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First: About Me
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• Now: Permanent researcher (CRCN) at Inria - Lille since 2022


• Ph.D.: Reflection, debloating, dynamic updates


• Keywords: compilers, testing, test generation


• Interests: tooling, benchmarking, 日本語, board games, batman, concurrency


I’ll be around the whole week in Smalltalks, come talk to me!


Or: guillermo.polito@inria.fr

guillermo.polito@inria.fr

@guillep
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Imagine:	
• A	program	with	1	000	000	LOC	
• 2	000	000	seconds	to	read	them	
• 555	hours	→	70	days	(with	8h	per	
days)	→		~	3	months	(with	22d	/	
month)	

• To	only	read	the	code	
• We	need	something	else	to	
understand	program!!

Moose	a	meta-platform	to	
query,	visualize,	analyze	
software	systems	or	other

Moose Analysis Platform
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An	Example:	A	Human	Resource	Application	
If	remote	working	or	paternity	leave	
conditions	change,	where	should	we	make	
the	code	evolve?

More	generally:	
- How	to	extract	Business	rules	from	

code?	
- How	to	represent	the	spread	of	the	

Business	rules	into	the	code?	
- How	to	make	code	evolve	to	follow	

the	business	rules?

Keywords:	
- Business	rules	extraction	
- Slicing	
- Feature	location	
- Moose

Business Rules Management

EvreffervE
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Find execution data and explore your execution conveniently 
from the Query Results

(*) M. Willembrinck, S. Costiou, A. Etien, S. Ducasse. Time-Traveling Debugging Queries: Faster Program Exploration. 
International Conference on Software Quality, Reliability, and Security, Dec 2021, Hainan Island, China.

Time Travelling Queries
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Explore two executions in parallel to find and understand differences (or bugs): 
- 1 working execution 
- 1 failing execution

Research questions: 
- what infrastructure? 
- how to compare two (or more) executions? (i.e., how to represent an execution and 
compare it to another one?) 
- how to understand the differences? => the set of changes between two program 
executions can be gigantic, e.g., the same program running on different Pharo versions 
- how to build echo-debugging tools integrated into an IDE? 

PhD positions to 
foresee!

Echo Debugging

EvreffervE
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The Plan
And let’s hope we get to fit it all

• Basic Virtual Machines notions


• A brief overview of the Pharo VM architecture


• A review of the techniques that have influenced the last ~30-40 years


• Instruction Dispatch, OOP lookup optimisations


• Remarkable challenges in High-Performance VMs



Part 0: Virtual Machines 101



Virtual Machine Execution Engine
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The Pharo VM Architecture

Production VM (C)

Simulation Environment (Pharo)

Heap

Native Code Cache

Unicorn LLVM 
Disassembler

VM

Interpreter GC JIT Compiler

Transpiled to
Testing 

infrastructure
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• Written in Pharo


• Transpiled to C


• Simulable


• Interpreter


• GC


• Jitted code
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• Written in Pharo


• Transpiled to C


• Simulable


• Interpreter


• GC


• Jitted code

Today’s 
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Part I: On Instruction Dispatch



Interpreters

interpret	
	[	true	]	whileTrue:	[	
				currentBytecode	:=	self	fetchNextBytecode.	
				self	dispatch:	currentBytecode	]

21

void	interpret(){	
		while	(1){	
				switch(nextInstruction){	
						case	push:	…	
						case	pop:	…	
						case	send:	…	
						…	
				}	
		}	
}



• Dispatch overhead


• Affects languages with simple instructions


• More time in dispatch than actual work


• Caused by CPU branch mispredictions

Interpreter Perfomance Profile

interpret	
	[	true	]	whileTrue:	[	
				currentBytecode	:=	self	fetchNextBytecode.	
				self	dispatch:	currentBytecode	]

22

void	interpret(){	
		while	(1){	
				switch(nextInstruction){	
						case	push:	…	
						case	pop:	…	
						case	send:	…	
						…	
				}	
		}	
}



void	interpret(){	

				
						label	push:	…	goto	next;	
						label	pop:	…		goto	next;	
						label	send:	…	goto	next;	
						…	
				

}

Threaded Code Models

• Idea: restructure the code to help branch predictors 

• How? Multiply branch sites, use less indirect branches…


• Lots of flavours: indirect, token, direct, context threading…

void	interpret(){	
		while	(1){	
				switch(nextInstruction){	
						case	push:	…	
						case	pop:	…	
						case	send:	…	
						…	
				}	
		}	
}



Super Instructions

• Super instructions


• less but bigger instructions


• => less dispatch

void	interpret(){	
		while	(1){	
				switch(nextInstruction){	
						case	push:	…	
						case	pop:	…	
						case	send:	…	
						…	
				}	
		}	
}

void	interpret(){	
		while	(1){	
				switch(nextInstruction){	
						case	push:	…	
						case	pop:	…	
						case	send:	…	
						case	push_send:	…	
						case	push_send_pop:	…	
						…	
				}	
		}	
}



Dynamic Translation - JIT Compilation
• Do not improve instruction dispatch: remove it !


• Translate functions/methods to machine code on the fly


• Techniques: dynamic compilation, code copying…

void	interpret(){	
		while	(1){	
				switch(nextInstruction){	
						case	push:	…	
						case	pop:	…	
						case	send:	…	
						…	
				}	
		}	
}

void	m3(){	
		push;	
		send;	
		pop;	
}

void	m2(){	
		push;	
		send;	
		send;	
		pop;	
}

void	m1(){	
		push;	
		send;	
		push;	
		send;	
		pop;	
}



Summary of 
Dispatch Optimisations

void	interpret(){	
		while	(1){	
				switch(nextInstruction){	
						case	push:	…	
						case	pop:	…	
						case	send:	…	
						…	
				}	
		}	
}

void	interpret(){	
		while	(1){	
				switch(nextInstruction){	
						case	push:	…	
						case	pop:	…	
						case	send:	…	
						case	push_send:	…	
						case	push_send_pop:	…	
						…	
				}	
		}	
}

void	interpret(){	
						label	push:	…	goto	next;	
						label	pop:	…		goto	next;	
						label	send:	…	goto	next;	
						…	
}

void	m3(){	
		push;	
		send;	
		pop;	
}

void	m2(){	
		push;	
		send;	
		send;	
		pop;	
}

void	m1(){	
		push;	
		send;	
		push;	
		send;	
		pop;	
}

Threading

Super Instructions

Dynamic Translation



Part II: The Good and Bad 
of OOP



• Dynamic binding


• Polymorphism


• Abstraction

Object-Oriented Languages

28

object	message.	

object.message();



• Why?


• Dynamic binding


• Polymorphism


• Abstraction

OOP Languages are HARD to Optimise

29



• Why?


• Dynamic binding: method lookup is not cache conscious


• Polymorphism: cannot easily predict types to optimise


• Abstraction: small methods with lots of calls => lot of call overhead

OOP Languages are HARD to Optimise

30



Global Lookup Caches
• Hash table, LRU eviction

Interpreter	>>	lookupSelector:	selector	inClass:	class	
		method	:=	self	lookupInCacheSelector:	selector	inClass:	class.	
		method	ifNotNil:	[	^	method	]	
		
		“SLOW	LOOKUP”	
		…
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Inline Caches

• Idea: put the cache in the call-site


• Replace each call-site by a call to the target method


• Make it a direct call to help the branch prediction


• Rewrite the call if the decision is wrong

void	m1(){	
		push;	
		send(foo);	
		push;	
		send(bar);	
		pop;	
}

void	m1(){	
		push;	
		call	TheClass>>#foo;	
		push;	
		call	TheClass>>#bar;	
		pop;	
}



Polymorphic Inline Caches
• Problem: polymorphic call-sites will often fail+lookup+rewrite


• Idea: cache the last N results (e.g., as a little switch)

void	m1(){	
		push;	
		call	m2_PIC;	
		pop;	
}

Type Method

A A>>m2

B A>>m2

C C>>m2

A 
#m2

B 
#m7

C 
#m2

*some benchmark last week



Adaptive Compilation

• PICs give type information for free!


• Optimise for the observed types: speculative inlinings (!!)


• Inlinings generate optimisation opportunities

void	m1(){	
		push;	
		call	m2_PIC;	
		pop;	
}

Type Method

A A>>m2

B A>>m2

C C>>m2

void	m1(){	
		push;	
		if	(type	==	A)	
				//	the	code	of	A>>m2	
		else	call	m2_PIC	
		pop;	
}



Part 2: Summary
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void	m1(){	
		push;	
		call	TheClass>>#foo;	
		push;	
		call	TheClass>>#bar;	
		pop;	
}

void	m1(){	
		push;	
		call	m2_PIC;	
		pop;	
}

Type Method

A A>>m2

B A>>m2

C C>>m2

void	m1(){	
		push;	
		if	(type	==	A)	
				//	the	code	of	A>>m2	
		else	call	m2_PIC	
		pop;	
}



Part 3 - Software Engineering for 
Language Implementation



Remarkable Challenges 
in High-Performance VMs
• Managed Execution


• Performance Evaluation


• Memory Management


• Software Engineering


• Security

Tech Report’22



Making VMs is HARD and Expensive

• We do not write a JIT compiler over a weekend


• Difficult to maintain and test: performance vs modularity vs generality


• Security and JIT compilation are not close friends


• New hardware, new challenges


• RISC-V processors


• processor in memory


• non-volatile and disaggregated memory…



Meta-Compilation

• Developing JIT compilers is HARD and expensive


• Meta-compilation approaches propose to auto-generate them



Duplicated semantics



Code Generation: From Interpreter to Compiler



Druid: a (Meta) Compiler Infrastructure
For Pharo, in Pharo

• Optimizing Compiler


• SSA register-based IR


• Multiple Frontends


• Pharo code


• Pharo Meta-interpretation


• Backends


• JIT compiler code


• Pharo VM bytecode
EvreffervE
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Virtual Machine Testing is HARD

• Hardware unavailability


• Slow Change-Compile-Test cycle 

• Bug reproduction is a demanding task


• VMs are complex, non-deterministic beasts



Four Stories of VM Testing
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Simulation-Guided 
Transpiler Testing
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Simulation-Based Unit Testing

• Simulate Hardware


• Fast Change-Compile-Test cycle 

• Unit testing for bug reproduction


• Case Studies


• ARM64 and RISC-V ports


• Testing GC memory corruptions

EvreffervE
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MPLR’21
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Duplicated semantics (again)



Interpreter-Guided Automatic JIT Compiler 
Unit Testing

PLDI’22



50

cold code
hot spot

detection hot code

Interpreted

Execution

Compiled

Execution

Managed Memory

Test 
Scenarios

1. Test 
Generation

2. Execution 2. Execution

3. Differential Testing

I C

Interpreter-Guided Automatic JIT Compiler 
Unit Testing

EvreffervE

����



51

cold code
hot spot

detection hot code

Interpreted

Execution

Compiled

Execution

Managed Memory

Test 
Scenarios

1. Test 
Generation

2. Execution 2. Execution

3. Differential Testing

I C

Interpreter-Guided Automatic JIT Compiler 
Unit Testing
Insight 1: Interpreters 

are Executable 
Semantics
=> Concolic Meta-

Interpretation

EvreffervE

����



Interpreter are Executable Semantics
Pharo VM Example

52

If both operands are integers

If their sum does not overflow

Else, slow path => message send
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Interpreter vs Compiled Code
Pharo VM Example

54



JIT + Interpreter Bugs!

• 3 bytecode compilers + 1 native method compiler


• 4928 tests generated


• 478 differences

55
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Four Stories of VM Testing

Production VM (C)
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• Applications have stable allocation patterns


• partial exploration of the search space


• low probability to hit interesting scenarios


• GC memory corruptions


• far away from the cause 

• masked by side-effects

Garbage Collection Testing

ICST’23 (Submitted), Smalltalks’22
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Heap Fuzzing

• Fuzz the GC and allocator, not the App (!!)


• Control + determinism


• Experts guide the fuzzing


• change event probability


• add new kind of events

Expert
Written
Fuzzer

VM

Enabled
Assertions

PASS

Failure
Event

1 23 4 56 7

Debugger
Event

1

4 5
7

generate execute on

produces

<or>

reduce

EvreffervE
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Heap Fuzzing Effectiveness

• Expert-guided fuzzers are better than random fuzzing


• may need refinement


• practical


• > 6 bugs found (!)
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Four Stories of VM Testing

Production VM (C)

Simulation Environment (Pharo)

Heap

Native Code Cache

Unicorn LLVM 
Disassembler

VM

Interpreter GC JIT Compiler

Transpiled to
Testing 

infrastructure

Simulation-based 
Testing

MPLR’21

Interpreter-Guided 
JIT Testing

PLDI’22

Heap-Fuzzing

ICST’23 (Submitted)

Simulation-Guided 
Transpiler Testing

ICSR’22 - SAC’22

EvreffervE

����



Simulation Semantic Gaps

Production VM (C)

Simulation Environment (Pharo)

Heap

Native Code Cache

Unicorn LLVM 
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VM

Interpreter GC JIT Compiler

Transpiled to
Testing 

infrastructure

?
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VM Test Transmutation

• Existing simulation tests as input programs


• Simulation vs Production differential testing


• Non-semantic-preserving mutations 
add variability


• Experiments: 256 tests, ~500 mutants, ~2k tests


• Stack allocation + inlining bugs


• Division translation bugs


• Assertion behavior differences

EvreffervE
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And more, already here or coming

• VM Debugging


• Code Cache Profiling


• Benchmark Generation


• Deep JIT fuzzing


• Speculative Compilation


• Vectorisation


• …

MPLR’21

VMIL’22MPLR’22

EvreffervE
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Takeovers
• RMoD: Software Evolution, Language Design & Implementation


• Techniques in the 80s, 90s are the basis of today’s VMs!


• Unique and exciting challenges!

EvreffervE
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Extra - Concolic Testing



Concolic Testing through Meta-interpretation

• Idea: Guide test generation by looking at the implementation

int	f(int	x,	int	y){	
if	(x	>	100){	
if	(y	==	1023){	
segfault(!!)	

}	}	}

Different cases 
if x > 100 or <= 100!!

Different cases 
if x = 1023 or != 1023

Godefroid et al. DART: Directed Automated Random Testing. PLDI’ 05 
Set et al. CUTE: a concolic unit testing engine for C. FSE’0566



Concolic Testing by Example

• Concrete + Symbolic execution


• Goal: automatically discover all 
execution paths

x y constraints next?

int	f(int	x,	int	y){	
if	(x	>	100){	
if	(y	==	1023){	
segfault(!!)	

}	}	}
Godefroid et al. DART: Directed Automated Random Testing. PLDI’ 05 

Set et al. CUTE: a concolic unit testing engine for C. FSE’0567



x y constraints next?

0 0 x <= 100

• Concrete + Symbolic execution


• Goal: automatically discover all 
execution paths

int	f(int	x,	int	y){	
if	(x	>	100){	
if	(y	==	1023){	
segfault(!!)	

}	}	}
Godefroid et al. DART: Directed Automated Random Testing. PLDI’ 05 

Set et al. CUTE: a concolic unit testing engine for C. FSE’0568

Concolic Testing by Example



x y constraints next?

0 0 x <= 100 x > 100

• Concrete + Symbolic execution


• Goal: automatically discover all 
execution paths

int	f(int	x,	int	y){	
if	(x	>	100){	
if	(y	==	1023){	
segfault(!!)	

}	}	}
Godefroid et al. DART: Directed Automated Random Testing. PLDI’ 05 

Set et al. CUTE: a concolic unit testing engine for C. FSE’0569

Concolic Testing by Example



x y constraints next?

0 0 x <= 100 x > 100

101 0

• Concrete + Symbolic execution


• Goal: automatically discover all 
execution paths

int	f(int	x,	int	y){	
if	(x	>	100){	
if	(y	==	1023){	
segfault(!!)	

}	}	}
Godefroid et al. DART: Directed Automated Random Testing. PLDI’ 05 

Set et al. CUTE: a concolic unit testing engine for C. FSE’0570

Concolic Testing by Example



x y constraints next?

0 0 x <= 100 x > 100

101 0 x > 100, y != 1023

• Concrete + Symbolic execution


• Goal: automatically discover all 
execution paths

int	f(int	x,	int	y){	
if	(x	>	100){	
if	(y	==	1023){	
segfault(!!)	

}	}	}
Godefroid et al. DART: Directed Automated Random Testing. PLDI’ 05 

Set et al. CUTE: a concolic unit testing engine for C. FSE’0571

Concolic Testing by Example



x y constraints next?

0 0 x <= 100 x > 100

101 0 x > 100, y != 1023 x > 100, y == 1023

• Concrete + Symbolic execution


• Goal: automatically discover all 
execution paths

int	f(int	x,	int	y){	
if	(x	>	100){	
if	(y	==	1023){	
segfault(!!)	

}	}	}
Godefroid et al. DART: Directed Automated Random Testing. PLDI’ 05 

Set et al. CUTE: a concolic unit testing engine for C. FSE’0572

Concolic Testing by Example



x y constraints next?

0 0 x <= 100 x > 100

101 0 x > 100, y != 1023 x > 100, y == 1023

101 1023

• Concrete + Symbolic execution


• Goal: automatically discover all 
execution paths

int	f(int	x,	int	y){	
if	(x	>	100){	
if	(y	==	1023){	
segfault(!!)	

}	}	}
Godefroid et al. DART: Directed Automated Random Testing. PLDI’ 05 

Set et al. CUTE: a concolic unit testing engine for C. FSE’0573

Concolic Testing by Example



x y constraints next?

0 0 x <= 100 x > 100

101 0 x > 100, y != 1023 x > 100, y == 1023

101 1023 x > 100, y != 1023 finished!

• Concrete + Symbolic execution


• Goal: automatically discover all 
execution paths

int	f(int	x,	int	y){	
if	(x	>	100){	
if	(y	==	1023){	
segfault(!!)	

}	}	}
Godefroid et al. DART: Directed Automated Random Testing. PLDI’ 05 

Set et al. CUTE: a concolic unit testing engine for C. FSE’0574

Concolic Testing by Example



Example
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Analysis of Differences through Manual Inspection

• 91 causes, 6 different categories


• Errors both in the interpreter AND the compilers


• 14 causes of segmentation faults!

76

Interpreter-Guided JIT Compiler Unit Testing



Extra - Interpreter Register 
Autolocalisation



Some Benchmarks
Intel x86-64
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Some Benchmarks
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Is there an optional combination  

for different setups?    🤔

 

https://emojipedia.org/thinking-face/


Some Benchmarks
Intel x86-64
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Some Benchmarks
ARM64 - Raspberry Pi

Averages of 100 iterations + stdev. Relative to baseline (no optimisation). Higher is better.
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Some Benchmarks
ARM64 - Raspberry Pi

Averages of 100 iterations + stdev. Relative to baseline (no optimisation). Higher is better.
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• Study the impact in different 
architectures


• Study the CPU and cache impact of 
these optimizations



Extra - RISC-V Port



Ongoing RISCV64 Port

• Currently under development: Real HW testing stage


• Taking advantage of our harness test suite


• Improving tests and scenarios


• Collaboration with Q. Ducasse, P. Cortret, L. Lagadec from ENSTA 
Bretagne


• Future work on: Hardware-based security enforcement
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Extra - SIMD + Vectorisation



Single Instruction Multiple Data Extensions
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SIMD Design Space 

• VM Primitives


• Specialised 

• Faster, less checks


• Vectorised Bytecode


• Composable 

• Safe at the expense 
of speed
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Extra - Code Cache Profiling 
Story



Analysing Code Cache Behavior

Analysing Events 
We see trashing in 

the code cache

Red: Compaction Events

We need to 
increase the size 

of the code cache

Occupation 
Rate
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Code Cache Unexpected results

Execution time for different Young Space size (1MB, 10MB, 100MB) and Cache Sizes (1.44MB, 2.8MB, 5MB, 10MB) 


Young Space

Code Cache Size

Time

Loading Moose
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Extra - JITt’ed Code Debugging




