
The design and 
implementation of ZJIT 
& the next five years

Max Bernstein @ RubyKaigi 2026



Who I am

● Cyclist, climber, baker, reader, writer, 
teacher, JIT compiler maker 

● Rubyist on and off since ~2010 (now committer!) 
● ZJIT team cheerleader at Shopify

Shimanami Kaido 
en route to 
RubyKaigi 2025!

Joshua Tree 
National Park

Bread



Welcome to the first of several ZJIT talks



I’m going to talk about the big picture

● Brief overview of JITs 
● The design and implementation of ZJIT 

○ Brief differences from YJIT 
○ What we changed since April 2025 
○ Where these ideas come from 

● & the next five years 
○ What we are adding next 
○ Where we want to be in five years 

It’s going to be technical and hopefully understandable!
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What is JIT?

● Compilation to native code happens while your code is running

Text 
source AST Bytecode HIR LIR Native 

code

ZJIT

HIR: High level, conceptual, Ruby semantics 
LIR: Low level, data locations, machine semantics



Partial comparison with YJIT

● HIR is new, high-level (“world of ideas”), static single assignment (SSA) 
● Meant to be generated, optimized, cleaned up 
● Supports new and exciting analysis, optimizations 

 
 
 
 
 

● Unlike YJIT’s (L)IR, which is low-level and mostly generated in one pass



We’ve been busy

● Exit from JIT code to interpreter 
● More opcode support 
● Lazy invalidation of code 
● Re-compiling code with new information 
● Much more strength reduction 
● Specialize C functions into HIR 
● Inline small Ruby functions 
● Constant folding 
● Monomorphic and polymorphic ivar caches 
● Monomorphic and polymorphic method caches 
● Effect analysis 
● Redundant code elimination 
● Lightweight frames 
● Register allocation 
● More Ruby in the stdlib 
● Load-store forwarding 
● Dead store elimination 
● Partial static single information form 
● Tracing and trace visualization
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We’ve been busy

● Exit from JIT code to interpreter 
● More opcode support 
● Lazy invalidation of code 
● Re-compiling code with new information 
● Much more strength reduction 
● Specialize C functions into HIR 
● Inline small Ruby functions 
● Constant folding 
● Monomorphic and polymorphic ivar caches 
● Monomorphic and polymorphic method caches 
● Effect analysis 
● Redundant code elimination 
● Lightweight frames 
● Register allocation 
● More Ruby in the stdlib 
● Load-store forwarding 
● Dead store elimination 
● Partial static single information form 
● Tracing and trace visualization

A bunch of features with 
complicated sounding 

namesBut the concepts can 
be understood!!



The design and implementation of ZJIT



Small motivation

● Instance variables are straightforward, right? 
● Just a key-value store on each object 
● Well, 

○ Frozen-ness 
○ Have to make storage fast 
○ Interactions with Ractors 
○ Interactions with Boxes 

 
 
 
 
 

● Let’s look at some HIR to understand 
the mechanics…
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Strategy

● Expand interpreter semantics into IR 
● Turn very dynamic operations into 

static low-level operations 
● Assumptions (Guard, PatchPoint) make 

sure expected patterns hold

HIR
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Strategy

● Re-use dynamic language specialization from the OGs (Smalltalk-80, Self, 
Strongtalk, V8, JavaScriptCore, PyPy) 
○ Object shapes 
○ Speculation (monomorphic and polymorphic) 
○ Storage strategies 
○ Inlining 
○ Fast calls 

● Then re-use much of design from Java JITs (Jikes, C1, C2, Graal) 
○ HIR/LIR design 
○ Value numbering 
○ Constant/branch folding 
○ Register allocator 
○ Compile policy 

We’ll come back to this with specific “canary” examples…

Ruby 
semantics

Type 
specialized Optimized



What we’re working on now



Now

● Currently working on method inlining prototype 
○ Maybe Kevin will give a talk next year 

● Currently working on making “lightweight frames” 
○ See Kokubun’s talk 

● Currently working on more memory optimization 
○ See Jacob’s talk 

● Speeding up allocation 
○ Maybe John will give a talk next year 

● FFI 
○ See Aaron’s talk 

● More tracing & profiling



Tracing: where do we focus our attention?

Many 

Slow 

Events 

:(

http://ui.perfetto.dev


http://drive.google.com/file/d/16_r2I93U5vCa9Puzls1J5bq9Xj5ADrkX/view


http://drive.google.com/file/d/16_r2I93U5vCa9Puzls1J5bq9Xj5ADrkX/view


Goal: at least 5x speedup



12 MONTHS. 6 ENGINEERS.
A DYNAMIC LANGUAGE COMPILER.



Some benchmarks (higher is better)

ZJIT

YJIT

Interpreter



Graphs tell part of the story, so…



Let’s go back in time to 2022.



From Kokubun



Now we’re going to look at a lot of HIR
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From Kokubun❌  not yet



So: mixed bag…



…how do we succeed?



We need inlining, effects, escape analysis, loop unrolling



Inlining motivation: sample Ruby code

def test(items)
  sum = 0
  items.each do |x|
    sum += x
  end
  sum
end

test([1,2,3])

Method call for each

Method call per element



The promise of inlining
def test(items)
  sum = 0
  items.each do |x|
    sum += x
  end
  sum
end

class Array
  def each
    _i = 0
    while _i < items.size
      yield self[_i]
      _i += 1
    end
    self
  end
end

30.times do
  test [1,2,3]
end

def test(items)
  sum = 0
  _i = 0
  while _i < items.size
    yield items[_i] to (|x|
      sum += x
    end)
    _i += 1
  end
  sum
end

30.times do
  test [1,2,3]
end

def test(items)
  sum = 0
  _i = 0
  while _i < items.size
    sum += items[_i]
    _i += 1
  end
  sum
end

30.times do
  test [1,2,3]
end

Inline the blockInline Array#each

bb2(v16:BasicObject, v17:BasicObject, v18:NilClass, v19:NilClass, 
v20:NilClass, v21:NilClass):
  v25:Fixnum[0] = Const Value(0)
  v29:Fixnum[0] = Const Value(0)
  v33:NilClass = Const Value(nil)
  v108:ArrayExact = GuardType v17, ArrayExact
  v110:Fixnum = ArrayLength v108
  CheckInterrupts
  Jump bb4(v16, v17, v25, v29, v33, v110)
bb4(v45:BasicObject, v46:BasicObject, v47:Fixnum, v48:Fixnum, 
v49:NilClass, v50:Fixnum):
  v115:BoolExact = FixnumLt v48, v50
  CheckInterrupts
  v61:CBool = Test v115
  IfTrue v61, bb3(v45, v46, v47, v48, v49, v50)
  CheckInterrupts
  Return v47
bb3(v74:BasicObject, v75:BasicObject, v76:Fixnum, v77:Fixnum, 
v78:NilClass, v79:Fixnum):
  v120:ArrayExact = GuardType v75, ArrayExact
  v122:BasicObject = ArrayArefFixnum v120, v77
  v127:Fixnum = GuardType v122, Fixnum
  v128:Fixnum = FixnumAdd v76, v127
  v99:Fixnum[1] = Const Value(1)
  v133:Fixnum = FixnumAdd v77, v99
  Jump bb4(v74, v75, v128, v133, v78, v79)

Ruby peeled away!

Compiler optimizations have a 
field day with this version



Inlining enables monomorphization

class HashWithIndifferentAccess
  def [](key)
    @hash[key.to_s]
  end
end

 
 

@params = HWIA.new

def function_a
  @params[:my_param]
end

def function_b
  @params['other_param']
end

key is either String or Symbol 
:(



Inlining enables monomorphization

class HashWithIndifferentAccess
  def [](key)
    @hash[key.to_s]
  end
end

 
 

@params = HWIA.new

def function_a
  @params[:my_param]
end

def function_b
  @params['other_param']
end

def function_a
  @params.hash[:my_param.to_s]
end
 

def function_b
  @params.hash['other_param']
end

key is either String or Symbol 
:(

More context: always Symbol

More context: always String

Inline!



Optimizations work best together



So we’re working on that. Also,



ZJIT later this year

● Lightweight frames 
○ Only fill in VM frames when the VM needs to read them, like when raising exceptions 
○ Also helps with inlining 

● Smarter policy (a configurable state machine!) 
○ Profile 
○ Compile and re-compile 
○ Inline 

● Better code layout 
● Cleaned-up code (value numbering, …)
● Store and load forwarding



…but does that get us to 5x? 10x?



Not if we’re calling C code



Amdahl’s law

● What if Ruby is only 
20% of CPU time? 
 
 
 
 

● …and the rest is 
spent in C builtins or 
extensions?

From Wikipedia

https://en.wikipedia.org/wiki/Amdahl's_law


We need cooperation from the runtime



…and the next five years

● More builtin C→Ruby 
○ Loop unrolling 

■ e.g. [a, b, c].include? d
■ e.g. [a, b, c].hash 

● Better whole-runtime tracing and profiling 
● Fast inline thread-local bump pointer 

allocation 
● Background thread compilation 
● Threading-aware storage strategies (cc 

Benoit)

● More interesting type lattice (integer 
ranges, known bits, etc) 

● Escape analysis, scalar replacement, and 
allocation removal 

● Tuning the inliner (goes on forever) 
● Verification 

○ In optimizations 
○ In register allocation 

● Big analysis of continuous production 
profiles 

● Compilation tiers? 
● SBBV?

https://github.com/mmtk/mmtk-openjdk/blob/jdk-11/openjdk/mmtkBarrierSetAssembler_x86.cpp
https://github.com/mmtk/mmtk-openjdk/blob/jdk-11/openjdk/mmtkBarrierSetAssembler_x86.cpp
https://drops.dagstuhl.de/entities/document/10.4230/LIPIcs.ECOOP.2024.28


Now for some wilder stuff



Rewrite in Ruby: Maybe a dialect?

Need a single source of truth! 

“PreRuby” compiles to C and Ruby??? 

Native, JITable 

Like PreScheme/RPython/Slang/MLton 
 
 
I’m spitballing here, idk



Ahead-of-time???

● A very difficult problem: how do we quiesce and rehydrate runtime state? 
● Another difficult problem: how do we optimize a dynamic language without 

running it? 
● Either massive slow analysis & restricting dynamic behavior after compile 

OR 
Skip a bunch of optimizations 
OR 
Try to record and link “profiles”, like PGO 

● Maybe skip this entirely, do something at application layer like CRIU



That’s all, folks



Thank you for committing
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The 2025 team…

Aaron Patterson 
Aiden Fox Ivey 
Alan Wu 
Jacob Denbeaux 
Kevin Menard 
Max Bernstein 
Maxime Chevalier-Boisvert 
Randy Stauner 
Stan Lo 
Takashi Kokubun



…and Rubyists like you

Abrar Habib 
Alex Rocha 
André Luiz Tiago Soares 
Benoit Daloze 
cui 
Daniel Colson 
Donghee Na 
Eileen Alayce 
Étienne Barrié 
Godfrey Chan 
Goshanraj Govindaraj 
Hiroshi SHIBATA 
Hoa Nguyen 
Jean Boussier 
Jeff Zhang 
Jeremy Evans

John Hawthorn 
Ken Jin 
Luke Gruber 
Matt Valentine-House 
Max Leopold 
Nery Campusano 
Nobuyoshi Nakada 
Nozomi Hijikata 
Peter Zhu 
ReLU 
Satoshi Tagomori 
Shannon Skipper 
Steven Webb 
Tavian Barnes 
Tobias Lütke 
Tomás Coêlho 
Charlotte Wen



What you should do now



Mess around with ZJIT

 tryzjit.fly.dev

Maybe ruby --zjit on a small (non-production) program…

https://tryzjit.fly.dev
https://tryzjit.fly.dev


Join the ZJIT Zulip

● We’re very friendly 
● And like to talk about compilers

zjit.zulipchat.com

https://zjit.zulipchat.com


Come talk to me in person!



Thank you. ご清聴ありがとうございました。

zjit.dev

https://zjit.dev

