frameworks (e.g., MAIAN, teEther), are crucial for uncovering vulnerabilities that manifest only
under realistic blockchain conditions, enabling effective identification of complex logic errors, inter-contract
interactions and vulnerabilities that may only manifest under specific sequences of calls or blockchain states.
This approach is particularly valuable for detecting complex logical errors and vulnerabilities related to contract
interactions.

Formal verification, utilizing frameworks such as K-framework, Why3, and Coq, provides
mathematically rigorous guarantees of correctness, making it indispensable for critical smart contracts managing
substantial financial assets or executing sensitive functionalities in decentralized systems. Despite its complexity
and resource intensity, this method is indispensable for critically important smart contracts that manage
significant assets or perform key functions in decentralized systems.

A comparative analysis of the considered methods shows that each has its strengths and limitations.
Static analysis is effective for the rapid detection of typical vulnerabilities, dynamic analysis is essential for
identifying complex interactions and edge cases, and formal verification offers mathematically rigorous security
guarantees.

Recommendations for a comprehensive approach to ensuring the security of smart contracts include:

1. Integration of static analysis tools into continuous integration/continuous deployment (CI/CD)
pipelines, enabling automated vulnerability detection early in development cycles.

2. Employing fuzz testing and symbolic execution rigorously throughout the development and pre-
deployment testing stages to systematically detect subtle, logic-dependent vulnerabilities and edge-
case conditions.

3. Application of formal verification methodologies for the most critical components of smart contracts,
especially those controlling significant assets or core logic of decentralized protocols, ensuring the
highest level of security assurance and correctness.

4. Development, dissemination, and enforcement of robust security standards, guidelines, and best
practices tailored explicitly to smart contract development and deployment, promoting consistent
security-focused coding practices across the blockchain industry.

5. Ongoing education of developers on new methods and tools for security analysis.
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