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About me

* Alina Yurenko / @alina_yurenko

* Developer Advocate for GraalVM at
Oracle Labs

* Love open source and communities <>

* Love both programming ga & natural
languages §:
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native-image MyMainClass

./mymainclass E
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Clojure 2%

K Kotlin ’ Scala
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native-image MyMainClass

./mymainclass E

java MyMainClass




Open source on GitHub: github.com/oracle/graal

Open Source LOC actively maintained for GraalVM

languages: 1700K

ruby: 700K

python: 290K

core: 1420K

compiler: 500K truffle: 300K

substrate: visualvm:
javascript: 250K 270K 520K

Total: 3,640,000 lines of code
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GraalVM Native Image

Enables compiling Java programs into

standalone native executables

* Performs static analysis to identify all code

reachable from the entry point

* Instant startup, low memory footprint,

perfect for cloud deployments

* Integrations with Java microservices

frameworks

td

QUARKUS

Q, spring

MICRO v T"

“E helidon.io




Native Image Build Process

Input: .
All classes from application, Na tiv(::’:(zl::t table
libraries, and VM
o Ahead-of-Time
pralicElen {  Points-to Analysis Compilation Coden
Libraries  — ¢ Text Section
Run Initializations
BN f _ ¢ 5, ImageHeapin
Substrate VM Heap Snapshotting Image Heap Data Section

Writing

lterative analysis until
fixed point is reached




AOT vs JIT: Startup Time

JT

Load JVM executable

Load classes from file system

Verify bytecodes

Start interpreting

Run static initializers

First tier compilation (C1)

Gather profiling feedback

Second tier compilation (GraalVM or C2)

Finally run with best machine code

AOT

Load executable with prepared heap

Immediately start with optimized machine code




AOT vs JIT: Memory Footprint

JT AOT
Loaded JVM executable = Loaded application executable
Application data =  Application data

Loaded bytecodes
Reflection meta-data
Code cache

Profiling data

JIT compiler data structures




Memory Scalability

JIT AOT

Garbage VM Runtime and Garbage Application

shared

Collector

Compiler
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Dynamic Code Metaspace
Cache Class Files
Profiling Compilation
Feedback Data Structures

Application payload

duplicated
per process

Collector

Machine Code

Application payload




Example: horizontal scaling of microservices

Memory Usage in MB

Quarkus Apache Tika ODT in a “tiny” configuration and with the serial GC

(1 CPU core per process, -Xms32m -Xmx128m) - JDK 11

1200

1000

800

600

400

200

1109.0562
842.6914
576.3267
309.9619
132.2417
. || [ ] -
1 process 2 processes 3 processes 4 processes
B Native Image EE HotSpot C2

Java HotSpot VM

* 4 VMinstances = 4 times the memory

Native Image
* 4 VMinstances = 2 times the memory
* Image heap shared between processes

* Machine code shared between processes




Tips & Tricks X




Native Build tools: Official Gradle and Maven Plugins =

Build, test and run Java applications as native executables
* Qut-of-the-box support for native JUnit 5 testing

* testing Java code with JUnit 5 behaves in the same way in native
execution as with the JVM

 allows libraries in the JVM ecosystem to run their test suites
via GraalVM Native Image

org.graalvm.buildtools
native—-maven—-plugin




Demo: Testing Native Image applications
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GraalVM Native Image & JUnit

 @EnabledInNativelmage

* used to signal that the annotated test class or test method is
only enabled when executing within GraalVM native images

* when applied at the class level, all test methods within that class will be
enabled within a native image

 @DisabledInNativelmage

* used to signal that the annotated test class or test method is
only disabled when executing within a GraalVM native image.




Native Integration Tests
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Introducing Micronaut Test Resources

M August 2022

Toge! micraraut testeontainers dackes reat teating

The new release of Micronaut 3.6 Introduces 3 new feature which | worked on for the past couple of menths, called r/lcronaut Test
Rescurces, This feature, which is inspired from Quarcus' Dev Services, will greatly simplify testing of Micronaut applications, bath en
the VM and using GraalvM native images, Let's see how

Test resources in a nutshel!

M ocranaus Test Besources smaifies testing of applications which depene on external resources, by handling the prowisioning and lifecyc e of such resources
salcmalcally. For example, it your applicetion recuines 2 MySOL server, e coder 1o lesl the soglication, yaa need 2 KeSOL databiase 16 e instal led and canfigursd,
whith induces a deabacze name, a username and a pazsword. In genersal, these are ¢y relevant ror preowcian, where they are fixed. During develcoment, all you
cars gbout is baving one databae avaiable,

Here are a couple of rradidlanal solutions to this prabem

Cdacument that 2 B ySQL server is a pre-regusite, and giee insirucos about the database (o create, credentals, erc, T s can Le simgdified by using

Darker containges, but therss sellhmanual setus reechved.

2, Uswa borary like e contameesin order to simplify the setop




GraalVM & Reflection?
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GraalVM < Reflection!

Native Image tries to resolve the target elements through a static
analysis that detects calls to the Reflection API

* If the analysis can not automatically detect your use of
reflection, you might need additional configuration

Trace reflection, JNI, resource usage on the JVM with the tracing
agent:

« Agent to record usage and produce configuration files for
native images
* java -agentlib:native-image-agent=config-output-dir=META-
INF/native-image ...
* Manual adjustment / addition might still be necessary

Many frameworks & libraries ship reflection config that will be
automatically picked up




GraalVM & Reflection: demo
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What about reflection in 3rd-party libraries?

Oomanity -

Versicn Test Levol

:LOJBak-<classic alest
Hava=driver-g - Ixlos

ulizonsul-api 1es

jaceson. coretackson~datading -lytent

catfeine:caffalire o

D.lubsn:iestd-inl
rprotobyfiorotobuf=java-ut

avaijrahqi-jeiva

javaiiraohgl={iva-extended-val dation

cTt.sqlserverimsigi-jaec
wctor-|
Javaiipe-) ave-agent-helldon
Javatipe-jave-agent-helidon3
-] Avh-Agen! -m e ronaat
ledotabore. |dbs:c
=Jdatabase. |0be:ojoDcs
racle.oci. sd ol i=lavi-sdk
sun. mail: jakarta.mall

axierHikari P

graalvm.org/native-image/libraries-and-frameworks




Is there an easier way to handle reflection? Yes!

sroupld-org.craalvm.buzlctools pld

jrtirtactId>native-maven-plugin</artiftactid

version>$<{native.naven.plugin.varsion}
ns>true 1oNS

id>~build=native
joa Ls

goal>compile-no-Torg

phase>package
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Optimizing performance of native image

native-image
--pgo-instrument

i

‘ Relevant
Workloads

2 Instrumented Binary —)“ Profiles (.iprof)

v

native-image --pgo

> optimized binary %/




AOT at the speed of JIT %

Metric/runtime GraalVM CE with C2 JIT | Oracle GraalVM Native Image

Memary Usage (max RSS) | 1,029 MB 641 MB -38% lower
Peak throughput 11,066 req/s 11,902 req/s +8% higher
Throughput per memory | 12,488 req/(GB*s) 18,569 req/(GB*s) +49% better
Tail latency (P99) 7.2ms 5.15ms -28% lower
Startup 7,090ms 210ms Z4x faster

Performance of Spring Petclinic with Oracle GraalVM Native Image, GraalVM CE Native Image, and GraalVM CE with C2 JIT.
Benchmark details: https://medium.com/graalvm/graalvm-for-jdk-21-is-here-ee01177dd12d




AOT at the speed of JIT %

Ops/(GB*s) vs. Xmx
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——GraalVM CE C2 JIT —e—QOracle GraalVM Native Image

Performance of Spring Petclinic with Oracle GraalVM Native Image, GraalVM CE Native Image, and GraalVM CE with C2 JIT.
Benchmark details: https://medium.com/graalvm/graalvm-for-jdk-21-is-here-ee01177dd12d




Compressing native images with UPX

a2 ghallert

ﬂ .J:--”ﬂ"f'nﬁ’f’.:'f.‘? g Gunnar Hillert ™ Il

Having fun using UPX github.com/upx/upx 10 compress

P NN It is quite fascinating to compress a native @graalvm
my @springboot + @graalvm native images

EJ unzip time goes from 444ms to 77ms = @micronautfw application using #UPX (upx.github.ic)
u native image goes from 66Mb to 17Mb &S from 77MB down to 23MB and boot it up (inCIUding
RT if you're as excited as me & @FlywayDb migrations) in 65ms! 3& % ¥4 #java

according to UPX v3.96 compression levels
(lower is better)
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1gen gl

Compressec GraalvN Natve Images
Cat 4-5x smaller executables by compli ve imaces with

T

med am.com

* more aggressive compression algorithms can have runtime impact




Static and Mostly Static Images

Static native images

* statically linked against musl-libc , which can be used
without any additional library dependencies

 great for deploying on slim or distroless container images
FROM gcr.io/distroless/base

COPY build/native-image/application app
ENTRYPOINT ["/app"]

Mostly static native images
* statically link against all libraries except libc

 great for deploying such native images on distroless
container images

28



https://musl.libc.org/

Reduced Attack Surface §

* No new unknown code can be loaded at run time

* Only paths proven reachable by the application are included in the image
* Reflection is disabled by default and needs an explicit include list

* Deserialization only enabled for specified list of classes

* Just-in-time compiler crashes, wrong compilations, or “JIT spraying” to create

machine code gadgets are impossible




What's the catch?




GraalVM & Reflection?

* GraalVM < Reflection!

* Native Image tries to resolve the target elements through a static analysis that detects calls to
the Reflection API

* If the analysis can not automatically detect your use of reflection, you might need
additional configuration

* Trace reflection, JNI, resource usage on the JVM with the tracing agent
* Manual adjustment / addition might still be necessary
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Required Build Time Step

Computational effort necessary at build time

Need a powerful machine with the same target architecture & OS
* Use GraalVM with GitHub Actions: github.com/marketplace/actions/github-action-for-graalvm
* Many larger apps can build with 2 GB of memory

Develop in JIT mode for fast development, only use AOT for final deployment

For best throughput, use profile-guided optimizations



https://github.com/marketplace/actions/github-action-for-graalvm

What’s new in GraalVM




GraalVM
for JDK 21




Introducing
GraalOS



o orace ) grasl Q Typa /1o 288

oze (5 szues 908 )Y Fulroquests 160 OF Discussions (5 actions [ Projects & [ Security 70 |~ Inzigmts G

Layered Native Images # /626
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Alloww @ nativa imaga (the application image) to deacrd oo multinle baze mages that can B2 shared betwesn nultipe
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Goals

» Recducs the combined RSS msimary = 2o wihser iras g differen | spelicst ans thyl e commen e rgmreaocks sid
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https://github.com /oracle/graal/issues /7626



https://github.com/oracle/graal/issues/7626

GraalVM Community roadmap on GitHub

@ Graglvm Communiy Roedmen

1 Kaive mage + Compler 1 Lanjuage Rurtimes + NewVew
T focur- 300 Ntve inage « Complar®

"o P aigroes o Saun o ‘e b yae =e

= OvaolVM for JCK 21 [Seatember 18, 2023) =

‘B O A sappn [ Jo8 21 AOE54 .vnllv (O pu—

‘0 O Depreoate the CrialdU Jpdater MEIGE 9 eghues " Neprrar a

By O Rspoating micting matada s in Native bruge by theravny g 8511 o labrovtet 3 ewanew " Pogrest -

1 () Saf Corpestionof Neadata 45173 B leicona s vicviney " Poym featere

(2 (@) [uh-c7067] Explin ETpermental OFten Haraing ¥ 1% 9 mepnus vane retve-mage
+ Comnd od) o wion yvuped Uy ndles e

¥ Plarmed 1or tw Future

23 ) SI0000 1 ANIO M OArein-Barcred ) oo B oms-om0ioy g ew "oy Teatere

14 O Avewie the Frog anming Nudd W Asgdivetion iilichoo o sadts ‘ y tierrwhimm A -

6 o mgrove ZWT Bepaart 214021 ‘ chstizrmeimnnes A ) -

MW (D) Paren tntacacs caly nes sown wilding a wtiveirage 149570 § hitisnvinnes n Poweet featers

17 02) Awans un the axive mage Qenirater 08 1 modue path #4524 § chvistianwinmnes " P owrs featere

0 O Ranove scaning ard kKeckng of ol classer x teginng of .. viova @) cwissarwinne ind wc N opE Teanre  nesve-image

19 O Panrec Upjraces to Debug o Supper; #0047 o adinn enc Telepraus Dave LU0 notive- image-cubuginto Scrrrintiens fromRec | ot
30 () Wirdous Dabsg Infeemation fee locn varables. #5395 @ et - festore Seavridutisnt from Bes hst
11 () JOWP-based Jebiooing Suoport #5644 © oles-docsca " P owrst feature

3z G} JER Suppeor! e Natve image 1A .’ chrutarhauti 'neph n Progres - Lo rinns Non R

https://github.com/orgs/oracle/projects/6



https://github.com/orgs/oracle/projects/6

Get started with
GraalVM




Get started with GraalVM

graalvm.org

or

sdk install java 21-graal



http://graalvm.org

Questions & let’s connect! GraalVM resources




Thank you!

Alina Yurenko

@alina_yurenko



https://twitter.com/alina_yurenko

