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Pythonic system programming language 
Extensive generic programming and type system

Parameters 
Trait Inheritance
Generic Functions and Collections

Safe and efficient memory model
Lifetimes and provenance checking
Linear Types *

C-level control and performance
@unroll, @always_inline
Mojo🔥 - A journey to 68,000x speedup over Python
First-class library support for extending compiler **

Heterogenous programming 
Unified programing for CPU+GPU+… ***
Asynchronous Programming ****

Mojo      at a glance

* 4:45 tomorrow -  Implementing Linear / Non-destructible Types in Vale and Mojo

** 4:45 today - Unlocking High Performance in Mojo through User-Defined Dialects
*** 2:45 tomorrow - Simplifying GPU Programming with Parametric Tile-Level Tensors In Mojo

**** 2:45 today - Efficient Coroutine Implementation in MLIR

Mojo 🔥: A system programming language for heterogenous computing 

LLVM Dev 2023
Mojo : Programming language for all of AI  modular.com/mojo

Mojo: A novel programming language for AI ACAT 202

https://www.modular.com/blog/mojo-a-journey-to-68-000x-speedup-over-python-part-3
https://youtu.be/SEwTjZvy8vw?si=LgNWentY6fhCf6w5
https://www.modular.com/mojo
https://indico.cern.ch/event/1330797/contributions/5776136/attachments/2820415/4925031/mojo-novel-programming-language.pdf


Mojo Compilation Pipeline  

•
•
•

•

•

•

Based on MLIR framework with 
LLVM as backend.

Mojo parser != Clang
New MLIR passes!
Using LLVM unconventionally

Library driven compilation for 
heterogeneous platforms.
🎯 Fast compilation time + 
Performant generated code.



What we've found with Mojo's compilation time

 How Slow is MLIR? by Mehdi Amini, Jeff Niu, EuroLLVM 2024

PC: Geek Hero Comic

•

•

LLVM Pipeline takes 60~80% Mojo 
compilation time. 😵‍💫
-O0 compilation time is an order of 
magnitude slower than -O3 (for GPU). 🤯

 

https://llvm.org/devmtg/2024-04/slides/Keynote/Amini-Niu-HowSlowIsMLIR.pdf
http://www.geekherocomic.com/2008/11/08/compiling/index.html


What we've learned 
•

•
•
•

•

Mojo has extensive generic programming support which leads to 
large IR size.
-O0 MLIR IR size is significantly larger (5~10x) than -O3 

Pressure on compile time interpreter
Pressure on MLIR passes.
Slows down the LLVM pipeline. 



Mojo MLIR Pipeline  
•

•
•
•

•
🚁⚡📦 Replace (some) LLVM optimization passes and grinding down IR size.

Optimization passes:

🚁 📦 Mem2Reg, SROA, SCCP, LoopUnrolling, StackReuse, SimplifyCF

⚡🚁 Functionality Lowering passes for closures, async coroutines*, etc.  

📦🚁 Canonicalizer, CSE, EliminateDeadSymbols, 

DeadArgumentElimination, etc.

⚡Compilation Time 📦 IR Size 🚁 Performant Code

* 2:45 today - Efficient Coroutine Implementation in MLIR
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⚡📦🚁 Higher-level IR representing multiple levels of abstractions (e.g: async 

coroutine, stack allocation, variadic packs, etc) helps to simplify optimization pass 

implementation (Mem2Reg, SROA, etc).

Region-based structured control flow   

early exits: break, continue that exits in the 


middle of basic blocks.

High-level control flow representation 


matches well with program logic.

⚡📦🚁Guarantees best case scenario for many dataflow analysis and 

passes (SCCP, Mem2Reg) *.  


func.func @foobar() {

rcf.loop {

    %0 = call @rand_bool() : () -> i1

rcf.if %0 {

rcf.break

}

call @do_something() : () -> ()

rcf.continue

}

return

}

Higher-level IR representations in MLIR

* Efficient Data-Flow Analysis on Region-based Control Flow in MLIR EuroLLVM 2024

⚡Compilation Time 📦 IR Size 🚁 Performant Code

https://llvm.org/devmtg/2024-04/slides/TechnicalTalks/Chen-Efficient-Data-Flow-Analysis-on-Region-based-Control-Flow-in-MLIR.pdf


Mojo MLIR Pipeline Parallelization 
•

•

•

•

⚡MLIR framework parallel support for FuncOp 
passes. 
⚡Implement IPO passes with intra-pass 
parallelization: 
🚁⚡Parallel inliner with CallGaph dependency + 
inner Function level pipeline. 
⚡📦 Parallel elaboration: bytecode interpreter, 
eliminate un-used parameters*

⚡Compilation Time 📦 IR Size 🚁 Performant Code

* MLIR Interpreter for a stack-based programming language by Jeff Niu, MLIR Workshop @ LLVM Dev 2023

https://discourse.llvm.org/t/program-for-the-3rd-mlir-workshop-llvm-dev-meeting-2023/73854#mlir-interpreter-for-a-stack-based-programming-language-17


Mojo LLVM Pipeline  
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LLVM is 🙂:

GVN, Load/Store Optimization, LSR, scalar optimization, etc.

Target-specific code generation.

LLVM is 😞:

Weak and unpredictable loop optimizations.

Not parallelized to leverage emerging/modern machines.

Simplify LLVM Pipeline to do less work:

Disable vectorizer, loop-unroller (move to mojo library).

Disable Coro-related passes (move to MLIR).

Disable all IPO passes (performance?).

Make LLVM pipeline function pass only and parallelize. (?)



What we've learned
•

•
•

•

•

• Inlining is critical for generated code performance:

~2x slow down without LLVM inliner.

Recovers performance with aggressive inlining  

Pays cost of memory for code size.

Doesn't necessarily speeds up compilation time.

We still need LLVM inliner 


(till we build an equally 


sophisticated one in MLIR).
with LLVM inliner

without LLVM inliner + aggressive MLIR inlining

CPU

CPU

Memory

Memory



Parallelize LLVM Pipeline
•
•

•

•

•

•

Split llvm::Module into multiple submodules.

Run each module split with separate LLVM pipeline in parallel. 

Two-level splitting:

Subgraphs with full function callgraph to run LLVM optimization pipeline 

including the inliner.

Subgraph further into functions for llc* pipeline (codegen) in parallel.

Put codegen result of each split together to generate the output binary.



Parallelize LLVM Pipeline  

; llvm::Module
define dso_local void @foo() #0 {
  call void @g()
  call void @h()
  ret void
}
define dso_local void @bar() #0 {
  call void @g()
  call void @h()
  ret void
}
define internal void @g() #1 {
  ret void
}
define internal void @h() #1 {
  ret void
}



Parallelize LLVM Pipeline  
; llvm::Module - m1
define dso_local void @foo() #0 {
  call void @g()
  call void @h()
  ret void
}
define internal void @g() #1 {
  ret void
}
define internal void @h() #1 {
  ret void
}

; llvm::Module - m2
define dso_local void @bar() #0 {
  call void @g()
  call void @h()
  ret void
}
define internal void @g() #1 {
  ret void
}
define internal void @h() #1 {
  ret void
}



Parallelize LLVM Pipeline  
; llvm::Module - m11
define dso_local void @foo() #0 {
  call void @g()
  call void @h()
  ret void
}
 
declare void @g() #1
declare void @h() #1

; llvm::Module - m12
define weak void @g() #1 {
  ret void
}

; llvm::Module - m13
define weak void @h() #1 {
  ret void
}

; llvm::Module - m21
define dso_local void @bar() #0 {
  call void @g()
  call void @h()
  ret void
}
 
declare void @g() #1
declare void @h() #1

; llvm::Module - m22
define weak void @g() #1 {
  ret void
}

; llvm::Module - m23
define weak void @h() #1 {
  ret void
}



Parallelize LLVM Pipeline  
SYMBOL TABLE:
0000000000000000 l     F __TEXT,__text ltmp0
000000000000000c l     F __TEXT,__text l_register_call_dtors.0
0000000000000038 l     F __TEXT,__text l_call_dtors.0
0000000000000050 l     O __DATA,__mod_init_func ltmp1
0000000000000058 l     O __LD,__compact_unwind ltmp2
00000000000000d8 l     O __TEXT,__eh_frame ltmp3
…
0000000000000000 g     F __TEXT,__text _foo
0000000000000004 g     F __TEXT,__text _bar
0000000000000000         *UND* ___cxa_atexit
0000000000000000  w      *UND* ___dso_handle

•
•
•
•

llc* - Run codegen (llc) and stop before AsmPrint.
MCLink- linking codegen results in memory: reduction for 
ConstantPool ids, Global MCSymbols, etc.
AsmPrint linked result into one object file.
We'd like to upstream this!



Infrastructure Challenges  
•
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LLVM is not thread-safe

Separate copies of llvm::LLVMContext, llvm::MCContext for each split to compile in parallel.

Using llvm bitcode to serialize and deserialize IR for parallel splitting and compilation. 

Inefficiency in llvm bitcode:

Encodes each char as uint64_t in a string (8x space needed).

Bitcode reader performs 3 ultimate copies for strings.

llvm::getLazyBitcodeModule only materialize function bodies lazily but not constants which are 

fully parsed (PTX has large constants with O0).

Linking codegen results:

Linking multiple parallel splits need to be put all in the same llvm::LLMContext.

TargetMachine is not stateless which increases memory footprint with per-split copies.

Target specific backends are private APIs and hard to change/access off-tree.



Conclusions  
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Compilation time is a function of IR input size to LLVM instead of 


LLVM optimizing for performance.

Moving optimization passes early in MLIR

Progressive optimization, choking the funnel to keep IR size small.

Mojo's high-level IR representation helps to reduce some of the 

inherent algorithmic complexity for optimizations.

Leverage framework and intra-pass parallelization.

Using LLVM unconventionally

Two-level parallelization

MC-level linking 

1 mojo => 1 object file 

Significantly cut down LLVM pipeline time 


for overall mojo compilation 


(60-80% to 20-30%).

Leverage the best of MLIR and LLVM.
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