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V8 (https://v8.dev) is a high-performance JavaScript and WebAssembly engine, used in Chrome and 
Node.js. It has multiple tiers, to squeeze out most in the complex trade-off space between execution 
speed, compilation time, generated code size, security and other factors. This talk will cover 
fundamentals of JIT (just-in-time) compilers and give a brief overview of the full range of 
programming language implementation strategies present in V8: an interpreter for low latency, 
non-optimizing but fast baseline compilers, an optimizing compiler with a single IR (intermediate 
representation), and a highly optimizing multi-pass compiler as the "top-tier". We will see how V8 has 
evolved over time and how each of those tiers is motivated by improvements on benchmarks and 
real-world websites. We will also briefly discuss practical aspects of developing and maintaining a 1M+ 
lines code base, running on 4+ operating systems and 7+ hardware architectures, and how to deliver 
not just fast but also robust and secure software to billions of users.

Abstract
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https://v8.dev
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<meta>
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● 🔎 My experience / background: V8, WebAssembly, performance optimizations
○ But the basic principles are the same in other engines / virtual machines!

● 🤔 Please interrupt at any time for questions!

●  Interactive: I will ask some (simple) questions myself :-) 

● 💬 Please reach out afterwards, always happy to get feedback!
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● High-performance JavaScript and 
WebAssembly engine

● Used in Google Chrome, Node.js, and
Chromium-based projects

● Open-source: v8.dev/docs/source-code
○ ~1.2M lines of C++ (+ tests)
○ Many people contributing (Google,

other companies, individuals)

● Lots of interesting engineering challenges!
○ 6+ different interpreters/compilers
○ Runs on 4+ operating systems, 7+ hardware architectures

What is V8?

https://v8.dev
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http://v8.dev/docs/source-code
https://v8.dev/
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I. Background, terminology
○ What is a just-in-time compiler? Why multiple tiers?
○ What does it mean to be high-performance?
○ Techniques: speculative optimizations, deoptimization, unboxing, … 

II. Concrete example: V8
○ Overview of the execution / compilation pipeline
○ Different tiers, e.g., Ignition, TurboFan, Liftoff, Maglev

III. Practical considerations
○ Software engineering, performance, security, …

📋 Take-Home Points
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How is JavaScript executed?
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Loads / 
contains

Executes
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V8 Overview

7

Interpreter
Ignition

Baseline
compiler

Sparkplug

Mid-tier
compiler
Maglev

Top-tier
compiler
TurboFan

Top-tier
compiler
TurboFan

Baseline
compiler

Liftoff

V8 has multiple tiers:
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V8 Overview
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V8 Overview
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Code generation “during” /
just before execution 
= just-in-time (JIT) compilation
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V8 Overview
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V8 Overview
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The First Trade-Off
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Lower latency: faster startup Higher throughput: peak performance
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What is “High Performance”?
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Let’s collect ideas:
What do you care 

about in the browser?



Proprietary

What is “High Performance”?
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● Peak performance → execution time of the generated code
● Latency, startup time → execution time of the compiler itself
● No jank or stutter, e.g., smooth framerate → no (long) interruptions of the main thread
● Low power usage, especially on mobile devices → minimize total CPU cycles
● Memory usage, during execution and during compilation → compact data structures
● Code size: less memory usage and faster execution
● No unnecessary computation → caching
● … 
● Code complexity, security

  All of these are important → lots of trade-offs!
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V8 Overview
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Ignition

Bytecode Interpreter
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Ignition

Bytecode Interpreter

17
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of --print-ast
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VariableProxy “a” VariableProxy “b”

…
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Ignition

Bytecode Interpreter
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Ignition

Bytecode Interpreter
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… a0 [a] 23

a1 [b] 42

accumulator 42
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Ignition

Bytecode Interpreter
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Ignition

Bytecode Interpreter
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Ignition

Bytecode Interpreter
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Ignition

Bytecode Interpreter
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Ignition

Bytecode Interpreter
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Script
text

Parser

AST

Bytecode
Generator

Bytecode

ResultBytecode
Interpreter

Output (simplified)
of --print-ast

FunctionLiteral

ReturnStatement

BinaryOp “+”

VariableProxy “a” VariableProxy “b”

…  Why bytecode?

● Parse once, save bytecode
● Faster to interpret
● More compact than AST

  → Faster, memory savings
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V8 Overview
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Sparkplug: A Non-Optimizing JIT Compiler
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● Motivation: Eliminate dispatch overhead of interpreter
● Compilation itself should be very fast: baseline compiler

https://v8.dev/blog/sparkplug 

https://v8.dev/blog/sparkplug
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Sparkplug: A Non-Optimizing JIT Compiler
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● Motivation: Eliminate dispatch overhead of interpreter
● Compilation itself should be very fast: baseline compiler
● No IR, directly generates machine code

● In essence: Serialization of interpreter execution in native code

// The Sparkplug compiler (abridged).

for (; !iterator.done(); iterator.Advance()) {

  VisitSingleBytecode();

}

Baseline
compiler

Sparkplug
Bytecode Machine

code

https://v8.dev/blog/sparkplug 

https://v8.dev/blog/sparkplug
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Sparkplug Compilation
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 0 Ldar a1
 2 Sub a0
 5 Star0
 6 LdaZero

(We will just accept V8’s calling 
convention / stack layout without 
going into details.)
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Sparkplug Compilation
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 0 Ldar a1
 2 Sub a0
 5 Star0
 6 LdaZero

movq rax,[rbp+0x20]

Move quad word (64bit move)

Target register

Contents of rbp (stack)+0x20



Proprietary

Sparkplug Compilation
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 0 Ldar a1
 2 Sub a0
 5 Star0
 6 LdaZero

movq rax,[rbp+0x20]

movq rdx,[rbp+0x18]
xorl rbx,rbx
call 0x55c5be6d0bc0  (Subtract_Baseline)

Builtin function that 
implements
JavaScript subtraction

Feedback vector
(will ignore for now)
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Sparkplug Compilation
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 0 Ldar a1
 2 Sub a0
 5 Star0
 6 LdaZero

movq rax,[rbp+0x20]
movq rdx,[rbp+0x18]
xorl rbx,rbx
call 0x55c5be6d0bc0  (Subtract_Baseline)

movq [rbp-0x30],rax
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Sparkplug Compilation
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 0 Ldar a1
 2 Sub a0
 5 Star0
 6 LdaZero

movq rax,[rbp+0x20]
movq rdx,[rbp+0x18]
xorl rbx,rbx
call 0x55c5be6d0bc0  (Subtract_Baseline)
movq [rbp-0x30],rax

xorl rax,rax
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V8 Overview
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V8 Overview
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(Speculative) Optimizations
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JavaScript “+”
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function add(a, b) {

  return a + b;

}

add(1, 2);             // 3 Integer addition
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JavaScript “+”
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function add(a, b) {

  return a + b;

}

add(1, 2);             // 3

add(1.2, 3.14);        // 4.34

Integer addition

Floating point addition
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JavaScript “+”
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function add(a, b) {

  return a + b;

}

add(1, 2);             // 3

add(1.2, 3.14);        // 4.34

add(“hello”, “world”); // “helloworld”

Integer addition

Floating point addition

String addition
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JavaScript “+”
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function add(a, b) {

  return a + b;

}

add(1, 2);             // 3

add(1.2, 3.14);        // 4.34

add(“hello”, “world”); // “helloworld”

add(1, true);          // 2

add(“foo”, true);      // “footrue”

Integer addition

Floating point addition

String addition

Type coercion
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JavaScript “+”
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function add(a, b) {

  return a + b;

}

add(1, 2);             // 3

add(1.2, 3.14);        // 4.34

add(“hello”, “world”); // “helloworld”

add(1, true);          // 2

add(“foo”, true);      // “footrue”

var bar = {toString:() => “bar”};

add(“foo”, bar);       // “foobar”

Integer addition

Floating point addition

String addition

Type coercion

toString() / valueOf()
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JavaScript “+” Semantics
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JavaScript “+” Semantics
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operator + ToPrimitive
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JavaScript “+” Semantics
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operator + ToPrimitive

ToString
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JavaScript “+” Semantics
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operator + ToPrimitive

ToString

ToNumber
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JavaScript “+” Semantics

45

operator + ToPrimitive

ToString

ToNumber

Call
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JavaScript “+” Semantics
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operator + ToPrimitive

ToString

ToNumber

Call

Arbitrary JS
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Speculative Optimizations
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Interpreter
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Bytecode

Dynamic
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Type Feedback
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function add(a, b) {

  return a + b;

}

add(1, 2);

Small integer

Feedback Vector
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Type Feedback
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function add(a, b) {

  return a + b;

}

add(1, 2);

Small integer

Feedback Vector

...
# Check that first argument is a Smi.
movq rcx,[rbp+0x18]
testb rcx,0x1
jnz <deopt>
# Convert from Smi to 32-bit word.
movq rdi,rcx
sarl rdi, 1
# Check that second argument is a Smi.
movq r8,[rbp+0x20]
testb r8,0x1
jnz <deopt>
# Convert from Smi to 32-bit word.
movq r9,r8
sarl r9, 1
# Addition, check for overflow
addl r9,rdi
jo <deopt>
...

TurboFan generated code:
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Speculative Optimizations
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Interpreter
Ignition

Baseline
compiler

Sparkplug

Mid-tier
compiler
Maglev

Top-tier
compiler
TurboFan

Dynamic
Feedback

Deopt: Return to more general code 
(typically in lower tier), because some 
speculative assumption was violated.
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Type Feedback
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function add(a, b) {

  return a + b;

}

add(1, 2);

Small integer

Feedback Vector

...
# Check that first argument is a Smi.
movq rcx,[rbp+0x18]
testb rcx,0x1
jnz <deopt>
# Convert from Smi to 32-bit word.
movq rdi,rcx
sarl rdi, 1
# Check that second argument is a Smi.
movq r8,[rbp+0x20]
testb r8,0x1
jnz <deopt>
# Convert from Smi to 32-bit word.
movq r9,r8
sarl r9, 1
# Addition, check for overflow
addl r9,rdi
jo <deopt>
...

TurboFan generated code:
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Optimized Representations

● Heap object / allocation for every number would be slow and wasteful

● Unbox them, i.e., store value directly instead of pointer to value

● Distinguish from pointers / objects via tag bit:

52

Signed 31-bit value 0

Address 1HeapObject

63

31 0

Smi
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Type Feedback
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function add(a, b) {

  return a + b;

}

add(1, 2);

Small integer

Feedback Vector

...
# Check that first argument is a Smi.
movq rcx,[rbp+0x18]
testb rcx,0x1
jnz <deopt>
# Convert from Smi to 32-bit word.
movq rdi,rcx
sarl rdi, 1
# Check that second argument is a Smi.
movq r8,[rbp+0x20]
testb r8,0x1
jnz <deopt>
# Convert from Smi to 32-bit word.
movq r9,r8
sarl r9, 1
# Addition, check for overflow
addl r9,rdi
jo <deopt>
...

TurboFan generated code:
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Pointer Compression

● 64-bit pointers to HeapObjects are also wasteful (much fewer than 2^32 objects)
→ 4 byte “pointers” (offsets)

54

Signed 31-bit value 0

Address 1HeapObject

63

31 0

Smi

https://v8.dev/blog/pointer-compression 

https://v8.dev/blog/pointer-compression
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Pointer Compression
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Signed 31-bit value 0

Offset from 4GB heap base 1

31 0

Smi

HeapObject

https://v8.dev/blog/pointer-compression 

● 64-bit pointers to HeapObjects are also wasteful (much fewer than 2^32 objects)
→ 4 byte “pointers” (offsets)

https://v8.dev/blog/pointer-compression


Proprietary

Pointer Compression

56

Signed 31-bit value 0

Offset from 4GB heap base 1

31 0

Smi

HeapObject

https://v8.dev/blog/pointer-compression 

● 64-bit pointers to HeapObjects are also wasteful (much fewer than 2^32 objects)
→ 4 byte “pointers” (offsets)

● Quite large memory savings
(browsing on Windows 10):

https://v8.dev/blog/pointer-compression
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V8 Overview
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Do All Tiers Matter?
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Performance Measurements
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Interpreter
Ignition

Top-tier
compiler
TurboFan

● Careful with benchmarks!

● This is what people used to measure: Lots of small, hot JavaScript functions
→ Optimizes for peak performance

● Pre-2020 compilation pipeline:
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Performance Measurements
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Performance Measurements

61



Proprietary

Performance Measurements
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Do All Tiers Matter?
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Do All Tiers Matter?
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Interpreter
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Baseline
compiler
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compiler
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compiler
TurboFan

Yes!
https://v8.dev/blog/maglev 

https://v8.dev/blog/maglev
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Maglev: The Latest Addition!
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Interpreter
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compiler
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compiler
Maglev

Top-tier
compiler
TurboFan

https://v8.dev/blog/maglev 

● Introduced in 2023
● Sits between Sparkplug and TurboFan
● We can now tier-up later to TurboFan
● Saves total CPU time and thus power

○ -3.5% on JetStream
○ -10% on Speedometer

https://v8.dev/blog/maglev
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V8 Overview
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WebAssembly

67

● Binary format: compact, fast to parse
● Low-level compilation target, e.g., from C++, Rust, …
● Much less dynamic than JavaScript: static types, no eval
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WebAssembly vs. JavaScript

68

Interpreter
Ignition

Baseline
compiler

Sparkplug

Mid-tier
compiler
Maglev

Top-tier
compiler
TurboFan

Top-tier
compiler
TurboFan

Baseline
compiler

Liftoff

● Binary format: compact, fast to parse
● Low-level compilation target, e.g., from C++, Rust, …
● Much less dynamic than JavaScript: static types, no eval

 Interpreter?



Proprietary

WebAssembly vs. JavaScript
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● Binary format: compact, fast to parse
● Low-level compilation target, e.g., from C++, Rust, …
● Much less dynamic than JavaScript: static types, no eval

 Interpreter?

● Wasm operation much “smaller”
● More dispatch compared to JS

   → Wasm favors compilation
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WebAssembly vs. JavaScript
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● Binary format: compact, fast to parse
● Low-level compilation target, e.g., from C++, Rust, …
● Much less dynamic than JavaScript: static types, no eval

Fewer Optimizations?
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WebAssembly vs. JavaScript
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Top-tier
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Baseline
compiler

Liftoff

● Binary format: compact, fast to parse
● Low-level compilation target, e.g., from C++, Rust, …
● Much less dynamic than JavaScript: static types, no eval

Fewer Optimizations?

Ahead-of-time compiler
(generating Wasm) already
Optimized statically.
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Story Time: Huge Wasm Functions
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~300 nested blocks,
branch table in the middle🔎

● JetStream 2 tsf-wasm benchmark:
Liftoff-generated code faster than TurboFan code!?

● Interesting WebAssembly bytecode:

● Fallback to faster register allocator 
for very large functions 
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Easy fix, right?

73

● Just use better register allocator 
for large functions?

  → Did improve runtime by a lot! 😀

● But better register allocator uses more
Memory and slows compilation down! 🙁

  → Can we have both?
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Working on Chrome is a bit like changing the engine of a Formula 1 car… while it’s driving.
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Speeding Up the Top-Tier Register Allocator
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● Tools: Get familiar with profilers (e.g., Linux perf), flamegraphs, heaptrack 

●  Common optimization themes:
○ Store data inline, avoid temporary allocations!
○ Cache-friendly data structures, avoid linked lists!
○ Micro-optimizations: custom calling convention, 

statically disable tracing code, …

● We could finally get both: good generated code and compile times! 🥳

optimize
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Complexity → Security?
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V8’s Fundamental Problem
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Top-tier
compiler
TurboFan

��

● Root cause is a logic issue in the compiler / runtime environment
● ... which is then exploited to generate vulnerable machine code
● ... which can then be exploited for arbitrary memory corruption at runtime.
● Often cannot even be mitigated with latest hardware features (e.g. CFI).

JIT bugs are essentially 2nd order vulnerabilities
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“Shellcode” 
Sandbox 
Escape

Data-Only 
Sandbox 
Escape

“Scripted” 
Sandbox 
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Renderer 
Data 

Exfiltration

Arbitrary 
Memory 

Read & Write
Memory 

CorruptionBug
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“Shellcode” 
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Memory 
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Site Isolation

Domain-
Specific 

Mitigations
(e.g. CHECK()s in 

V8)

Fuzzing,
Variant Analysis,
Refactoring,
Attack-Surface Reduction
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“Shellcode” 
Sandbox 
Escape

Data-Only 
Sandbox 
Escape

“Scripted” 
Sandbox 
Escape

Renderer 
Data 

Exfiltration

Arbitrary 
Memory 

Read & Write
Memory 

CorruptionBug

Site Isolation

Domain-
Specific 

Mitigations
(e.g. CHECK()s in 

V8)

V8 heap sandbox

Fuzzing,
Variant Analysis,
Refactoring,
Attack-Surface Reduction

W^X &
Strong 
CFI
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● Modern JavaScript / WebAssembly engines are complex beasts!
○ Many tiers with various levels of optimizations
○ Necessary given the complex trade-offs

● Basic terms and general techniques:
○ Just-in-time compilers, baseline vs. top-tier
○ Speculative optimizations, deoptimization
○ Unboxed representations, pointer compression

● Many more interesting topics & challenges!
○ Optimization passes: inlining, GVN, escape analysis, regalloc, …
○ Garbage collection, multi-threading, … 

Summary

https://v8.dev

83

https://v8.dev/
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● Modern JavaScript / WebAssembly engines are complex beasts!
○ Many tiers with various levels of optimizations
○ Necessary given the complex trade-offs

● Basic terms and general techniques:
○ Just-in-time compilers, baseline vs. top-tier
○ Speculative optimizations, deoptimization
○ Unboxed representations, pointer compression

● Many more interesting topics & challenges!
○ Optimization passes: inlining, GVN, escape analysis, regalloc, …
○ Garbage collection, multi-threading, … 

Q&A

https://v8.dev
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https://v8.dev/

