rustc cargo

<channel>[-<date>][-






<host>]

PartialToolchainDesc

build

rustup override set nightly

rust-toolchain.toml

~/.rustup/toolchains/

~/.cargo/bin/

link my-toolchain path/to/sysroot

TyCtxt

ToolchainDesc

cargo +nightly

RUSTUP_TOOLCHAIN

~/.cargo/bin/

rustup toolchain



This design means the compiler doesn't simply process files in order from front to back. Instead,
code generation might query for optimized MIR, which queries for borrow-checked MIR, which
queries for type-checked HIR, and so on—pulling information through the compilation pipeline on
demand. Each query is a pure function: same inputs always produce identical results, ensuring
deterministic compilation critical for reproducible builds.

The compiler uses multiple intermediate representations, each optimized for specific purposes.
The Abstract Syntax Tree (AST) directly represents source structure as returned by the parser,
used for syntactic validation and macro expansion. High-level IR (HIR) is desugared AST, closer to
semantic meaning with implicit elements like elided lifetimes made explicit. HIR remains amenable
to type checking and trait resolution while still relatively close to user-written code.

Typed HIR (THIR) is fully typed and even more desugared, with method calls and implicit
dereferences made completely explicit. This intermediate step eases the transition to MIR by
handling the remaining desugaring that's easier to express on a typed representation. Mid-level IR
(MIR) represents code as a control-flow graph with basic blocks containing simple typed
statements. This is where the magic happens—borrow checking, dataflow analysis for uninitialized
variables, Rust-specific optimizations, and constant evaluation all operate on MIR.

MIR's power comes from being simple enough for analysis but still generic (not yet
monomorphized). Basic blocks consist of statements followed by a terminator that can branch to
multiple successors. Locals represent variables (including compiler temporaries), places identify
memory locations with projections for field access and dereferencing, and rvalues represent
computed values being assigned to places. This flattened representation eliminates nested
expressions, making dataflow analysis tractable.

After MIR comes monomorphization, where generic code gets instantiated with concrete types.
The compiler analyzes which concrete type combinations are actually used and generates
specialized versions for each. This produces the zero-cost generics Rust is famous for—generic
functions compile to the same code as hand-written versions for each type, with no runtime
overhead or virtual dispatch. The downside is increased binary size from code duplication.

Finally, MIR transforms to LLVM IR, a typed assembly language with rich annotations. LLVM then
applies hundreds of optimization passes, performs architecture-specific code generation, and
outputs object files. The linker combines these with dependencies and the runtime to produce the
final executable or library.

The compiler itself is written in Rust and compiled with an older version of itself through a three-
stage bootstrap process. Stage 0 uses a pre-built compiler to build stage 1, stage 1 builds stage 2,
and stage 2 builds stage 3. Comparing stage 2 and stage 3 ensures the compiler can correctly
compile itself—a crucial self-hosting property.



cargo build Cargo.toml

Cargo.lock
~/.cargo/registry/
target/debug/.fingerprint/
target/debug/incremental/
target/debug/deps/ target/debug/
target/release/
cargo build
cargo run cargo check

cargo clippy

cargo test

build.rs

cargo:



<architecture><sub>-<vendor>-<system>-<abi>
x86_64-unknown-1linux-gnu x86_64-pc-windows-
msvc aarch64-unknown-linux-gnu

wasm32-unknown-unknown

rustup target add <triple>

~/ .cargo/config.toml [target.<triple>]

cross build --target=armv7-

unknown-1linux-gnueabihf

break main run argl arg2 next

step print variable backtrace



breakpoint set -n main run args next step print variable
bt

cargo build
RUST_BACKTRACE=1
RUST_BACKTRACE=full
RUST_LOG=debug

"rust-analyzer.checkOnSave.command"” :

"clippy”

cargo fmt cargo clippy



The TyCtxt (Typing Context) struct manages the query system, storing the in-memory cache and
coordinating all compilation phases. Each query is a pure function—identical inputs always
produce identical outputs—ensuring deterministic compilation critical for reproducible builds.

Query modifiers control caching: forces re-execution,

conditionally persists results, skips fingerprinting, and creates anonymous
dependency nodes. This architecture directly enables incremental compilation through the red-
green algorithm.

Complete compilation pipeline: seven transformation stages

Stage 1: Lexing converts character streams to tokens. The low-level lexer operates on raw bytes,
supporting Unicode throughout. The high-level lexer performs string interning—storing unique
strings once in an arena allocator for cheap equality comparisons and reduced memory usage.

Stage 2: Parsing constructs an Abstract Syntax Tree using recursive descent. The parser
implements error recovery, attempting to parse a superset of Rust's grammar and generating
errors rather than stopping at the first problem. This produces better diagnostics for code with
multiple errors.

Stage 3: HIR Lowering transforms AST to High-level IR through desugaring. For loops become
loops with iterators, becomes statements, and transforms to state
machines. HIR makes implicit elements explicit while remaining relatively close to source
structure.

Stage 4: Type Checking performs type inference using Hindley-Milner with extensions, trait
resolution to pair implementations with references, and type checking to verify operations match
types. All types are interned in arena allocators for memory efficiency.

Stage 5: MIR Lowering generates Mid-level IR, a control-flow graph where code organizes into
basic blocks. MIR flattens all expressions into sequences of assignments and explicit control flow.
Borrow checking executes on MIR through dataflow analysis, tracking loans, paths, and facts to
enforce borrowing rules.

MIR optimization applies Rust-specific passes: dead code elimination, constant propagation,
inlining, and pattern-specific optimizations. These work on generic MIR, benefiting all
instantiations.

Stage 6: Monomorphization instantiates generic code with concrete types. The compiler
generates specialized versions for each combination: and



DefPath

-C opt-level=0

-C opt-level=1

-C opt-level=2

-C opt-level=3

-C opt-level="s"

target/debug/incremental/

-02

-03



codegen-units = 1

rustc --emit asm file.rs
cargo asm --1lib function_name cargo asm --1lib --

rust function_name

mov rax, 42 movq S$42, %rax

-C opt-level debuginfo target-cpu=native target-feature=+avx2 1lto

codegen-units panic=abort|unwind overflow-checks

--emit asm 1llvm-ir mir obj 1link
-Z time-passes print-type-sizes
mir-opt-level

#[inline] #[inline(always)] #[inline(never)] #[cold] #
[target_feature(enable = "avx2")] #[must_use] #[deprecated]



DOCUMENT 3: Memory Safety & Ownership
System

Rust's revolutionary memory management

Rust achieves memory safety without garbage collection through an ownership system that
enforces safety rules at compile time. Every value has exactly one owner, borrowing rules prevent
simultaneous mutable and immutable access, and lifetimes ensure references never outlive
referents—all checked statically with zero runtime cost.

This represents a third option beyond manual memory management (C/C++) and garbage
collection (Java, Python). Compile-time verification provides C-level performance with high-level
safety guarantees, eliminating use-after-free, double-free, and data races.

Ownership: three fundamental rules

1. Every value has a single owner responsible for deallocation
2. Only one owner at a time (no shared ownership by default)
3. When owner goes out of scope, value is dropped automatically

These rules eliminate entire bug classes. Ownership is zero-cost—all enforcement happens during
compilation through the borrow checker operating on MIR.

At the memory level, consists of three stack words: pointer to heap, length, capacity. When
executes, only stack words are copied, but Rust marks s1 invalid. This prevents double-
free—only one deallocation occurs.

Transfer of ownership is a move. Most types are move-only: String, Vec, Box, structs with non-Copy
fields. When passing to functions or assigning, ownership transfers and original binding becomes
unusable.

Copy trait enables duplication for cheap-to-copy types fitting in a machine word or two. Includes
primitives, tuples of Copy types, fixed arrays. Cannot implement Copy for types with Drop or non-
Copy fields.

Borrowing: temporary access without ownership



); // Last use of y

; // OK! After y's last use




<'a> {
, // Cannot outlive struct

(& ) A
(

// Cleanup code




; // Mutate through &self

[, 1)
; // Mutate through &self




()

(& ); // Increment counter




// Immutable
// ERROR

// New binding
// Another new binding

’

(); // Type change OK




- 500 s )
// Destructuring
// Index access

) -> {

// No semicolon = return

// Immutable
// Mutable
// Ownership




// loop with return value

// Loop labels
‘outer: {

{

}

// for with iterators

{3




// Structs

, // Ignore rest




// Unit
// Struct-like
// Tuple

// Forces explicit handling

}

// Field init shorthand
{ :

// Struct update syntax
{ :




// Default implementation
(&Ci) ->
(

// impl Trait syntax

(

// Generic with bound
<1 >(

// Multiple bounds

<

// where clause




() +




// You write:

// Compiler generates (conceptually):
{ (-7, }
{ fe4 }

}

// Works with Option too

text &str




// Immutable borrow
. [ 1
= |

// Mutable borrow

( ) -> { }

( .)-> = :

// Function pointers implement all Fn traits

// &T - immutable borrow
// &mut T - mutable borrow
(O /77 - takes ownership




); // Nothing executed yet
; // Now executes

X X 2
(1& |
(11




# Tests only
# Build scripts only







// Inline module
{
0
0
}

// File-based: mod foo; looks for src/foo.rs or src/foo/mod.rs

// Public to all

// Public within crate only

// Public to parent module

// Public to specific ancestor

// Everywhere
// Within crate
// In ‘'outer'’
// Only 'inner'

// Absolute paths

// Relative paths

// Re-exports flatten API




# Root Cargo.toml

# Build all
# Test all
# Build one










/// Adds two numbers.

11/

/// # Examples

11/

/17 "

/// use my_crate::add;

/// assert_eq!(add(2, 2), 4);
/1] "

" no_run
Compiles but doesn't run

‘ignore

Completely ignored

* “should_panic
Should panic

““compile_fail
Should fail to compile

# All tests
# Specific test
# Unit tests only
# Doc tests only
# Show println!
= # Single-threaded




Outer doc comment for following item.
Supports **Markdown**.

0O

I Inner doc comment for containing item.

11/
11/
/17
/17
/17
/17

Brief summary.
Detailed description.

# Examples

/17"

/17

let result = function(42);

/1]

/17
/17
/17
/17
/17
/17
/17
/17
/17
/117
/117
/117

# Panics

Panics if input is negative.

# Errors

Returns “Err° if operation fails.
# Safety

Unsafe because it dereferences raw pointer.

X ) -> { 1}

See [ OtherType'] for more.
Check [ other_module: :function'].
Or use shorthand: [other_function]

# Generate
# Generate and open
# Skip dependencies




// Hide from docs

// Inline re-exported
// Search alias

// build.rs

// Change detection

(

// Linking
(
(

// Compilation flags

(
(




# Test
# See files
# Publish




# Update version in Cargo.toml
# Publish new version




o This Week in Rust: Weekly newsletter at this-week-in-rust.org

» Official Rust Blog: blog.rust-lang.org

These five comprehensive documents provide deep technical understanding of Rust from
toolchain architecture through language constructs, focusing on how things work under the hood
rather than just surface-level usage. Each section includes practical examples, best practices, and
the reasoning behind design decisions.



