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First: About Me

* Now: Permanent researcher (CRCN) at Inria - Lille since 2022

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

 Keywords: compilers, testing, test generation

* Interests: tooling, benchmarking, H4<3&, board games, batman, concurrency

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

Evref

Or: guillermo.polito@inria.fr
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Moose Analysis Platform

Imagine: :
* A program with 1 000 000 LOC
* 2 000 000 seconds to read them |l'"'""
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Business Rules Management

*/

publi

©

An Example: A Human Resource Application
If remote working or paternity leave
conditions change, where should we make

*/
publl lace \aryuaing 1D oo xiaonde \lorualing RDoarcar [
*/
public =2 VerveinedRarcer axtonds Vorveinofarcor |
/ */
pu
publi‘ class “eF“ejne;paneF @X;GHdS “eF“ejpanarcor {
ol 7 */
/ : publige—elass—VerveinelRarser——extendsVerveinelarser—{
pr / */
bli laoce \oruainalDorcor tonde \oruainaDorcaor [
/* pu > {
P . p / /
) / ° publig—<lass—VerveinelParser—oxtendsVaorveineParsar |
r *
/ P 0 / /
/ g’ publig—lass—VerveinelRarser—extends—VerveineParser—f
. /: P p / */
p ¥ , p / public class VerveinelParser extends VerveineParser {
’ /
/ pr P public static final String DEFAULT CODE VERSION = JavaCore.VERSION 1 5;
r
’ / P / . .
p /* P * Option: The version of Java expected by the parser
* p *
. % ] / 4 -
p / > protected String codeVers = null;
pr
g / P /**
pu / P * Option: wether to generate local informations (local to a type)
} P */
P / protected boolean withLocal = true;
P
p } p / p
} p /xx
pPr P P / P * The arguments that were passed to the parser
P } P * Needed to relativize the source file names
} */
P P P / private Collection<String> argPath;
pu ) } private Collection<String> argFiles;
P
P } p /%% .
P } * Java parser, provided by JDT
p */
p P } private ASTParser jdtParser = null;
} p public VerveineJParser() {
P } super();
} .
P jdtParser = ASTParser.newParser(AST.JLS3)ﬂ
p }
}
protected SourceLanguage getMyLgge() {
P return new JavaSourcelLanguage();
}

public void setOptions(String[] args) {

Strinall floccDath — new Ctrinall J 1.

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



Time Travelling Queries

Do you have a debugging question?

Find execution data and explore your execution conveniently

Select a Time-Traveling Query from the Queries Menu! from the Query Results
x — O DoubleLinkedListTest>>testLinksDo - Stgp number Query results
< Debugger (timestamp)
Stack | |
2] %
42 | Seeker
Class Method Package - Stepping Control
DoubleLinkedListTest testLinksDo Collections-DoubleLinkedLi: - =» 3 4 A > o
DoubleLinkedListTest (TestC: performTest SUnit-Core Backl  Adv.l Adv.Stafement Prev.Statement Reset  ToEnd  STOP
DoubleLinkedListTest (TestC:[self setUp. self performTest] SUnit-Core Queries Menu Query  Scriptin
CullDlackClaciirn IDlackClaci: anciiras Warnal v
> » A ™ 3] e o o) + G Query for All Meyége Sends with selected selector : (add:) Re-execute
Proceed  Into Over Through Runto Restart  Retum Whereis? Create  Advanced Step Step Msg Receiver Oid Msg Selector “
“ I.“*’L ol “""e" I . 1 56 list (DoubleLinkedList) 8 add:
3| list := DoubleLinkedList new. I_ [ All Message Sends 2 104 links (OrderedCollection) 18 add:
4 links := OrderedCollection new. Vuessages Object Centric 3 138 list (DoubleLinkedList) 8 add:
5 1 to: 10 do: [ :each '
| [ zeach | %F Instances Creations ’ | All Received messages 4 191 links (OrderedCollection) 18 add:
6 links add: (list add: each) ]. 7 Assi ments - Object Centric b
2 sndex := 1. <>Assig“ments B . 5 225 list (DoubleLinkedList) 8 add:
BN 6 278 links (OrderedCollection) 18 add:
7 21?2 lict (Nnnhlal inkadl ict) < ard-
Filter... v
< >
Showing 20 results, fetched in: 282ms.
ExecutedBytecode: 56 (3.06% of known execution) ‘ ‘
: : : : : : : : : Evref
(*) M. Willembrinck, S. Costiou, A. Etien, S. Ducasse. Time-Traveling Debugging Queries: Faster Program Exploration. JAIB)

International Conference on Software Quality, Reliability, and Security, Dec 2021, Hainan Island, China.



Echo Debugging

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

Controller Image

Developer

:

Echo-Debugger

s

Debugger Client

™

Debugger Client

A

Working Image v

HTTP

n

HTTP

Failing Image

Debugger Server

¢

Sindarin Debugger

Working Echo-Execution

Y

Debugger Server

¢

Sindarin Debugger

Failing Echo-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!

“ Evref

JAIS)




Virtual Machines
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The Plan

And let’s hope we get to fit it all

e 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

* |nstruction Dispatch, OOP lookup optimisations

 Remarkable challenges in High-Performance VMs



Part O: Virtual Machines 101



Virtual Machine Execution Engine

Interpreted
Execution

Compiled
Execution

Managed Memory

13



Virtual Machine Execution Engine
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* Written in Pharo
* Transpiled to C
* Simulable

* |nterpreter

« GC

» Jitted code

The Pharo VM Architecture

Simulation Environment (Pharo)

____________________________________________________

“~~._ Transpiled to

v

18

VM
Interpreter GC JIT Compiler
Testing | ~~ T TTTTTTTToooomoommommmmmm e
infrastructure
Heap
Native Code Cache
. LLVM

Unicorn Disassembler

Production VM (C)




The Pharo VM Architecture

Simulation Environment (Pharo) T(:}d& {g
* Written in Pharo e —— N 3
§ OoLcus
* Transpiled to C
. SimUIable | Testing ‘\\\ Transpiled to
infrastructure

* |nterpreter

\

Native Code Cache \

« GC !

Production VM (C)

e Jitted code

LLVM

Unicorn .
Disassembler
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Part |I: On Instruction Dispatch



Interpreters

void interpret(){

while (1){
switch(nextInstruction){
interpret case push: ..
[ true ] whileTrue: [ case pop: ..
currentBytecode := self fetchNextBytecode. case send: ..
self dispatch: currentBytecode ] .
}
}

21



Interpreter Perfomance Profile

* Dispatch overhead
void interpret(){

» Affects languages with simple instructions while (1){

switch(nextInstruction){

case push: ..
» Caused by CPU branch mispredictions -

case pop: ..
case send: ..

 More time In dispatch than actual work

Journal of Instruction-Level Parallelism 5 (2003) 1-25 Submitted 07/01; published 11/03

interpret
The Structure and Performance of Efficient Interpreters [ true ] whileTrue: [

M. Anton Ertl ANTON@QMIPS.COMPLANG.TUWIEN.AC.AT Ccu r‘r‘entByteCOde .= Sel-F 'Fe-tChNeXt BytECOde )
Institut fir Computersprachen, TU Wien, Argentinierstrafie 8, A-1040 Wien, Austria se 1_F d i S pat C h - curre nt Byt Yo Od e ]

David Gregg* DAVID. GREGGQCS.TCD.IE
Department of Computer Science, Trinity College, Dublin 2, Ireland

Abstract 29

Interpreters designed for high genera l-purpose performance typically perform a large
A11rhiAar AL v Alvnntr varnarhaa (2 907 1907 A€ A1l Avacmt1itnd tvvcatrr1imoti~ra 291 ~11ve Aar ch v ael-o)



Threaded Code Models

» |dea: restructure the code to help branch predictors

« How"? Multiply branch sites, use less indirect branches...

* |Lots of flavours: indirect, token, direct, context threading...

Journal of Instruction-Level Parallelism 5 (2003) 1-25 Submitted 07/01; published 11/03

The Structure and Performance of Efficient Interpreters

M. Anton Ertl ANTON@MIPS.COMPLANG.TUWIEN.AC.AT
Institut fur Computersprachen, TU Wien, Argentinierstrafie 8, A-1040 Wien, Austria

David Gregg* DAVID. GREGGQCS.TCD.IE
Department of Computer Science, Trinity College, Dublin 2, Ireland

Abstract

Interpreters designed for high general-purpose performance typically perform a large
A1t hiAar AL Al vnntr rarnarhiaa (2 907 1907 A€ A1l Avrct1itnd vvctrr1imotti~ara 191 ~11ve Aar ch v ael-o)

void interpret(){
while (1){

void interpret(){

switch(nextInstruction){

case push: ..
case pop: ..
case send: ..

—

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



Super Instructions

void interpret(){ void interpret(){
» Super instructions while (1) while (1){

switch(nextInstruction){ switch(nextInstruction){
_ _ _ case push: .. case push:
* |ess but bigger instructions case pop: case pop:

case send:

— —

case push send: ..
case push_send pop:

— . —

* => |ess dispatch y |
} R
} }
}
}

Optimizing direct threaded code by selective inlining

Ian Piumarta and Fabio Riccardi

INRIA Rocquencourt, B.P. 105, 78153 Le Chesnay Cedex, France

email: ian.piumarta@inria.fr
fabio.riccardi@inria.fr

Abstract each hardware architecture in much the same way as a con-

ventional compiler’s back-end. This increases development
Achieving good performance in bytecoded language inter- costs (requiring specific knowledge about the target archi-
preters is difficult without sacrificing both simplicity and tecture and the time for writing specific code), and reduces
portability. This is due to the complexity of dynamic trans- reliability (by introducing more code to debug and support).

latinn { “1ietoin_fitme comnilation”) Aof hvterndec it native Qcn ~f 1T Towar crrmrermes f0 v o mrevarmad ) aleam Thccom



Do not improve instruction dispatch: remove it !

* Translate functions/methods to machine code on the fly

* [echniques: dynamic compilation, code copying...

Efficient Implementation of the Smalitalk-80 System

1.. Peter Deutsch
xerox PARC, Software Concepts Group

Allan M. Schitfiman
Fairchild Laboratory for Artificial Intelligence Rescarch

ABSTRACT

gramming language includes dynamic
upward funargs, aad universally
the Smalltalk-80 programming system
on with incremental compilation, and
Y. These features of modern

imong the most difficult to implement
1Y A new imnlomentatiaon of the

machinc instruction set, similar to the Pascal P-system [Ammann
75] [Ammann 77]. One¢ unusual feature of the Smalltalk-80 v-
machine is that it makes runtime state such as proccdure
activations visible to the programmer as data objects. This is
similar to the “spaghctti stack™ model of Interlisp [XSIS 83], but
morc  straightforward:  Taterlisp  uses a  programmer-visible
indirection mechanism to  reference  procedure  activations,
whercas  the  Smalltalk-80  programmer  trecats  procedure
activations just likc any other data objects.

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

Dynamic Translation - JIT Compilation

void ml(){
push;
send;
push;
send;
pop,;

}

void m2(){
push;

send: void m3(){

send; z:zzf
pop; pop;’
J }



Threading
Su m mary Of void interpret(){
label push: .. goto next;

DispatCh 0ptimisations label pop: .. goto next;

label send: .. goto next;

Super Instructions

void interpret(){
while (1){
switch(nextInstruction){

void interpret(){ case push: ..

. case pop: ..
while (1){ case send: ..
switch(nextInstruction)({ _ case push send:

case push: ..
case pop: ..
case send: ..

case push_send pop: ..

}
) .
}
}
Dynamic Translation
: void ml
void m2(){ push'(){
push; send;
send; void m3(){pysh;
Send; push; Send;
pop, send; pop;
} Pop; 3}

1



Part lI: The Good and Bad
of OOP




Object-Oriented Languages

 Dynamic binding
object message.

* Polymorphism

e Abstraction

object.message();



OOP Languages are HARD to Optimise

e Why?
 Dynamic binding
* Polymorphism

e Abstraction



OOP Languages are HARD to Optimise

e Why?
 Dynamic binding: method lookup is not cache conscious
 Polymorphism: cannot easily predict types to optimise

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

30



percentage

Global Lookup Caches

e Hash table, LRU eviction

Interpreter >> lookupSelector: selector inClass: class
method := self lookupInCacheSelector: selector inClass:
method ifNotNil: [ ~ method ]

“SLOW LOOKUP>

Microdown

DeltaBlue

Richards

Compiler

100 -

751

o)
o
1

25 -

Hits and Misses

" Probe 1 hi
B Probe 2 hit
B Probe 3 hit
" Miss

Efficient Implementation of the Smalitalk-80 System

L.. Peter Deutsch
Xerox PARC, Software Concepts Group

Allan M. Schiffman
Fairchild Laboratory for Artiticial Intelligence Rescarch

class.



Inline Caches

* ldea: 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(){ void m1(){
push; push;
send(fo0); call TheClass>>#foo;
push; # push;
send(bar); call TheClass>>#bar; AR
POp; POp; . Peter Deutsch
} } Xerox PARC, Software Concepts Group

Allan M. Schitfiman
Fairchild Laboratory for Artificial Intelligence Rescarch



Polymorphic Inline Caches m2 .

#m2

* Problem: polymorphic call-sites will often fail+lookup+rewrite B
#mY7

* |dea: cache the last N results (e.q., as a little switch)

: Method
*some benchmark last week void m1(){
push; A>>m?2
5001 call m2_PIC;
pop; A>>m?2
} C>>m2

Call-sites

Published in ECOOP ‘91 proceedings, Springer Verlag Lecture Notes in Computer Science 512, Ji

Optimizing
Dynamically-Typed Object-Oriented Languages
With Polymorphic Inline Caches

Urs Holzle
Craig Chambers
Time David Ungar’



Adaptive Compilation

* PICs give type information for free!

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

void ml(){
push;
if (type == A)
// the code of A>>m2

else call m2 PIC
Pop,
}

Optimizing Dynamically-Dispatched Calls
with Run-Time Type Feedback

* |nlinings generate optimisation opportunities

void ml(){
push;
call m2_PIC;
pPop,

}

Urs Holzle
Computer Systems Laboratory, Stanford University, Stanford, CA
urs@cs.stanford.edu

David Ungar
Sun Microsystems Laboratories, Mountain View, CA
ungar@eng.sun.com



Part 2: Summary

Microdown

DeltaBlue

Richards

Compiler

100 1

percentage
(o) ~
(@) (&)

[\
(6)}

void ml(){
push;
call TheClass>>#foo0;
push;
call TheClass>>#bar;
pop;

void ml(){
push;
call m2_PIC;
pop;

Hits and Misses

void ml(){
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

o Software Engineering

e Security

Tech Report’22

Remarkable Challenges of High-Performance Language Virtual
Machines

G. Polito!, S. Ducasse!, P. Tesone!, L. Fabresse®, G. Thomas®, M. Bacou?, P. Cotret*, and L.
Lagadec*

Yinria Lille — Nord Europe
2 Telecom Nord Europe
3 Telecom Paris

*ENSTA Bretagne

1 Language Virtual Machines : Society Assets

Language Virtual Machines (VMs) are pervasive in every laptop, server, and smartphone, as is the case
with Java or Javascript. They allow application portability between different platforms and better usage of
resources. They are used in critical applications such as stock exchange, banking, insurance, and health [25].
Virtual machines are an important asset in companies because they allow the efficient execution of high-level
programming languages. Nowadays, they even attract investments from large non-system companies, e.g.,
Netflix*, Meta 2, Shopify 3> and Amazon 4.

VMs achieve high-performance thanks to aggressive optimization techniques that observe and adapt the
execution dynamically, either by doing just-in-time compilation [5] or by adapting the memory management
strategies at runtime [90, 91]. For all these reasons Virtual Machines are highly-complex engineering pieces,

Y o | Y o I | B B 1 Y Y T Ll L a 1 1 - 1



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

Tracing the Meta-Level: PyPy’s Tracing JIT Compiler

Carl Friedrich Bolz

University of DUsseldorf
STUPS Group
Germany

cfbolz@gmx.de

Maciej Fijalkowski
merlinux GmbH
fijal@merlinux.eu

Categories and Subject Descriptors

D.3.4 [Programming Languages|: Processors—code gen-
eration, incremental compilers, interpreters, run-time envi-
ronments

ABSTRACT

We attempt to apply the technique of Tracing JIT Compilers
in the context of the PyPy project, i.e., to programs that are
interoreters for some dvnamic lancuaces includine Pvthon.

Antonio Cuni
University of Genova
DISI
ltaly

cuni@disi.unige.it

Armin Rigo
arigo@tunes.org

tions use completely straightforward bytecode-interpreters
without any advanced implementation techniques like just-
in-time compilation. There are a number of reasons for this.
Most of them boil down to the inherent complexities of using
compilation. Interpreters are simple to implement, under-
stand, extend and port whereas writing a just-in-time com-
piler is an error-prone task that is made even harder by the
dynamic features of a language.

A recent approach to getting better performance for dy-
namic lancuaces is that of tracine JIT compilers [18. &].

Practical Partial Evaluation
for High-Performance Dynamic Language Runtimes

Thomas Wiirthinger®  Christian Wimmer™

Christian Humer®  Andreas WoB™

Lukas Stadler*  Chris Seaton®*  Gilles Duboscq® Doug Simon*  Matthias Grimmer!

*Oracle Labs TInstitute for System Software, Johannes Kepler University Linz, Austria

{thomas.wuerthinger, christian.wimmer, christian.humer, andreas.woess, lukas.stadler, chris.seaton,

gilles.m.duboscq, doug.simon}@oracle.com

Abstract

Most high-performance dynamic language virtual machines
duplicate language semantics in the interpreter, compiler,
and runtime system. This violates the principle to not repeat
yourself. In contrast, we define languages solely by writing

matthias.grimmer@jku.at

1. Introduction

High-performance virtual machines (VMs) such as the Java
HotSpot VM or the V8 JavaScript VM follow the design that
was first implemented for the SELF language [25]: a multi-
tier optimization system with adaptive optimization and de-



Duplicated semantics

- .

S U e W N

10

11

12

13
14

Interpreter >> bytecodePrimAdd

| rcvr arg result |
rcvr := self internalStackValue: 1.
arg := self internalStackValue: 0.
(objectMemory arelntegers: rcvr and: arg) if True: |
result := (objectMemory integerValueOf: rcvr) + (
objectMemory integerValueOf: arg).
"Check for overflow"
(objectMemory isIntegerValue: result) if True: |
self
internalPop: 2
thenPush: (objectMemory integerObjectOf: result).
" self fetchNextBytecode "success”]].
"Slow path, message send”
self normalSend

10
11

... # previous bytecode IR
checkSmalllnteger t0
jumpzero notsmi
checkSmalllnteger t1
jumpzero notsmi
t2 :=10 + t1
jumplfNotOverflow continue

notsmi: #slow case first send
t2 := send #+ t0 t1
continue:

... # following bytecode IR



Code Generation: From Interpreter to Compiler

10

11

12

13
14

Interpreter >> bytecodePrimAdd

| rcvr arg result | 1
rcvr := self internalStackValue: 1. )
arg := self internalStackValue: 0. .
(objectMemory arelntegers: rcvr and: arg) if True: |
result := (objectMemory integerValueOf: rcvr) + ( 4
objectMemory integerValueOf: arg). 5
"Check for overtlow" # 6
(objectMemory isIntegerValue: result) if True: | ,
self
internalPop: 2 °
thenPush: (objectMemory integerObjectOf: result). ?
" self fetchNextBytecode "success”]]. 10

"Slow path, message send” 11
self normalSend

... # previous bytecode IR
checkSmalllnteger t0
jumpzero notsmi
checkSmalllnteger t1
jumpzero notsmi
t2 :=10 + t1
jumplfNotOverflow continue

notsmi: #slow case first send
t2 := send #+ t0 t1
continue:

... # following bytecode IR



Druid: a (Meta) Compiler Infrastructure

For Pharo, in Pharo

* Optimizing Compiler
e SSA register-based IR
 Multiple Frontends

* Pharo code

 Pharo Meta-interpretation
 Backends

 JIT compiler code

 Pharo VM bytecode

6 blocks

59 blocks
262 instructions
10082 paths

Evref



Virtual Machine Testing is HARD

 Hardware unavailability
* Slow Change-Compile-Test cycle
 Bug reproduction is a demanding task

 VMs are complex, non-deterministic beasts



Interpreter-Guided

Four Stories of VM Testing

JIT Testing
PLDI’22
Simulation Environment (Pharo)
Simulation-based frawes A V™ . | Simulation-Guided
Testing e i Transpiler Testing
3 | . | 3 _ 3
MPLR'21 gi 17| Interpreter GC JIT Compiler | ICSR'22 - SAC22
| B esamiinsinn NS Rautiiit SESRVE Aot ianNe \\\\ Transpiled to
- Testing ,.
“infrastructure:
| © |Heap \
. | Native Code Cache | ‘\V
Production VM (C)
. LLVM |
Unicorn Disassembler Heap-Fuzzing

ICST’23 (Submitted)



Four Stories of VM Testing

Simulation-based
Testing
MPLR’21

Simulation Environment (Pharo)

? VM i
| | i !.— ] | ‘; ( | i
| | Interpreter | | GC | JIT Compiler |

| | | e
| Testing _ iiaiinieieieeii ittty ettt ittty
“infrastructure:
i . |Heap

. | Native Code Cache
. LLVM
Unicorn Disassembler

Production VM (C)




Simulation-Based Unit Testing

Simulate Hardware
Fast Change-Compile-Test cycle

Unit testing for bug reproduction

Case Studies

« ARM64 and RISC-V ports

e Testing GC memory corruptions

0

T@A‘* xAon0 %eik;

Tatredslive Yore

/\/\
/\v

MPLR’21
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Cross-ISA Testing of the Pharo VM:
Lessons Learned While Porting to ARMvS

Guillermo Polito
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F-59000
Lille, France
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Four Stories of VM Testing

Testing |
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Interpreter-Guided
JIT Testing
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Duplicated semantics (again)

10

11

12

13
14

Interpreter >> bytecodePrimAdd
| rcvr arg result |
rcvr := self internalStackValue: 1.
arg := self internalStackValue: 0.

(objectMemory arelntegers: rcvr and: arg) if True: |
result := (objectMemory integerValueOf: rcvr) + (

objectMemory integerValueOf: arg).

"Check for overflow"

(objectMemory isIntegerValue: result) if True: |

self
internalPop: 2

thenPush: (objectMemory integerObjectOf: result).
" self fetchNextBytecode "success"]].

"Slow path, message send”
self normalSend

... # previous bytecode IR
checkSmalllnteger t0
jumpzero notsmi
checkSmalllnteger t1
jumpzero notsmi
t2 := 10 + t1
jumplfNotOverflow continue

notsmi: #slow case first send
t2 := send #+ t0 t1
continue:

... # following bytecode IR



Interpreter-Guided Automatic JIT Compiler

Unit Testing

PLDI’22

Interpreter-Guided Differential JIT Compiler Unit
Testing

Guillermo Polito
Univ. Lille, CNRS, Inria, Centrale Lille,

Stéphane Ducasse
Univ. Lille, Inria, CNRS, Centrale Lille,

Pablo Tesone
Pharo Consortium

UMR 9189 CRIStAL, F-59000 Lille UMR 9189 CRIStAL Univ. Lille, Inria, CNRS, Centrale Lille,
France France UMR 9189 CRIStAL
guillermo.polito@univ-lille.fr stephane.ducasse@inria.fr France

Abstract

Modern language implementations using Virtual Machines
feature diverse execution engines such as byte-code inter-
preters and machine-code dynamic translators, a.k.a. JIT
compilers. Validating such engines requires not only vali-
dating each in isolation, but also that they are functionally
equivalent. Tests should be duplicated for each execution
engine, exercising the same execution paths on each of them.

In this paper, we present a novel automated testing ap-
proach for virtual machines featuring byte-code interpreters.
Our solution uses concolic meta-interpretation: it applies
concolic testing to a byte-code interpreter to explore all pos-
sible execution interpreter paths and obtain a list of concrete
values that explore such paths. We then use such values

pablo.tesone@inria.fr

San Diego, CA, USA. ACM, New York, NY, USA, 12 pages. https:
//doi.org/10.1145/3519939.3523457

1 Introduction

Modern Virtual Machines support code generation for JIT
compilation and dynamic code patching for techniques such
as inline caching. They are often structured around a byte-
code interpreter, a baseline JIT compiler, and a speculative
inliner. This complexity is aggravated when the VM builds
and runs on multiple target architectures [1]. Validating the
execution of interpreted code and its compiled counterpart
is challenging.

Several solutions have been proposed to aid in VM testing

Faclra MTevmnditimavmallvyr VM ctovvvtt ot i nts mravrervrmtrtrt b o b axre oo



Interpreter-Guided Automatic JIT Compiler
Unit Testing

1. Test
Generation

Interpreted . Compiled
Execution Execution

I O
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N @
I O

2. Execution gl

2. Execution

3. Differential Testin
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Interpreter-Guided Automatic JIT Compiler
Unit Testing

Insight 1: Interpreters 1. Test
are Executable Generation
Semantics ‘e, ®

=> Concolic Meta-

Interpretation

Dl

I @
I @
Test I ¢

I @

i Scenarios
2. Execution o

2. Execution

3. Differential Testin

“ Evref
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Interpreter are Executable Semantics
Pharo VM Example

Interpreter >> bytecodePrimAdd
| rcvr arg result |
rcvr := self internalStackValue: 1.

(objectMemory arelntegers: rcvr and: arg) S eere

J 1L C Ale JIV 1HILTCECTI V A C U
-

If both operands are integers

= S

. hd N
'

7 "Check for overflow'
8 (objectMemory isIntegerValue: result) B¥rue:

10 internalPop: 2
11 thenPush: (objectMemory integerObjectOf: result).

"Slow path, message send"
self normalSend

"success"]].

Else, slow path => message send

If their sum does not overflow

52



Interpreter-Guided Automatic JIT
Compiler Unit Testing

Insight 1: Interpreters 1. Test
are Executable Generation
Semantics ‘e, ®

=> Concolic Meta-
Interpretation

Dl

Test
Scenarios

2. Execution 2. Execution

Insight 2: Interpreters 3. Differential Testin
and Compiler Share » _*°

“ Evref

®
Semantics o °
=> Differential Testing

53




Interpreter vs Compiled Code
Pharo VM Example

1 Interpreter >> bytecodePrimAdd

2 | rcvr arg result | 1

3 rcvr := self internalStackValue: 1. ) checkSmalllnteger t0

! , — l  — o | jumpzero notsmi

5 objectMemory arelntegers: rcvr and: ar :

6 — ” - ' ____ _ 2 L ( 4 checkSmalllnteger t1

: o 5 jumpzero notsmi

7 "Check for overflow" 6 | e

8 (objectMemory isIntegerValue: result) B¥rue: jumplfNotOverflow continue

9 . 8 nOtS (TIl. ++ STONA L ASE LTS ST
10 internalPop: 2. , , 9 t2 := send #+ t0 t1
11 thenPush: (objectMemory integerObjectOf: result). ont]

. ue:

"success"]].

11 .. # following bytecode IR

"Slow path, message send"
self normalSend
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JIT + Interpreter Bugs!

3 bytecode compilers + 1 native method compiler

o 4928 tests generated

e 478 differences

Compiler # Tested Instructions # Interpreter Paths # Curated Paths | # Differences (%)
Native Methods (primitives) 112 2024 1520 440 (28,95%)
Simple Stack BC Compiler 175 1308 1136 18 (1,59%)
Stack-to-Register BC Compiler 175 1308 1136 10 (0,88%)
Linear-Scan Allocator BC Compiler 175 1308 1136 10 (0,88%)
Total 637 59438 4928 478 (9,7%)
“ Evref

55
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Four Stories of VM Testing

Simulation Environment (Pharo)

VM i
i Interpreter GC JIT Compiler | |
Testing . <
infrastructure
Heap
Native Code Cache
. LLVM |
Unicorn Disassembler Heap-Fuzzing
ICST’23 (Submitted)

Production VM (C)

Evref



Garbage Collection Testing °¢ | e

N

e+05 -

* Applications have stable allocation patterns

e partial exploration of the search space

Size (bytes) — log scale
®
S
>

* |low probability to hit interesting scenarios

[ ]

[ ]

s

[ J

[ ]

o

L

[ ]
o @ o ° é
arFa e,lArray fixled varilable welak

Type of Object

 GC memory corruptions

ICST’23 (Submitted), Smalltalks’22
Heap Fuzzing: Automatic Garbage Collection

Testing with Expert-Guided Random Events

e far away from the cause

 masked by side-effects

Abstract—Producing robust memory manager implementa- such approaches, although shown suitable to find compilation



.. Evref

Heap Fuzzing

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

e Control + determinism

PASS

ailure

* EXxperts guide the fuzzing Fnablec

e change event probability ﬁlﬂ}

e add new kind of events




Heap Fuzzing Effectiveness

 Expert-guided fuzzers are better than random fuzzing

 may need refinement

* practical

e > 6 bugs found (!)

100 -

~
o1
[

Probability to Hit a Bug

25 -

o)
o
[

Fuzzer

400 -

Average Events To Hit a Bug

200 -

1
Corner a llocations
Fuzzer

Evref
= VES

1
eeeeeee



Four Stories of VM Testing

Simulation Environment (Pharo)
e | Simulation-Guided
| i Transpiler Testing
i = ICSR’22 - SAC’22
| Interpreter GC JIT Compiler L
| PN RN YN RNl e | ">, Transpiled to
Testing i
infrastructure
Heap N,
Native Code Cache \*
Production VM (C)
Unicorn . LLVM “ Evref
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Simulation Semantic Gaps

Simulation Environment (Pharo)

JIT Compiler

_____________________________

Testing
infrastructure
Heap
Native Code Cache
. LLVM
Unicorn Disassembler

Evref



VM Test Transmutation
RMod @)
/ ] Production
(C)
* Existing simulation tests as input programs M c N vM
» Simulation vs Production differential testing :
Q)
 Non-semantic-preserving mutations i O
add variability ks
Mutator] Test case | > Test case
 Experiments: 256 tests, ~500 mutants, ~2k tests ( \
_ o »  DifferentialTest [«
» Stack allocation + inlining bugs \ )

e Division translation bugs ICSR22

Differential Testing of Simulation-Based Virtual

e Assertion behavior differences Machine Generators

Automatic Detection of VM Generator Semantic Gaps Between
Simulation and Generated VMs

Pierre Misse-chanabier!, Guillermo quito2, Noury Bouraqadi3, Stéphane Ducasse’,
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And more, already here or coming

MPLR’22

Porting a JI'T compiler ¢
Oppor

VMIL’22

Interpreter Register Autolocalisation: Improvin;
performance of efficient interpreters

* VM Debugging
* Code Cache Profiling

Quentin Ducasse 1’ Guille ~ Guillermo Polito Nahuel Palumbo Pablo ]

' Univ. Lille, CNRS, Inria, Centrale Lille, UMR Soufyane Labsari Pharo Cor

Pascal Cotret 9189 CRIStAL, F-59000 Lille, France ] Univ. Lille, Inria, CNRS

guillermo.polito@univ-lille.fr o Stephane DUC&SS? 9189 CI

e Benchmark Generation R
I Laboratoire Lab-STICC - ENS

name.surname@inria.fr
firstname.lastname

2 ONRS, INRIA - (

KEYWORDS

Thece twn reaniremente are annnsing

 Deep JIT fuzzing

Profiling Code Cache Behaviour via Events

Pablo Tesone Guillermo Polito Stéphane Ducasse
Univ. Lille, Inria, CNRS, Centrale Lille, Univ. Lille, Inria, CNRS, Centrale Lille, Univ. Lille, Inria, CNRS, Centrale Lille,
UMR 9189 CRIStAL, Pharo UMR 9189 CRIStAL UMR 9189 CRIStAL
Consortium Lille, France Lille, France
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» Speculative Compilation

The RISC-V Ins
sible ISA. The abilit
to accelerate VM cq
on top. However, tl
and therefore softwe
codes and instructia
present the challeng

o iAnga BISCV

e \ectorisation

Abstract

Virtual machine performance tuning for a given application
is an arduous and challenging task. For example, parametriz-
ing the behaviour of the JIT compiler machine code caches

any more space for new compiled methods, some existing

methods should be discarded, and the code cache should be

compacted to allow new methods to be compiled [10, 19].
All the behaviour of the code cache is governed by a set

" affects the overall performance of applications while being

MPLR’21

rather obscure for final users not knowledgeable about VM
internals. Moreover, VM components are often heavily cou-
pled and changes in some parameters may affect several
seemingly unrelated components and may have unclear per-
formance impacts. Therefore, choosing the best parametriza-

PR S T T AP -2

of parameters: e.g., cache size, initial set of VM routines
and primitives, minimum size to recover after compaction,
method retention policy, and maximum length of the meth-
ods to compile in the cache. In the scope of the paper, we
name specific configuration a given set of parameter values.
Due to their close interdependencies, we refer to them as a
cinole entityv



Evref

Takeovers

« RMoD: Software Evolution, Language Design & Implementation

* Jechniques in the 80s, 90s are the basis of today’s VMSs!

new hardware
» Unique and exciting challenges! software engineering

fuzzing
Evolution of ever-running systems New generation tools for daily tasks
Evolut Busi Non Functional Moose
volution usiness on Functiona . .
Rules Requirements H—» Reverse Engineering R2 AQOT Comp
Migration N | Pharo memory management
Maps Multi-focused Profillers
Green
Testing Update Tools NG Debuggers Security
3=
& ion Virtual |/
achine 4 PEETI
C transpiler ez ey
VM Distiller

quillermo.polito@inria.fr
@quillep

Distilling virtual machines
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Extra - Concolic Testing



Concolic Testing through Meta-interpretation

» |dea: Guide test generation by looking at the implementation

int f(int x, int y){
if (x > 100){ ——™
it (y == 1023){

segfault(!!)
O <

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




Concolic Testing by Example

 Concrete + Symbolic execution

e Goal: automatically discover all
execution paths

int f(int x, int y){
if (x > 100){
if (y 1023)4
segfault(!!)

3 1)
~

constraints next?

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

67

Set et al. CUTE: a concolic unit testing engine for C. FSE’05



Concolic Testing by Example

 Concrete + Symbolic execution

e Goal: automatically discover all
execution paths

int f(int x, int y){
if (x > 100){
if (y 1023)4
segfault(!!)

3 1)
~

constraints next?

X <= 100

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

68

Set et al. CUTE: a concolic unit testing engine for C. FSE’05



Concolic Testing by Example

 Concrete + Symbolic execution

e Goal: automatically discover all
execution paths

int f(int x, int y){
if (x > 100){
if (y 1023)4
segfault(!!)

3 1)
~

constraints next?

X <= 100 x> 100

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

69

Set et al. CUTE: a concolic unit testing engine for C. FSE’05



Concolic Testing by Example

 Concrete + Symbolic execution

e Goal: automatically discover all
execution paths

int f(int x, int y){
if (x > 100){
if (y 1023)4
segfault(!!)
Pl

':'b‘
N

#
~

X y constraints next?
0 0 X <= 100 x> 100
101 0

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



Concolic Testing by Example

 Concrete + Symbolic execution

e Goal: automatically discover all
execution paths

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

$ 11}

~

X y constraints next?
0 0 X <= 100 x> 100
101 0 x> 100, y 1=1023

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

/1

Set et al. CUTE: a concolic unit testing engine for C. FSE’05



Concolic Testing by Example

 Concrete + Symbolic execution

e Goal: automatically discover all
execution paths

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

$ 11}

~

X y constraints next?
0 0 X <= 100 x> 100
101 0 x>100,y!=1023 | x> 100,y ==1023

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

(2

Set et al. CUTE: a concolic unit testing engine for C. FSE’05



Concolic Testing by Example

 Concrete + Symbolic execution

e Goal: automatically discover all
execution paths

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

$ 11}

~

X y constraints next?

0 0 X <= 100 x> 100
101 0 x>100,y!=1023 | x> 100,y == 1023
101 | 1023

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

/3

Set et al. CUTE: a concolic unit testing engine for C. FSE’05



Concolic Testing by Example

 Concrete + Symbolic execution
X y constraints next?

e Goal: automatically discover all
execution paths

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

# } } } 101 | 1023 | x> 100,y !=1023 finished!

v’

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

0 0 X <= 100 x> 100

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




Argument 0 (type) Argument 1(type) | Path
0 (integer) 0 (integer) isInteger(arg0), isInteger(argl), isInteger(arg0+arg1)

E I 0xFFFFFFFF (integer) 1 (integer) isInteger(arg0), isInteger(argl), isNotInteger(arg0+arg1)

xam p e 0 (integer) object1 (object) isInteger(arg0), isNotInteger(argl)

object1 (object) 0 (integer) isNotInteger(arg0), isInteger(argl)
object1 (object) object2 (object) isNotInteger(arg0), isNotInteger(arg1)
1 Interpreter >> bytecodePrimAdd
2 | rcvr arg result | .
3 rcvr := self internalStackValue: 1. : - # previous bytecode IR
4 arg := self internalStackValue: 0. . .CheckSmalllnteg.er t0
5 (objectMemory arelntegers: rcvr and: arg) if True: [ 3 Jjumpzero notsmi
6 result := (objectMemory integerValueOf: rcvr) + ( 4 checkSmallinteger t1
objectMemory integerValueOf: arg). 5 Jjumpzero notsmi

7 "Check for overflow" 6 t2:=10 + t1
8 (objectMemory isIntegerValue: result) if True: [ 7 jumplfNotOverﬂQW continue
9 self 8  notsmi: #slow case first send
10 internalPop: 2 9 t2 := send #+ t0 t1
11 A t‘hlefanrs:r:\](ot;J[;c:Mer;or)‘/ lrjfte‘g‘e':'rObJectOf: result). o continue:
. " Jell TEHERINEXERY ec? 8 “success]). 11 ... # following bytecode IR
13 Slow path, message send
4 self normalSend Listing 2. [llustration of

implementing addition in the Pharo Virtual Machine. when compiling the byte-code instruction in Listing 1.
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Analysis of Differences through Manual Inspection
Interpreter-Guided JIT Compiler Unit Testing

91 causes, 6 different categories
* Errors both in the interpreter AND the compilers

* 14 causes of segmentation faults!

Family # Cases
Missing interpreter type check 1
Missing compiled type check 13
Optimisation difference 10
Behavioral difference 5
Missing Functionality 60

Simulation Error 2

/6



Extra - Interpreter Register
Autolocalisation




Some Benchmarks
Intel x86-64

Relative performance

ArrayAccess BinaryTrees Chameleons ChameneosRedux ClassVarBinding Compiler
Benchmark

Averages of 100 iterations + stdev. Relative to baseline (no optimisation). Higher is better.
/8



Some Benchmarks
Intel x86-64

group

S5—-Ipsp
6-sp

Relative performance

7—-ipfpsp

ArrayAccess BinaryTrees Chameleons ChameneosRedux ClassVarBinding Compiler
Benchmark

Averages of 100 iterations + stdev. Relative to baseline (no optimisation). Higher is better.
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Some Benchmarks Is there an optional combination
Intel x86-64 for different setups?

group
o,
O
-
©
S
O
©
Q.
>
= 5—-Ips
I PSP
O _
T 6-sp
7—-ipfpsp

ArrayAccess BinaryTrees Chameleons ChameneosRedux ClassVarBinding Compiler
Benchmark

Averages of 100 iterations + stdev. Relative to baseline (no optimisation). Higher is better.
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Some Benchmarks
Intel x86-64

Relative performance

ArrayAccess BinaryTrees Chameleons ChameneosRedux ClassVarBinding Compiler
Benchmark

Averages of 100 iterations + stdev. Relative to baseline (no optimisation). Higher is better.
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Some Benchmarks
ARMG64 - Raspberry Pi

group

. 1-fp
2—spfp
3-Ip
4—-ipfp
5-ipsp
6-sp

Relative performance

7—ipfpsp

ArrayAccess BinaryTrees Chameleons ChameneosRedux ClassVarBinding Compiler
Benchmark

Averages of 100 iterations + stdev. Relative to baseline (no optimisation). Higher is better.
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» Study the | t in different
Some Benchmarks arghi¥ecti;g]spac TR

ARM64 - Raspberry Pi e Study the CPU and cache impact of

these optimizations

group
D
% . 1-fp
& 2—spfp
HCCJ 3-Ip
O
Q 4—-ipfp
>
= 5-ips
I IPSP
O _
T 6-sp

7—ipfpsp

ArrayAccess BinaryTrees Chameleons ChameneosRedux ClassVarBinding Compiler
Benchmark

Averages of 100 iterations + stdev. Relative to baseline (no optimisation). Higher is better.
83



Extra - RISC-V Port



AN\

Ongoing RISCV64 Port

* Currently under development: Real HW testing stage
* Jaking 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

ENSTA

BRETAGNE

P RISC-V €3
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Extra - SIMD + Vectorisation
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Single Instruction Multiple Data Extensions

Scalar Vectorial
: ! |
l l LOAD v i Y
al b0 a0 al a2 a3| b0 bl b2 b3
l l l ,
cO0 := a0 + b0 ADD c[] := al[]l] + b[]
STORE - _____i_ )

]

87
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STORE




\

SIMD Design Space

VM Primitives
 Specialised
 Faster, less checks

* \ectorised Bytecode
« Composable

e Safe at the expense
of speed

Throughput (operations/s)

P e Em e o Em e e Em Em e Em e e Em e e e e S e EE e e Em e S e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e

" Throughput Scalability *

® Virtual Machine Intrinsic @ Scalar Vectorized Bytecode

1,00E+6
1,00E+5
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1,00E+1

1,00E+0

Speedup ratio (1x = Scalar performance) *
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Extra - Code Cache Profiling
Story



Analysing Code Cache Behavior

Occupation
Rate Red: Compaction Events

= Analysing Events
HEE- R We see trashing in
- § the code cache
g We need to
increase the size
= of the code cache

AN\

90



Code Cache Unexpected results

Time
0:00:20:50
L .i_ _________________ ..'. ........................................ _+
+ | | |
0:00:16:40 : ' ; :
0:00:12:30 q E E E E
: : - #
0:00:08:20 4 i i - ’é ——————————— E
i - s
0:00:04:10 —i ; i i
1.4MB 2.8MB 5.0MB 10.0MB
Code Cache Size
Young Space ——- IMB ---- 10MB — 100 MB

AN\

. Loading Moose



Extra - JITt'ed Code Debugging



Address

16r1000000
16r1000070
16r10000A0
16r10000D8
16r1000118
16r10001B8
16r10002A8
16r10002B0
16r10002B8
16r10002C0
16r10002C8
16r10002D0
16r10002D8
16r1000530

Name

ceCaptureCStackPointers
ceEnterCogCodePopReceiverReg
ceCallCogCodePopReceiverReg
ceCallCogCodePopReceiverAndClassRegs
cePrimReturnEnterCogCode
cePrimReturnEnterCogCodeProfiling
sendOargsTrampoline
sendlargsTrampoline
send2argsTrampoline
send3argsTrampoline
ceCPICMissTrampoline
cePICAbortTrampoline
ceMethodAbortTrampoline
methodZoneBase

Disassemble Trampoline

Name Opl Op2 Op3
MoveCgR 0 ReceiverResul
PushR LinkReg
Call 16r10002D8/1
AlignmentNog 8
Label 1
AndCqRR 7 ReceiverResul TempReg
JumpNonZerc (Label 2)
MoveMwrR 0 ReceiverResul TempReg
AndCgR 16r3FFFFF/41‘TempReg
Nop
Nop
Label 2
CmpRR ClassReg TempReg
JumpNonZerc (PushR 1 FF8]
Label 3
RetN 0
AlignmentNog 8
Literal 16r3FFFFF/41"
16r10008C8
Step

Address

16r10008C8
16r10008CC
16r10008D0
16r10008D4
16r10008D8
16r10008DC
16r10008E0
16r10008E4
16r10008E8
16r10008EC
16r10008F0
16r10008F4
16r10008F8
16r10008FC
16r1000900
16r1000904
16r1000908
16r100090C
16r1000910
16r1000914
16r1000918
16r100091C
16r1000920
16r1000924
16r1000928
16r100092C
16r1000930
16r1000934

Jump to

JIT Code Debugger

ASM

mv s8, zero
addi sp, sp, -8
sd ra, 0(sp)
auipcto,0
jalr -1532(t0)

nop

andi s6, s8, 7
mv t5, zero
mv t6, zero
siti t4, s6, 0
seqz t3, s6
beqzt3, 44
Id s6, 0(s8)
auipc to,0

Id t0, 76(t0)
and s6, s6, t0
mv t5, zero
mv t6, zero
slti t4, s6, 0
seqz t3,s6

nop
nop

sub t3, s6, s7
sititl,s7,1
slt t2, t3, s6
xor t5,tl1, 12
seqz t5,t5
sltu t6, s6, t3

A~  Name MachineAlias Smalltalk Alias

Bytes
#[191200) fp
#(191129 255 x0
#(3548170] x1
#(151200] x2
#(231128661 x3
#(19000] x4
#(191231240 x5
#(191500] x6
#(1471500] x7
#(14746110] x8
#(1962 27 0] x9
#(99614 2] x10
#(359120] x11
#(151200] x12
#(131178 194 x13
#(51123910] x14
#(191500] x15
#(1471500] x16
#(14746110] x17
#(1962270] x18
#(19000] x19
#(19000] x20
#(5114 12365 x21
#(19163270] x22
#(179351101 x23
#(51791150] x24
#(1963310] x25
#(179632031,, x26
Disassemble at PC

NEBRLTRFEFSEZ SO R
o

6285680088588

s10

carg0
cargl
carg2

carg3/arg0
argl

extra0
extral
extra2

temp

class

receiver
argnum
varbase

Value
'16r1003000
'16r0'
'16r1001000
'16r1002FES
'16r0'
'16r0'
'16r10008D4
'16r0'
'16r0'
'16r1003000
'16r0'
'16r0'
'16r0'
'16r0'
'16r0'
'16r0'
'16r0'
'16r0'
'16r0'
'16r0'
'16r0'
'16r0'
'16r0'
'16r1012F70
'16r0'
'16r0'
'16r0'
'I6rTFFFFFF .,

Set SP to

SP

FP

“  Pointer Address

16r1002FC8
16r1002FDO
16r1002FD8
16r1002FEO
16r1002FES
16r1002FF0
16r1002FF8
16r1003000
16r1003008
16r1003010
16r1003018
16r1003020
16r1003028
16r1003030
16r1003038
16r1003040
16r1003048
16r1003050
16r1003058
16r1003060
16r1003068
16r1003070
16r1003078
16r1003080
16r1003088
16r1003090
16r1003098
16r10030A0

Value
16r0
16r0
16r0
16r0
16r1001000
16r0
16r1013400
16r0
16r0
16r0
16r0
16r0
16r0
16r0
16r0
16r0
16r0
16r0
16r0
16r0
16r0
16r0
16r0
16r0
16r0
16r0
16r0
16r0

Refresh Stack




