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Naucno strucna saradnja: JELLLIE
Matematicki fakultet i \\i |
istrazivacko-razvojni centar Oracle Labs

2
? 1873 "._J

Oracle Labs

dr Vojin Jovanovié, Senior Research Manager

Matematicki fakultet
prof. dr Milena Vujosevic Janici¢

Doktorandi
Milan Cugurovié¢
Marjana Gligorijevic
lvan Ristovic

Strahinja Stanojevic
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Machine-Learning-Based Compiler-Parameter and Profile Prediction

e Zvanicni pocCetak projekta: 1. jun 2021. godine

* Vojin Jovanovic
- MG, ETF, MI SANU, EPFL §vajcarska
- Doktorat 2015. godine, mentor Martin Odersky
- Oracle Labs (Senior Research Manager)
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- Izvrsavanje programa treba da bude efikasno bez obzira na konciznost i apstraktnost u njegovom

opisivanju
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Pregled izlaganja (Gl

* Uvod u GraalVM projekat — Vojin Jovanovic
* Tekuci potprojekti
- Primene masinskog ucenja u okviru GraalVM-a
o Predvidanje profila - Milan Cugurovié
o Predvidanje parametara optimizacije — Milena VujosSevi¢ Janici¢
- Staticka analiza i poliglotizam
o Prakti¢ni aspekti staticke analize — Marjana Gligorijevic
o Poliglotizam i GraalVM — Ivan Ristovic
* PrikljucCivanje projektu i otvoreni problemi
- Prvi koraci prilikom ukljucivanja na projekat — Strahinja Stanojevic
- Otvoreni problemi — Vojin Jovanovi¢
- Zakljucci i diskusija - Milena Vujosevic Janicic¢
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Automatic transformation of interpreters to compiler

GraalVVi.

Embeddable in native or managed applications

Database
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Kompajler Graal [/,

Arrays.stream(persons)

Napisan u Javi: jednostavan za modifikacije filter(p > p.getEmpl() == Employment.EMPLOVED)

Modularna arhitektura: filter(p -> p.getSalary() > 100_000)
.mapTolnt(Person::getAge)
- Lako se dodaju nove faze, separacija od VM-a filter(age -> age >= 40).average()

: C : : .. .getAsDouble();
Agresivne optimizacije zahtevaju profile po dizajnu

:g;) Javar ’ Scala

long count =0, sum = 0;
for (inti=0; i< persons.length; i++) {
Person person = persons][i];
Graal Compiler int age = person.age;
if (person.employment == Employment.EMPLOYED &&
person.salary > 100_000 &&
age >=40) {
sum += age;
count +=1;

}

JVM Compiler Interface (JVMCI) JEP 243

Java HotSpot Runtime }
return (double) sum / count;
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Arhitektura GraalVM-a

Sulong (LLVM)

Java HotSpot Runtime
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Truffle: spekulacija i optimizacija

Node Specialization Compilation using
for Profiling Feedback Partial Evaluation
| > | >

(Node Transitions A ‘ G
@Uninitialized Integer

-
-
-
X A
-------------------

AST Interpreter

Uninitialized Nodes String @( Double Specialized Nodes Compiled Code
Generic

AST Interpreter

- J
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.. povratak u interpreter i ponovna optimizacija

Transfer back Node Specialization to
to AST Interpreter Update Profllmg Feedback
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Recompilation using
Partial Evaluation




R e L

def add(a, b)
a + b
end

def sum(n)
1 =20
a =2=a
while 1 < n
i+=1 ~— Ako pogledamo prevod ove petlje
a = add(a, n)
—
end
a
end
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def add(a, b)

a+b
end
def sum(n)
1=20 0x0000000103a7dc70: mov esi,edi
a==~0 0x0000000103a7dc72: add esi, rod
while i < n ™~ 0x0000000103a7dc75: jo Px0000000103a7dda2
i 4= 1 __ 0x0000000103a7dc7b: inc ec% |
0x0000000103a7dc7d: mov edi,esi
a = add(a, n)_’/

0x0000000103a7dc/f: cmp rad, ecx

end 0x0000000103a7dc82: jg 0x0000000103a7dc70
d

end
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GraalVM Native Image: native kompilacija i snapshotting

Input:
Classes of application,
libraries, and VM

Application

Libraries —

Points-to Analysis

\

Vv

Java class library =—

Substrate VM

Run Initializations

Iterative analysis until
fixed point is reached
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Output:
Native executable

or library

AOT-compile Machine Code

code and take

) —_—>
object heap
snapshot e [ ee
Host VM




GraalVM: Arhitektura

Sulong (LLVM)

Substrate VM

Java HotSpot Runtime
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Primene masinskog ucenja u okviru
GraalVM-a

* Predvidanje profila programa

* Predvidanje parametara optimizacije
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Machine Learning in Compiler Optimization

Oko 17.500 peayntara (0,05 cek)

Machine learning in compiler optimization

Z Wang, M O'Boyle - Proceedings of the IEEE, 2018 - ieeexplore.ieee.org

In the last decade, machine-learning-based compilation has moved from an obscure
research niche to a mainstream activity. In this paper, we describe the relationship between
machine learning and compiler optimization and introduce the main concepts of features ...

tr YUY 122 nytaHaeeged CpogHW unaHuM Cee eepamje (13)

Mitigating the compiler optimization phase-ordering problem using machine
learning

S Kulkarni, J Cavazos - ... of the ACM international conference on Object ..., 2012 - dl.acm.org
Today's compilers have a plethora of optimizations to choose from, and the correct choice of
optimizations can have a significant impact on the performance of the code being optimized.
Furthermore, choosing the correct order in which to apply those optimizations has beena ...

Yy 9Y 124 nytauaeeged CpogHu unaHun Cee eepavje (7)

A survey on compiler autotuning using machine learning

AH Ashouri, W Killian, J Cavazos, G Palermo... - ACM Computing ..., 2018 - dl.acm.org

... depicted in Figure 1, we provide Figure 2, for which we show a sample autotuning framework
leveraging compilers and machine learning ... Section 2 discusses the motivations and challenges
involved in the compiler optimization research; this is followed by an analysis of ...

Yy UY 113 nytaHasened CpogHu unaduw  Cee eepavje (7)

Milepost gce: Machine learning enabled self-tuning compiler

G Fursin, ¥ Kashnikov, AW Memon, 7 Chamski... - International journal of ..., 2011 - Springer

... The last method allows continuous update of the machine learning model based on collected ...
Current production compilers often have fixed and black-box eptimization heuris- tics without

the ... the Interactive Compilation Interface (ICI) [40] which unveils a compiler and provides ...

¥y U9 256 nyTa Haeeged Cpogdn unaduw Cee sepawje (20)

Micomp: Mitigating the compiler phase-ordering problem using optimization
sub-sequences and machine learning

Recent compilers offer a vast number of multilayered optimizations targeting different code
segments of an application. Choosing among these optimizations can significantly impact
the performance of the code being optimized. The selection of the right set of compiler ...

vr DY 62nyTaHaeegeH CpOAHM unaHuM Cee epauje (7)

Self-optimizing and self-programming computing systems: A combined
compiler, complex networks, and machine learning approach

¥ Xiao, S Mazarian, P Bogdan - IEEE transactions on very large ..., 2019 - ieeexplore.ieee.org
There exists an urgent need for determining the right amount and type of specialization

while making a heterogeneous system as programmable and flexible as possible.

Therefore, in this paper, we pioneer a self-optimizing and selfprogramming computing ...

7y 9YY 46 nytanasegeH Cpoguu unaduw Cee sepauje (8)



Predvidanje profila metodama masinskog ucenja \\ (£l )
Motivacija \i_m’
Tl

Optimizacije vodene profilima (PGO): inlajning, optimizacije kesa, duplikacija koda, itd.

Kvalitetni profili: instrumentalizacija/pokretanje, uobicajena upotreba, pokrivenost koda

Build Run Re-Build

—

Execution
Profiles

Instrumented Instrumented )
Executable Build Executable Run PGO Build
°

15

Primer: MySQL
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public static void parallelSort(double[] a) {
int n = a.length, p, g;
if (n <= MIN ARRAY SORT GRAN || (p = ForkJoinPool.getCommonPoolParallelism()) == 1)
DualPivotQuicksort.sort(a, @, n - 1, null, 0, 0);
else
new ArraysParallelSortHelpers.FJDouble.Sorter(null, a, new double[n], O, n, 0, ({(g=n/ (p << 2))
<= MIN ARRAY SORT GRAN) ? MIN ARRAY SORT GRAN : g).invoke();




Predvidanje profila metodama masinskog ucenja

Motivacija

* Alternativa: staticka predikcija profila

» Tradicionalne heuristike (npr. BTENT, bltz, blez - ne; bhtz, bgez - da)
» ML klasifikatori: DT, LR, DNN, KNN, RNN (klasifikacija putanja)

Build Run

Re-Build

—> —>

Execution
Profiles

—>

Instrumented Instrumented
Executable Build

Executable Run

PGO Build

Build

ML Model

Source
Code

—>

Cached
Profiles
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Predvidanje profila metodama masinskog ucenja
PredlozZeno resenje

17

Uvodenje koris¢enja keSiranih profila standardne
biblioteke: prikupljanje i upotreba profila

Prevazilazenje problema prikupljanja profila prelaskom na
regresione modele masinskog ucenja (MLPP)

Atributi koji opisuju delove koda:
u potpunosti interpretabilni, baziran na IR,
histogram+kontrola toka

300k dataset: Renaissance + DaCapo{Con Scala}

440 atributa:
selekcija atributa bazirana na varijansi, skaler, PCA

ML regresioni modeli:
ne vrSe zaokruzivanje, nema curenja informacija

Copyright © 2021, Oracle and/or its affiliates | Confidential: Internal
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Predvidanje profila metodama masinskog ucenja \\-;j'%;is._:__ =)
Predlozeno resenje \\Lw
g

ML Modeli:
e DT: interpretabilnost, zakljucci, ~1ms
* DNN: bez interpretabilnosti, 0.5M, ~4ms
* Razvoj end-to-end resenja: JDK keS + pretrenirani ML modeli

Use ML Model to
—0 Ne Mo > Predict Control Split —)@—)
Yes Yes Erofic

Control Split Profile
is Gathered From
the Cached JDK >

Profiles

Control Split Profie
is Collected via
Profiling

* Leave-{one, similar}-out evaluacija
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Predvidanje profila metodama masinskog ucenja

Rezultati

speedup [%] speedup [%]

speedup [%]
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default  +

tree

dnn

+4.03
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default
tree+

Jdk-cache
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jdk-cache
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PGO: context sensitive
MLPP: context insensitive
Plan:

* hotness points

* invoke points
Build size: +5%
Build time: +15%-20%




Predvidanje parametara optimizacije metodama masinskog ucenja \oms!

* Kompajleri najcesce koriste fiksirane parametre za kompilaciju svih metoda
- Propustanje prilika za optimizaciju
- Optimizacije u kodu koji se retko ili nikada ne izvrsava

» Kako prepoznati prave parametre optimizacije i prilagoditi ih konkrethom kodu?
- Primena tehnika masinskog ucenja: nauciti povezanost karakteristika koda i efekata optimizacija

- Prepoznati moguénosti optimizacije na pravim mestima, na primer izbeéi duplikaciju koda tamo gde to ne
dovodi do poboljsanja u fazi izvrSavanja
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Predvidanje parametara optimizacije metodama masinskog ucenja

21

Faze projekta

- Prikupljanje podataka: uparivanje karakteristika koda sa rezultatima merenja za razliCite parametre
kompilacije

- Treniranje modela: u planu je koris¢enje metode potpornih vektora i neuronske mreze

- Implementacija: izbor najboljeg modela koji ¢e uéi u produkciju

Ocekivani rezultati
- Bolje performanse (za GraalVM Native Image: min 3% sa PGO, min 7% bez PGO)
- Smanjenje izvrsnog fajla za 5%
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Staticka analiza i poliglotizam JELLIL IS

. -
,? 1873 L

* Prakticni aspekti staticke analize
* Poliglotizam i GraalVM

GraalVM (binary executable)

Native Image application

& "python
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Umetanje metoda pre staticke analize u kombinaciji o
sa kontekstno-senzitivnom analizom \\T
_ 1373_ r'.,_J'

« Staticka analiza koda omogucava otkrivanje dostupnih klasa i metoda, kao i eliminaciju mnogih provera u kodu (null vrednosti,
provera tipa, ...) dokazivanjem njihove suvisnosti. Stoga, preciznost staticke analize je od velike vaznosti za poboljsanje
performansi koda.

Kontekstno-senzitivna analiza Umetanje metoda
senzitivnost poboljSava preciznost staticke analize nestandardna upotreba pre analize
ali ¢ini analizu znatno sporijom nema negativan uticaj na vreme analize
veoma skupa procedura jednostavna i jeftina procedura za male metode

umetanje malih metoda —) propagacija konstanti = =——) uklanjanje mrtvog koda pre staticke analize
* Jos benefita: upotreba reflektivnih metoda bez potrebe za dodatnim konfiguracionim podacima za refleksiju (Java frejmork

Spring).
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Da li kombinacija umetanja metoda i senzitivne analize daje joS bolje performanse koda?

24

reduction of analysis parameters

Dacapo - using different analysis context sensitivity and inlining before analysis instead of insens (default) context sensitivity without inlining before analysis
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Speedup, higher is better

= .1
5 . | Wikl o,
. . . 4.5 IJ*? )
Poliglotizam i GraalVM a1 —
Best Specialized Competition L\\\\\{;{iﬁor?ﬁ‘.‘;?j'-
L_ESﬁiﬂ
3 {197
2
1.2
1.02 0.85 0.9
1
0 III III
Java Scala Ruby R Native JavaScript
app.geti('/S', fonction (req, res) {
n‘de c var text = 'Hello World from Graal.js!<br> °
ﬂ§] Using Java standard library classes
text += BigInteger.valusOQf (10) .pow (100)
" Fuiby_ »add (BigInteger.valueOf (43) ) . toString () + "<br>'
X JS Sulong (LLVM) e
text += Polvyvglot.eval('R',
'ifelse(l > 2, "no", paste(l:42, c="|"})}") + "<br>'

Truffle Framework

,_‘gz;j Javar ’ Scala

TTamS e T 5wt mee e e m T ] 5 d=opp d= = s o d e g T
JEing K lnteroperakillit

Graal Compiler

text += Polvglot.eval('R',
Tsvg ()
require (lattice) ;

JVM Compiler Interface (JVMCI) JEP 243

Java HotSpot Runtime
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X <—- 1:1400

v <- sin(x/10)

zZ <—- cos(X"1.3/ (runif (1) *5+10))

print (cloud (x~v*z, main="cloud plot"})
grhDevices:::svg.off()

4o

res.send(text)
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Espresso — Java on Truffle |l

~Eeoremi=
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* Interpreter Java bajtkoda pisan u Javi, postao JIT kompilator koji koristi Truffle i Graal
* Moguce je koristiti Espresso za rad sa Javom u poliglot kontekstu ili kao bajtkod interpreter
e Espresso je i dalje prototip:

- Slabije performance u odnosu na HotSpot VM

- Ne podrzava AOT kompilaciju

* Espresso AOT projekat:
- Implementirati Truffle AOT mogucnosti za Espresso
- Cilj: Kontekstno-nezavistan kod (ve¢ sad ~11% poboljSanja performansi)

e Buduénost?
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Prikljucivanje projektu i otvoreni problemi [-Aonme

* Prvi koraci prilikom ukljuCivanja na projekat

e Otvoreni problemi

$ Graal'M. @

Java
ﬁ Python => Filtering Fibonacci number from the array
JS => Getting cube of numbers in the array
pqthon C++ => Find sum of numbers in an array
Rust => Find cube root of the number
Ruby => Find factorial of the number
Sum: 2843
Cube Root: 14.166382154993558
Js Factorial: 87178291200
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Prikljucivanje projektu B

e Upoznavanje sa projektom i instalacija GETTING STARTED

potrebnih alata WITH
GRAALVM
TUTORIAL

GraalvVim
e Sastanci na nedeljnom nivou (research,

community, 1 na 1)

* Prvi zadatak
- Serijalizacija lambda funkcija

* Code review

* Dalji koraci

28 Copyright © 2021, Oracle and/or its affiliates | Confidential: Internal




Otvoreni problemi: spekulativna serializacija i deserializacija podataka \\T

U point-to-point komunikaciji struktuiranih podataka informacije se ponavljaju
e Stringovi imaju mali podskup svih mogucih vrednosti, npr. vlastita imena
* Brojevi su malom interval-u, npr. ocene studenata

Primaoc struktuiranih podataka pristupa poljima po redosledu

Problem: napraviti serializator i deserializator nezavistan od jezika koji:

* U prvoj fazi radi kao interpreter i skuplja informacije o obliku podataka

* Pored tipova podataka, skuplja i skup vrednosti: opseg celih brojeva, stringove koji se ponavljaju

» Deserializator meri frekvencije i redosled pristupanja poljima

e Serializator i deserializator u isto vreme generisu kod za komprimovanu serializaciju i deserializaciju
e Podaci se salju u po redosledu pristupanja i mogu se Citati pre prispeca cele poruke

e Za kompresiju, nema lookup tabela vec su tabele u samom genrisanom assembly kodu
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Otvoreni problemi: unifikacija sampling-a i instrumentacije

Skupljanje profila je neophodno za najbolje performanse

* Sampling uvodi nepreciznost uz minimalno usporenje (1%-3%)

* Instrumentacija je precizna ali unosi 10%-15% usporenje

Za kratke procese instrumentacija je bolja, dok je za dugacke procese sampling bolji

Profili se skupljaju za brojne tacke u kodu: kondicionale, virtualne pozive, monitore, pozive, itd.

Problem: definisati koji se profili skupljaju deklarativno i iz toga genrisati ili sampling ili instrumentaciju
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Zakljucci i diskusija |Ehlls) |

GraalVM je platforma otvorenog koda koja omoguéava mnosto interesantnih istrazivanja
Predstavljeni su problemi na kojima se trenutno radi ali i primeri otvorenih tekucih problema
e U saradnji sa Matematickim fakultetom, rad na projektu finansira Oracle Labs

e Ukoliko je neko zainteresovan za prikljucivanje projektu moze da se javi

Postoje otvorene pozicije za internship ali i za posao u okviru Oracle Labs-a, detalje potrazite
na http://oglasi.matf.bg.ac.rs/

* Novi rezultati uskoro

Pitanja?
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