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Author’s Introduction

The world of software development has undergone tremendous transformations in the
past three decades. Programming languages have evolved, hardware has advanced at

a breathtaking pace, and paradigms such as parallelism, vectorization, portability, and
safety have reshaped how we design software systems. Yet, despite these advancements,
one truth remains unchanged: at the foundation of every program lies the machine itself
— the CPU, the registers, the instruction set, and the memory model.

Modern C++ stands uniquely positioned between the high-level abstractions of
contemporary languages and the raw computational realities of hardware. It offers
developers the expressive power of templates, metaprogramming, RAII, concepts, and
modules, while still allowing direct access to CPU features through mechanisms such as
intrinsics, compiler built-ins, and most importantly, inline assembly. This dual nature
enables C++ to bridge two worlds: the world of readability, maintainability, and type-
safety on one side, and the world of absolute performance, deterministic control, and
hardware precision on the other.

Inline Assembly, often misunderstood or dismissed as “obsolete,” remains one of the
most capable tools for systems programmers, security engineers, kernel developers,
embedded programmers, and anyone who cares about performance down to the last
instruction cycle. Far from being a relic of the earlier C era, inline assembly has evolved
together with C++ itself. With the arrival of C++417, C+420, and C++23, we now

possess safer, cleaner, and more expressive methods of combining C++ logic with



handcrafted instructions. Improvements in compilers—particularly in GCC 10+, Clang
12+, and LLVM-based toolchains—have introduced more robust constraint systems,

better diagnostic messages, and more predictable interactions with optimization passes.

Many developers shy away from inline assembly not because it is inherently unsafe,
but because it is unfamiliar. They fear invisible pitfalls or undefined behavior. They
believe that modern compilers always generate perfect machine code — a belief that is
often untrue. Compilers optimize according to general patterns and heuristics; humans
optimize according to problem-specific insights. There will always be performance-
critical areas, specialized hardware interactions, or custom operations where direct
instruction-level control provides measurable and sometimes dramatic benefits.

In cryptography, embedded firmware, high-frequency trading, operating system
development, device drivers, compression algorithms, real-time media processing, and

scientific computing, inline assembly remains indispensable.

This booklet was written to serve as a modern, accurate, and practical guide to inline
assembly in C++ for the new generation of professionals. It does not rely on old
syntax or outdated compilers. Instead, it focuses on the contemporary asm and asm
volatile forms used in the post-2020 toolchain ecosystem, including x86_ 64, ARMvS8-A
(AArch64), and RISC-V. It teaches the constraint language thoroughly, demonstrates
how inline assembly interacts with optimizers, and explains the subtle but essential

differences between safe and unsafe patterns.

The content of this work is organized intentionally to help developers progress from
foundational understanding to practical mastery. First, we explore the basic syntax,
operand constraints, clobbers, volatility semantics, and the core design principles that
ensure predictable code generation. Next, we examine how inline assembly integrates
with modern C++ features such as templates, constexpr logic, structured bindings, and
modern memory models. Finally, we present a powerful real-world example — a high-

performance byte scanner — demonstrating how handcrafted assembly can outperform



generic standard library implementations in specific performance-critical contexts.
Each chapter includes exercises and detailed solutions to ensure that the reader moves
beyond passive understanding to practical, hands-on competence. The examples

have been tested on modern compilers released after 2020, ensuring that readers can
reproduce results and experiment safely in their own environments.

Inline assembly is not meant to replace C++ abstractions; rather, it complements
them. It is a precision instrument, not a general-purpose hammer. When used with
care, discipline, and understanding, it becomes one of the most elegant and powerful
extensions available to the C++ programmer. It enables developers to see what
happens under the hood, understand why compilers generate certain patterns, and take
complete command when necessary.

The purpose of this booklet is simple but ambitious:

To make inline assembly understandable, modern, safe, practical, and

confidently usable for every C++ professional.

I hope this work empowers you to look at Modern C++ not only as a high-level,
expressive language but also as a gateway to the fascinating and powerful world of low-

level system design.

Ayman Alheraki



Chapter 1

Introduction to Inline Assembly in Modern

C++

Inline assembly is one of the most precise and low-level tools available to Modern
C++ developers. It enables direct embedding of CPU instructions inside C++ source
code, bridging the high-level abstractions of the language with the exact, deterministic
operations of the underlying hardware. While often associated with old codebases or
legacy systems, inline assembly remains highly relevant, especially in performance-
critical and system-level projects where even the most advanced compiler optimizations
cannot fully express the programmer’s intent.

Modern toolchains (GCC 10, Clang 12, MSVC 2019) fully support inline assembly
using forms such as:

- asm(”...”) or asm volatile(”...”) - GCC / Clang - asm{} - MSVC (limited to x86
and mostly deprecated) - Freestanding C++23 environments (operating systems,
kernels, embedded systems) where inline assembly is often essential

This chapter lays the foundation for using inline assembly effectively. We explore

syntax, operand binding, register constraints, clobbers, volatile semantics, and the
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interaction between assembly blocks and compiler optimization passes. Understanding
these basics is crucial before moving to advanced inline assembly techniques in later

chapters.

1.1 Why Inline Assembly Still Matters

Even with extremely advanced compilers and highly optimized libraries, there are

scenarios where inline assembly is still the preferred or only viable option:

o Access to CPU instructions not exposed by intrinsics Some specialized
instructions (e.g., system register reads on ARM or RISC-V) require direct

assembly:.

« Precise control over register allocation or instruction sequence Cryptography,
signal processing, and embedded routines often depend on strictly ordered

instructions.

e Memory-mapped I/O and hardware control Many embedded systems require raw

load/store operations, fences, and memory barriers.

o Custom context switching or low-level threading primitives Kernel-level
programming often requires manipulating stack pointers or saving registers

manually.

» High-frequency trading and latency-sensitive applications Micro-optimizations can

provide measurable improvements when nanoseconds matter.

o Educational and debugging value Inline assembly helps developers understand

compiler output and CPU architecture.

In short, inline assembly offers absolute control-—something no high-level optimizer can

fully guarantee.
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1.2 The Basic GNU/Clang Syntax

The most widely used and modern form of inline assembly is the GCC/Clang extended
assembly syntax. This syntax is standardized across Linux, macOS (Clang), and cross-

compilers for ARM, AArch64, RISC-V, and embedded targets.
A basic example:
asm volatile(

"add %1, %0”

. 77:1,77 (a)

. ”r” (b) , ’7077 (a)

This compact example demonstrates several essential concepts:

1.2.1 Instruction Template

The first parameter contains the assembly instruction string. It may include:

e %0, %1, %2 — operand placeholders
« Multiple instructions separated by ”\n\t”

o Labels, jumps, fences, memory ops, or custom instructions

1.2.2 Output Operands

The second section lists outputs. In the example:
77:r77(a)

means:
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o =" — output-only
e "t”7 — any general-purpose register

e (a) — the C++ variable bound to this operand

1.2.3 Input Operands

The third section lists input variables:
”I,??(b)’ 77077<a)

"1” means register input, while ”"0” reuses the register allocated to operand 0.

1.2.4 Clobbers (optional)
Clobbers tell the compiler which registers or memory states are modified. Examples:

“cc”, "memory”, "rax”, "xmm0”

These are discussed in detail in Chapter 2.

1.3 Register Constraints (x86, ARM, RISC-V)

Operand constraints guide the compiler in choosing registers. This is one of the most

important concepts in inline assembly.

1.3.1x86 Register Constraints

e 1 — any general-purpose register

e m — a memory operand
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« a - RAX
« b- RBX
« ¢ - RCX
« d - RDX
« D-RDI
« S RSI

These allow the programmer to control calling-convention-relevant registers.

1.3.2 ARM and AArch64 Constraints

ARMG64 uses a cleaner constraint system:

e 1 — any general-purpose register

w — 32-bit register (W0-W30)

x — 64-bit register (X0-X30)

Q — NEON vector register

Uq — special class for quad-word operands

1.3.3 RISC-V Constraints

RISC-V constraints are simple:
o 1 — integer register (x0-x31)

o f - floating-point register
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e m — memory operand

Because RISC-V is a clean RISC design, the compiler has fewer hidden constraints.

1.4 Volatile vs Non-Volatile Inline Assembly
asm volatile instructs the compiler to:

e mnever remove the assembly block
« never reorder it across memory operations

« assume side effects exist even if none appear
This is critical when the assembly is performing operations that are:

hardware-visible

timing-sensitive

dependent on global program state

related to memory-mapped 1/O or device drivers

1.4.1 When to Use Non-Volatile

Non-volatile asm is used when:

» the assembly has no observable side effects
o the optimizer is allowed to inline, reorder, or remove it

o the instructions are pure arithmetic (e.g., ADD, MUL)
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1.5 Compiler Optimization and Instruction Reordering
Inline assembly does not live in isolation. It interacts with:

e compiler optimizations

» register allocation

 instruction scheduling

 calling conventions

CPU pipelining

Without proper constraints, the compiler might:

eliminate your assembly block

reorder it in unexpected ways

 assign registers incorrectly

assume memory is unmodified

This is one of the most common sources of bugs.

To avoid miscompilation, always:

declare all inputs and outputs

e use "memory” clobber when memory is touched indirectly

prefer asm volatile for hardware interactions

avoid changing stack pointer or frame pointer manually
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Exercises

1. Write an inline assembly block that increments a variable using the ADD instruction.

’r” constraint. 3. Describe a scenario where

2. Explain the difference between "=r” and
using asm volatile is absolutely necessary. 4. Why must the stack pointer (rsp or x29)

never be modified inside inline assembly without restoring it?

Solutions

1.

asm volatile("add $1, %0” : "+1”(x));

RRE IS

2. "=r” means “this operand is output-only.” ”"r” means “this operand is input-only.”

3. asm volatile is required when interacting with hardware registers (e.g., memory-
mapped 1/0O) where the compiler must not optimize out the instruction.

4. Modifying the stack pointer breaks the compiler’s ABI expectations and may corrupt
return addresses, local variables, or C4++ exception metadata, leading to undefined

behavior or crashes.



Chapter 2

Constraint Mastery and Operand Binding

Constraints are the heart of Modern C++ inline assembly. They form the “contract”
between the compiler and your assembly block, telling the compiler how to pass

values, how to allocate registers, and which resources the code will use. Mastering
constraints is essential for writing correct, efficient, and portable inline assembly on any

architecture.

In GCC and Clang, constraints provide the bridge between C++ variables and the
low-level registers or memory operands used within the assembly template string. A
precise understanding of constraints allows developers to write robust code that behaves
predictably under optimization, supports multiple architectures, and avoids undefined

behavior.

This chapter explains constraint types, advanced operand binding techniques, and
architecture-specific rules for x86_ 64, ARM64 (AArch64), and RISC-V. We also explore

subtle interactions with register allocation and ABI requirements.

16
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2.1 The Role of Constraints in Inline Assembly
When you write an inline assembly block:
asm(”add %1, %07 : ?=r"(a) : "r”(b));
you are communicating three things to the compiler:

1. What the assembly does (instruction template)

2. Where operands come from (constraints)

3. What system resources are modified (clobbers)
Constraints tell the compiler:

o which registers may be used

o which values are inputs or outputs

o whether registers must match or alias

o whether operands can be in memory or must be in registers

o whether an operand should be tied to another operand
Correct constraint usage ensures:

» safe register allocation

» predictable code generation

« optimal instruction scheduling

o correct interaction with the optimizer

Poor constraints often lead to silent miscompilation — the most dangerous kind of bug.
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2.2 x86 Constraints (Post-2020 Toolchain)

The x86_ 64 architecture provides a rich constraint system due to its many general-
purpose registers, segment registers, SIMD registers, and calling-convention-specific
rules.

Below are the most commonly used constraints in modern GCC and Clang (2020-2025):

2.2.1 General Constraints
o "7 — any general-purpose register (rax, rbx, rex, ..)
e "m” — memory operand

9 o0
L]

g” — any valid operand (register or memory)

2.2.2 Register-Specific Constraints

« "a” - RAX
« ’b” - RBX
e "¢” - RCX
« ’d” - RDX

« "D” — RDI (string operations)
« ”S” — RSI (string operations)

o "t”7 — any GP register chosen by compiler

Using fixed-register constraints is necessary for instructions like:
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e cpuid — must use eax, ebx, ecx, edx
o xchg — requires specific registers depending on operand size

e rep movsb — uses rdi and rsi

2.2.3 Matching Constraints: 707, 717, etc.

Matching constraints bind an operand to another operand’s register.

Example:
asm(”add %1, %07 : "+17(x) : 707(x));

This forces input operand “0” to use the same register as the output operand.

2.2.4 Examples
e "=1” — output-only register
e 741”7 — read-modify-write register
« 70" — reuse previous operand (matching constraint)

e "a” — force operand into RAX

A realistic example binding to RAX:

asm volatile(
"mul %17
: "=a”(result)
: "r”(value), ”0”(accumulator)

R

: rdx”
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2.3 ARM64 Constraints

ARM64 (AArch64) provides a clean, predictable constraint system aligned with its
RISC design philosophy. Modern Clang and GCC toolchains (2020-2025) support the

following;:

2.3.1 Scalar Register Constraints
e "r”7 — general-purpose register (X0-X30 / W0-W30)
o "w” — 32-bit register (Wn)

e "x” — 64-bit register (Xn)

2.3.2SIMD / NEON Constraints

My,
L]

v” — vector register
e "Q” — quadword register

« "Uq” — special NEON operand class

2.3.3 ARM64 Example: XOR 64-bit

asm volatile(

"eor %0, %1, %2”
: "=r”(out)

. ”r” (a) , ”I.” (b)

ARMG64’s simple, symmetrical register file makes constraints easier than x86’s historical

baggage.
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2.4 RISC-V Constraints (New Standard ISA)

RISC-V, being a clean and modern RISC architecture, has the simplest constraint

system among major ISAs.

2.4.1 Integer Register Constraints

99,9
L]

r” — x0-—x31 (integer registers)

e "m” — memory operand

2.4.2 Floating-Point Constraints

o "f7 — {0131 (floating registers)

2.4.3 RISC-V Example

asm volatile(
"add %0, %1, %2”
: "=1"(out)

. ”r”(a), ”I‘”(b)
Because RISC-V registers are uniform, this mapping is almost always optimal.
2.5 Advanced Concepts: Operand Binding

Operand binding is one of the most powerful techniques in inline assembly. It controls

exactly how operands relate to each other.
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2.5.1 Read-Modify-Write: "+r”
The +r constraint means:
o read the operand into a register
o perform operations

« write the updated value back to the C++ variable

2.5.2 Matching Operands

707, 717, 727 let you reuse a register allocated to another operand.

Example:
asm(”sub %1, %07 : 7+17(x) : 707(x));

Both operands share the same register.

2.5.3 Fixed Register Binding

Used for system calls, CPU instructions, or ABI-specific operations.
Example: binding to RAX:

asm(”xor %rax, %rax” : "=a”(result));

Exercises

1. Bind a variable to RAX using constraints. 2. Write an ARM64 inline assembly block
that performs an XOR on two 64-bit integers. 3. What does the matching constraint
”0” mean, and when is it used? 4. On RISC-V, what is the difference between "r” and

"t” constraints? 5. Write an x86 block that performs multiplication where one operand
must be in RDX:RAX.
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Solutions

1.
asm(”add $5, %rax” : "=a”(x) : "07(x));
2.

asm volatile(
"eor %0, %1, %27
"=r"(out)
2 ’r”(a), "r”(b)
);

3. Matching constraint ”0” instructs the compiler to place the operand in the same
register as operand 0. Useful for read-modify-write operations.

4. "r” — integer register (x0-x31). "f” — floating-point register (f0-£31).

5.

asm volatile(

"mul %1”
. ”:d”(hi), 77:a,”(10)
: 77377(}()’ 77r77(y)



Chapter 3

Inline Assembly and Modern C++ Features

One of the misconceptions about inline assembly is that it belongs solely to the “old C
era,” incompatible with modern abstractions and features of C+4-. This is no longer
true. Since the introduction of C+417, and especially in C+420 and C++23, inline
assembly has become far easier to integrate with templates, compile-time programming,
atomics, memory models, structured bindings, and advanced library utilities.

Modern toolchains treat inline assembly as a first-class citizen as long as the developer
follows the correct rules and constraint specifications. This chapter demonstrates how
inline assembly works together with modern C++ features and how these integrations
enable extremely efficient low-level operations without compromising the power of high-
level C++ abstractions.

Inline assembly now integrates smoothly with:

e constexpr functions
o function templates and class templates

o C++420 <bit> utilities (std::rotl, std::rotr, popcount)

24
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e C++20 memory interference sizes
o C++ atomics and memory models

o C++23 freestanding and low-level environments

This combination allows you to write high-level user-friendly interfaces backed by highly

optimized instruction-level logic.

3.1 Inline Assembly Inside Templates

Templates represent one of Modern C+-+’s most powerful features, enabling generic
code that is compiled into optimal instantiations. Inline assembly can be used within
templates to tailor instructions to specific data types or to create highly optimized low-

level utilities.

3.1.1 General Pattern

A typical pattern is:

template <typename T>
T fast_add(T a, T b) {
asm(”add %1, %07 : 7+r”(a) : "r”(b));

return a;

3.1.2 Discussion

o The compiler generates separate versions of this function for each type T

instantiated.
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 For integral types that fit within CPU registers (char, short, int, long, long long),

this results in efficient code.

» For floating-point types or custom class types, constraints will fail — which is

good, because inline assembly should not operate on unsupported types.
« Using SFINAE or requires clauses (C++20 concepts) can restrict inline assembly

to allowed types.

3.1.3 Using Concepts to Restrict Allowed Types (C++20)

template <typename T>
requires std::is_ integral v<T>
T fast_add(T a, T b) {
asm(”add %1, %07 : 7+r”(a) : "r”(b));

return a;

This avoids accidental instantiation with types incompatible with inline assembly.

3.2 Inline Assembly and constexpr

Inline assembly is not allowed inside a constexpr function, because constexpr requires
compile-time evaluation, while inline assembly always executes at run time.

However, inline assembly can be used to complement constexpr logic:

o Compile-time preparation of lookup tables, masks, constants

o Run-time optimized kernels using inline assembly for speed-critical loops

Example pattern:
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constexpr uint64_t rotate left constexpr(uint64 t x, int n) {

return (x << n) | (x >> (64 - n));

uint64_t rotate left asm(uint64 t x, int n) {
asm(”rol %1, %07 : "417(x) : "¢”(n));

return x;

3.3 Using Inline Assembly with C4+420 <bit> Utilities

C++420 introduced several low-level bit operations:
e std::popcount
e std::rotl, std::rotr
o std::bit_ceil, std::bit_floor
e std::countl zero, std::countr zero

Most compilers map these directly to hardware instructions such as:

popcnt

lzent

tzent

rol /ror
Inline assembly is useful when:

e The compiler refuses to emit an instruction even at -O3
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* You want precise control of operand ordering

« You want to use alternate forms (e.g., 32-bit registers only)

Example: forced 64-bit rotate:

uint64_t rotl64(uint64_t value, int count) {
asm(”rol %1, %07 : "4r”(value) : ”c”(count));

return value;

3.4 Inline Assembly and Hardware Interference Sizes

C++420 introduced:

e std::hardware constructive interference size

o std::hardware destructive interference size

These aid in cache-line alignment. Inline assembly routines that operate on cache-line-

sized structures benefit greatly from such guarantees, especially when writing:

o Lock-free algorithms

CPU-specific memory operations

SIMD-aligned loops

« Custom memcpy/memset routines

Example of using interference size:

alignas(std::hardware_destructive_ interference_ size)
struct CacheLineAligned {
uint8 t bytes[64];

I

Inline assembly can then assume access boundaries match CPU expectations.
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3.5 Inline Assembly with C++ Atomics

C++ atomics follow a strict memory model that the compiler must enforce. Mixing

inline assembly with atomics requires great care.

3.5.1 What Can Go Wrong

Inline assembly may bypass compiler-enforced memory ordering.

Incorrectly specified constraints may violate atomicity.

Register clobbers might break synchronization patterns.

Failing to declare memory clobbers can cause miscompilation.

3.5.2 Correct Pattern with Atomics

When inline assembly interacts with memory affecting multiple cores, always include:

e asm volatile
e "memory” clobber

o Correct operand constraints

Example:

void atomic add(std::atomic<int>& ref, int value) {
int* ptr = &ref;
asm volatile(
"lock add %1, %0”
: "4m” (*ptr)

RS

: 7ir”(value)
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: "memory”

3.5.3 Guidelines

Never modify the stack pointer.

Do not corrupt rbx, rbp, or platform-reserved registers.

Declare every memory side-effect.

Use lock prefixes only when needed.

3.6 Safety Rules After 2020

As compilers improved, they tightened assumptions around inline assembly. The

following rules are crucial:

3.6.11. Do Not Touch Compiler-Reserved Registers

Examples:

o rbp on x86 when used as frame pointer
« x18 on ARM64 (platform-reserved)

o TLS registers on certain targets
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3.6.2 2. Preserve Stack Alignment

Modern ABIs require:

e 16-byte stack alignment on x86_ 64 SysV
o 16-byte alignment on macOS ARM64

o 128-bit alignment for SIMD operations
Violating alignment leads to crashes during:

o SIMD operations
e System calls

o Function calls inside assembly blocks

3.6.3 3. Declare Outputs Correctly

Failing to mark outputs as:

e =T
L] 7’—'—1‘”
o 77:111”

can cause:

 register reuse mistakes
e incorrect instruction scheduling

« optimizer removing your assembly
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Exercises

1. Write a template that multiplies two integers using inline assembly. 2. What
happens if you modify RSP (x86_64) or SP (ARM64) inside inline assembly? 3. Write
a function that uses inline assembly to rotate a 32-bit value left by n bits. 4. Why must

inline assembly include a "memory” clobber when working with atomics?

Solutions

template<typename T>
T mul(T a, T b) {
asm("imul %1, %07 : 7417 (a) : "r7(b));

return a;

2. The compiler’s ABI expectations are violated — undefined behavior, stack

corruption, or immediate crash.

3.

uint32_t rotl32(uint32_t x, int n) {
asm("rol %1, %07 : "+1”(x) : "¢”(n));

return x;

4. Without a "memory” clobber, the compiler may reorder memory operations around
the assembly block, breaking atomic ordering guarantees and causing data races or

miscompilation.



Chapter 4

Advanced Case Study: Vectorized Byte
Scanner with AVX2

In the previous chapter, we built a scalar high-performance byte scanner using classic
x86 inline assembly. In this final chapter, we go one level deeper and design a vectorized
byte scanner using AVX2 instructions, integrated with Modern C++, and implemented
entirely with GCC/Clang extended inline assembly.

This case study is intentionally complex. It demonstrates:

how to combine Modern C++ (C++17/20) with advanced SIMD instructions,

how to structure an algorithm around CPU capabilities,

how to write non-trivial inline assembly with multiple vector registers,

how to integrate runtime feature detection (CPUID),

how to provide a clean C++ API with scalar fallback.
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The result is a realistic, production-style routine that can outperform naive std::find or
memchr for large buffers on AVX2-capable x86 64 CPUs.

4.1 Problem Statement and Design Goals

We want to implement:

a function that scans a memory buffer for a given byte value,
o returns the index of the first occurrence or npos on failure,

o uses AVX2 to process 32 bytes at a time,

o exposes a simple Modern C++ API:

std::sizet fast_ find avx2(const std::uint8 t* data,

std::size t size,

std::uint8 t value);

falls back to a scalar implementation when AVX2 is not available.
We also require:

e clean inline assembly with explicit clobbers,
o well-defined constraints for vector registers,
« separation between kernel (hot loop) and C++ glue code,

« portability across common Linux and Windows x86_ 64 toolchains (GCC/Clang +
MSVC-compatible calling conventions).
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4.2 Scalar Baseline

We start with a pure C++ scalar implementation. This will serve as a reference for

correctness and performance comparison.

#include <cstddef>
#include <cstdint>

constexpr std::size_t npos = static_ cast<std::size_t>(-1);
std::size_t fast_find_scalar(const std::uint8 t* data,
std::size t size,
std:uint8_t value) {
for (std:size_t i = 0;1 < size; ++i) {
if (data[i] == value) {

return i;

}

return npos;

This version:

o is portable,
e is easy to understand,

« but only examines one byte per iteration.

On large buffers, we can do much better with AVX2.
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4.3 AVX2 Strategy Overview

AVX2 provides 256-bit vector registers (YMMO-YMM15), each capable of holding 32
bytes. We can design the algorithm as follows:

1. Broadcast the search byte into a 32-byte vector.

2. For each 32-byte chunk of the input buffer:

(a) Load 32 bytes from memory into a YMM register.

(b) Compare them against the broadcast vector with vpcmpeqgb.

(c¢) Extract the comparison result into a bit mask using vpmovmskb.
)

(d) If the mask is non-zero, find the first set bit and compute the index.

3. Handle the “tail” bytes (size not divisible by 32) with scalar code.

This gives us an effective throughput of 32 bytes per loop iteration with very low

branch pressure.

4.4 Runtime AVX2 Detection (CPUID)

First, we need a helper to detect whether the CPU supports AVX2. A minimal runtime

check can be written in C++ using compiler builtins and a bit of inline assembly for
CPUID.

For brevity, we assume we have a function:

bool cpu_has avx2();

In practice, this may use OS-specific APIs or CPUID logic; we omit the full CPUID

implementation here to keep focus on inline assembly in the scanner itself.
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4.5 Building the AVX2 Kernel With Inline Assembly

We now construct the heart of the algorithm: an AVX2 kernel written in extended

inline assembly.

4.5.1 High-Level C++4 Wrapper

We start with a wrapper that prepares inputs, handles small sizes, and calls the AVX2

kernel.

std::size_t fast_find avx2(const std::uint8 t* data,
std::size t size,
std::uint8_t value) {
if (!data || size == 0) {

return npos;

// For very small buffers, scalar is usually faster.
if (size < 32 || lcpu_has_avx2()) {

return fast_find_ scalar(data, size, value);

// Call the AVX2 kernel.
const std::uint8_t* ptr = data;
std::size_t n = size;

std::size_t base = 0;
// Search in 32-byte chunks.
while (n >= 32) {

std::uint32_ t mask = 0;

mask = avx2_compare__chunk(ptr, value);
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if (mask != 0) {
// Find index of first set bit (least significant).
unsigned int bit_index = _ builtin_ ctz(mask);

return base + bit__index;

}

ptr += 32;
n -=32;
base += 32;

// Handle tail.

if (n>0){
std::size_t tail = fast_find_ scalar(ptr, n, value);
if (tail != npos) {

return base + tail;

return npos;

The interesting part is the helper:

std::uint32_t avx?icompareichunk(const std::uint8 t* ptr,

std:uint8 t  value);
This function:
o loads 32 bytes from ptr,
o compares them with value,

o returns a 32-bit mask where each bit corresponds to a matching byte.
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4.5.2 Preparing the Broadcast Vector

To compare 32 bytes against the same value, we must create a 32-byte vector where

each byte equals value. We can build it in C++ and pass it to the assembly kernel.

std::uint32_t avx2 compare chunk(const std::uint8 t* ptr,
std::uint8_t value) {
alignas(32) std::uint8 t pattern[32];
for (int i = 0; i < 32; ++i) {

pattern[i] = value;
std::uint32_ t mask = 0;
asm volatile(
// Load 32 bytes from memory into YMMO.

"vmovdqu (%1), %%ymmO0\n\t”

// Load the broadcast pattern into YMMI1.
"vmovdqu (%2), %%ymm1\n\t”

// Compare bytes: result in YMM2, each byte is OxFF if equal, 0x00 otherwise.
"vpempegb %%ymm1, %%ymm0, %%ymm2\n\t”

// Compress the 32 MSBs of each byte in YMM?2 into a 32-bit mask.
"vpmovmskb %%ymm2, %0\n\t”

: ’=r"(mask) // %0: output mask
: "r7(ptr), /] %1: pointer to data
"r”(pattern) // %2: pointer to pattern

: ”ymmO”, 77ymm1”7 ”ymm277’ ’7memory77’ ”CC”
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return mask;

4.5.3 Inline Assembly Analysis
Key aspects:
e Operands

— 7"=r"(mask) The 32-bit mask is returned in a general-purpose register.

— "r”(ptr), "r”(pattern) Pointers passed as general-purpose registers.

e Clobbers

= 7ymmO0”, "ymm1”, "ymm2” We tell the compiler we destroy these vector

registers.
— "memory” Signals that memory is read from; prevents reordering.

"cc” Indicates condition codes may be changed.
o Instructions

— vmovdqu — unaligned vector load (safe for any address).
— vpcmpegb — compare bytes; sets each byte of YMM2.

— vpmovmskb — compress the MSBs of each byte into a 32-bit mask.

The result is a compact, branch-free AVX2 comparison kernel.

4.6 Integrating With Modern C++

The full implementation can live in a header-only library, guarded by compile-time
checks:
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#if defined( AVX2 )

// Provide avx2_compare_chunk and fast_ find_avx2.
#else

// Fallback: only scalar version available.

#endif

At run time, you may also use cpu_has avx2() to switch between implementations.
The public API can be as simple as:
std::size_t fast_find(const std::uint8 t* data,

std::size t size,

std::uint8 t value) {

if (cpu_has_avx2()) {

return fast_find_avx2(data, size, value);

}

return fast_find_scalar(data, size, value);

This design:

» gives callers a single stable interface,
o hides all architecture-specific complexity,

« allows future extensions (e.g., AVX-512, NEON, RISC-V RVV) without changing

user code.

4.7 Performance Discussion

In practice, the AVX2-based scanner:

o processes 32 bytes per loop iteration,
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 has a predictable branch pattern (rare branches on matches),

e benefits from hardware prefetchers due to linear memory access,

o reduces instruction count significantly compared to scalar loops.
Microbenchmarks typically show:

o clear wins on large buffers (tens of kilobytes and above),

o comparable performance to std::memchr on mid-size buffers,

o slight overhead on very small buffers (hence our scalar fallback).

More advanced optimizations (not shown here) may include:

manual loop unrolling,

software prefetch instructions (prefetcht0),

partial register reuse and dependency breaking,

integration with AVX-512 and mask registers.

4.8 Portability and Safety Notes

o This implementation assumes an x86_ 64 environment with AVX2 support.
o Always provide a scalar fallback for older CPUs or non-x86 architectures.

« Inline assembly must be compiled with vector saving/restoring rules compatible

with the ABI (the compiler handles this when clobbers are specified correctly).

e When used in a library, document the CPU requirements clearly.
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Exercises

1. Modify the AVX2 kernel so that it processes two consecutive 32-byte chunks per
iteration (loop unrolling), returning a mask that combines both chunks.

2. Extend the algorithm to search for a two-byte pattern (e.g., “0x0D 0x0A”) instead of
a single byte. Hint: you may need two masks and bitwise operations.

3. Replace the C++ loop that fills the pattern[32] array with an inline assembly
sequence that uses vpbroadcastb (if available) instead of a memory pattern.

4. Discuss how the implementation should change to support AVX-512 (64 bytes per

iteration) and what new instructions you would use.

Solutions (Outline)

1. Unroll the loop: perform two loads and comparisons, generating two masks. If the
first mask is non-zero, find the index in the first 32-byte block; otherwise, check the
second mask and add 32 to the base index.

2. Compute two masks: one for the first byte of the pattern, one for the second byte
(shifted by one position). The positions where both masks have a bit set represent
matches for the 2-byte pattern.

3. Use a small inline assembly routine that loads value into a general-purpose register,
moves it to an XMM register, and uses vpbroadcastb (or vpbroadcastd with suitable
packing) to fill a YMM register. Then store that YMM register to pattern using
vmovdqu.

4. Use AVX-512 registers (ZMMO0-ZMM31) and instructions such as vpecmpegb with
mask registers and kortestb/kmovb. Each iteration now processes 64 bytes, and the
mask is 64 bits wide instead of 32.



Final Conclusion

Inline assembly continues to hold a unique and powerful place in the Modern C++
ecosystem. Even as the language evolves toward higher abstraction, stronger type
systems, and safer programming paradigms, the need for direct, deterministic, and
cycle-accurate control has not disappeared. In fact, as hardware becomes more complex
and performance demands continue to increase, the relevance of low-level knowledge has
only grown.

Although inline assembly should not be used casually or excessively, it remains

indispensable in several categories of software development:

o Performance-critical inner loops where every cycle counts and predictable

behavior is essential.

o Operating system kernels and low-level runtime environments, including custom

bootloaders, memory managers, schedulers, and interrupt handlers.

o Embedded systems that require precise control of registers, peripherals, timers,

and microarchitectural features.

o Hardware communication layers such as device drivers, MMIO interactions,

memory fences, and synchronization mechanisms.

o Cryptographic primitives that rely on constant-time operations, bit-level

manipulation, and instruction-specific optimizations.
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o (Custom memory operations and high-performance data-processing loops where

compilers cannot always generate optimal code.

The modern era (C++17-C++23 and beyond) demonstrates that inline assembly

is no longer the unsafe, obscure technique some developers believe it to be. Instead,
when combined with modern C++ features—such as concepts, constexpr, structured
bindings, the C4++20 memory model, and the <bit> library—inline assembly becomes
a disciplined and reliable tool. It allows developers to bridge the gap between the
expressiveness of C++ and the raw performance potential of the underlying CPU.

By correctly specifying constraints, respecting ABI rules, preserving registers,
maintaining stack alignment, and declaring clobbers, developers can write inline
assembly that integrates seamlessly with compiler optimizations. This removes much
of the danger historically associated with inline assembly and makes it suitable even for
modern, large-scale, and safety-critical applications.

Ultimately, mastering inline assembly is not about memorizing instructions—it is about

understanding:

how the compiler allocates registers,

how the CPU pipeline executes instructions,

how memory hierarchy affects performance,

how hardware instructions map to high-level operations,

and how abstraction layers interact all the way from C++ down to microcode.

This knowledge elevates a developer’s capability far beyond writing a few assembly
blocks. It builds intuition for performance behavior, resolves subtle bugs, and unlocks

optimizations that are impossible through high-level code alone.
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Inline assembly is not a replacement for C++; it is a precision instrument that
complements the language’s powerful abstractions. When used correctly, it gives
developers full command over the machine while still benefiting from the safety,
structure, and expressiveness of Modern C++.

As you move forward in your systems programming journey, remember:

Inline assembly is not about writing more low-level code—it is about
knowing when to step beneath the abstraction layer and take complete

control of the hardware.

Understanding this balance makes you a stronger systems programmer and deepens
your appreciation for the intricate relationship between Modern C++ and the CPU

architectures that execute it.
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