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Safe Harbor Statement

The following is intended to provide some insight into a line of research in Oracle Labs. It
is intended for information purposes only, and may not be incorporated into any contract.
It is not a commitment to deliver any material, code, or functionality, and should not be
relied upon in making purchasing decisions. The development, release, and timing of any
features or functionality described in connection with any Oracle product or service
remains at the sole discretion of Oracle. Any views expressed in this presentation are my
own and do not necessarily reflect the views of Oracle.
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Tutorial Outline

e Key distinguishing features of Graal, a high-performance dynamic compiler for Java written in Java

Introduction to the Graal intermediate representation: structure, instructions, and optimization phases

Speculative optimizations: first-class support for optimistic optimizations and deoptimization

Graal API: separation of the compiler from the VM

Snippets: expressing high-level semantics in low-level Java code

Compiler intrinsics: use all your hardware instructions with Graal

Using Graal for static analysis

Custom compilations with Graal: integration of the compiler with an application or library

Graal as a compiler for dynamic programming languages in the Truffle framework
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What is Graal?

* A high-performance optimizing JIT compiler for the Java HotSpot VM
— Written in Java and benefitting from Java’s annotation and metaprogramming

* A modular platform to experiment with new compiler optimizations

* A customizable and targetable compiler that you can invoke from Java
— Compile what you want, the way you want

* A platform for speculative optimization of managed languages
— Especially dynamic programming languages benefit from speculation

* A platform for static analysis of Java bytecodes
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Key Features of Graal

* Designed for speculative optimizations and deoptimization
— Metadata for deoptimization is propagated through all optimization phases

* Designed for exact garbage collection
— Read/write barriers, pointer maps for garbage collector

* Aggressive high-level optimizations
— Example: partial escape analysis

e Modular architecture
— Compiler-VM separation

* Written in Java to lower the entry barrier
— Graal compiling and optimizing itself is also a good optimization opportunity
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Getting Started

Get and build the source code:

— mx IS our script to simplify building and execution
$ hg clone http://hg.openjdk.java.net/graal/graal
$ cd graal
$ ./mx.sh build Configuration "graal" for JIT compilations with Graal
Run the Graal VM: Configuration "server" for unittest, static analysis,

custom compilations from application

$ ./mx.sh vm -version

Generate Eclipse and NetBeans projects: Operating Systems: Windows, Linux, MacOS, Solaris

$ ./mx.sh ideinit

Architectures: Intel 64-bit, Sparc (experimental)

Run the whitebox unit tests

$ ./mx.sh unittest

Run a specific unit test in the Java debugger

$ ./mx.sh -d unittest GraalTutorial#ttestStringHashCode

ORACLE

Use the predefined Eclipse launch configuration to
connect to the Graal VM
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Mixed-Mode Execution

Default configuration of Java HotSpot VM in production:

Bytecode Interpreter Ellteiie ool —> Optimized Machine Code —— Sl Sarplisr —> Aggressively Optimized Machine Code

k — /

Deoptimization

Graal VM in configuration "graal": Graal replaces the server compiler

Client Compiler Graal Compiler

Bytecode Interpreter —> Optimized Machine Code —> Aggressively Optimized Machine Code

Deoptimization

Graal VM in configuration "server": Graal used only for custom compilations
Bytecode Interpreter Ellteiie ool —> Optimized Machine Code —— Sz CelmplEs —> Aggressively Optimized Machine Code

Deoptimization

Graal Compiler \

\—) Custom Compiled Machine Code
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Compiler-VM Separation
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Java HotSpot VM

Class Metadata

W

( Graal b

Bytecodes
and Metadata

Java Bytecode Parser

High-Level Optimizations

¢IR with High-Level Nodes

_ - Snippets _
Snippet Definitions Lowering
¢IR with Low-Level Nodes
Machine Code Low-Level Optimizations
and Metadata ,
Code Cache Code Generation
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Default Compilation Pipeline

* Java bytecode parser

* Front end: graph based intermediate representation (IR) in static single assignment (SSA) form

— High Tier
* Method inlining
* Partial escape analysis

* Lowering using snippets
5 & sNipp Source code reference: GraalCompiler.compile()

— Mid Tier
* Memory optimizations
* Lowering using snippets

— Low Tier
e Back end: register based low-level IR (LIR)

— Register allocation
— Peephole optimizations

* Machine code generation

ORACLE
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Graal Benchmark Results
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Graph-Based Intermediate Representation
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Basic Properties

Two interposed directed graphs

— Control flow graph: Control flow edges point “downwards” in graph
— Data flow graph: Data flow edges point “upwards” in graph

Floating nodes

— Nodes that can be scheduled freely are not part of the control flow graph
— Avoids unnecessary restrictions of compiler optimizations

Graph edges specified as annotated Java fields in node classes

— Control flow edges: @Successor fields
— Data flow edges: @Input fields
— Reverse edges (i.e., predecessors, usages) automatically maintained by Graal

Always in Static Single Assignment (SSA) form

Only explicit and structured loops

— Loop begin, end, and exit nodes

Graph visualization too

ORACLE
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Ideal Graph Visualizer”, start using “./mx.sh igv”
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IR Example: Defining Nodes

public abstract class BinaryNode ... {
@Input protected ValueNode x; @Input fields: data flow
@Input protected ValueNode y;
¥
public class IfNode ... { . _
@Successor BeginNode trueSuccessor; @Successor fields: control flow
@Successor BeginNode falseSuccessor;
@Input(InputType.Condition) LogicNode condition; . . S .
protected double trueSuccessorprobability; Fields without annotation: normal data properties
¥
public abstract class Node ... { . . .
AETAe MerElneantareie SuEsl) & oo Base class allows iteration of all inputs / successors
public NodeClassIterable successors() { ... }
Base class maintains reverse edges: usages / predecessor
public NodeIterable<Node> usages() { ... }
blic Nod d .. )
} public Node predecessor() { } Design invariant: a node has at most one predecessor

ORACLE
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IR Example: Ideal Graph Visualizer

Start the Graal VM with graph dumping enabled

$ ./mx.sh igv &
$ ./mx.sh unittest -G:Dump= -G:MethodFilter=String.hashCode GraalTutorial#testStringHashCode

Test that just compiles String.hashCode()

IdealGraphVisualizer

dit Wiew Tools Window Help
Outline X = || Filters x =l || LoadField#String.hash - Properties X = || 1:after phase GraphBuilder X 4|/ »||w||O
E B8y s 5 Custom-- | v | (4 B [ ¥ ¥ . (PR + e & Q QKO B (¢ h:
¥ | Graal CompilerThreadé:T;java.lang.5tring::hai| ||| Graal Probability hasPredecessor  brue _ I I
0:After bytecode parsing @ Graal Coloring idx 3 _ i _
Larterphase CraphBuilder J|[) Graal cFG-only Field java.lang Stringhash L[ : :
Z:AFter phase PhaseSuite ["] c2 Basic Coloring skamp 22 - . [l
FiAfter phase DeadCodeElimination & Graal Edge Coloring name LoadField#5kring.hash |.. | 0 StartMode ‘ ‘ 1 Parami(0) ‘ L
4After phase Canonicalizer [ Graal Remove Unconnected Sloks class LoadFieldNode *

S:AFter phase Inlining '
#| &AFter phase DeadCodeElimination (] Graal Call Analysis

7:After phase Canonicalizer [ Graal Mark FrameState With Lock PrOpertleS fOI’ the

S:AFter phase ConditionalElimination | €2 Matcher Fl Colori
\ - . atcher Flags Coloring
2DAFter phase lterativeCondikionalElimina —
p C1 2 Regivtor Coloring selected node

10:AFter phase CleanTypeProfileProxy .
11:AFter phase LoopFullunrall €2 Only Cont
@ Graal Removd

12:AFter phase TailDuplication p— FI|'[€I’S tO make gl’aph
[ | C2 Remove F|

13:after PartialEscape iterakion —
= e more readable
71 Graph optimization phases

Graal Reduce Begin-End

Colored and filtered graph: control flow in red,

data flow in blue

ORACLE
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IR Example: Control Flow

IdealGraphVisualizer

File Edit View Tool:

== Fixed node form the control flow graph

Qutline X 23:After phase RemoveValueProxy X

@E“% R LB e AQABKO B (§ 0
S, Fixed nodes: all nodes that have side effects and need to

be ordered, e.g., for Java exception semantics

10:After phase CleanTypeProfileProxy
11:After phase LoopFullUnroll
12:After phase TaillDuplication
13:after PartialEscape iteration
14:After phase DeadCodeElimination

15:After phase Canonicalizer 1 . . . - .

tesfier petlescae eraion Optimization phases can convert fixed to floating nodes
17:After phase DeadCodeElimination

18:after phase Canonicalizer

19:After phase PartialEscape

20:after phase ConvertDeoptimizeToGua

21:After phase LoopTransFormHigh 0 StartNode
22:After phase LoopTransFormLow
24:After phase Canonicalizer

25:After phase Loweringlteration0

| 26:AFter phase IncrementalCanonicalizer

27:After phase Lowering

Z8:After phase HighTier
==

| 3 LoadField#5String.hash ‘

Filters LoadField#5tringvalue - Prope... X =

~ Properties

id 9 =

hasPredecessor true %

idx 9 =)

Field java.lang.Stringvalue &

stamp a# [C =)

name LoadField#5tring.value & 2

class LoadFieldMode . 9 LoadFieId#String.valuel | 53 Return |
LoadField#5tring.value [ ]
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IR Example: Floating Nodes

IdealGraphVisualizer

File Edit View Tool:

ey e Floating nodes have no control flow dependency

Qutline X Bl || 23:After phase RemoveValueProxy X o

€0 g « 8 A FT + @ AQAQEXO B (&0 a

8:AFter phase ConditionalElimination - T
9:AFter phase |kerative ConditionalElimina Cr 3

fostrershese Clammarrotiemers i Can be scheduled anywhere as long as data dependencies

11:After phase LoopFullUnroll .

12:After phase TaillDuplication are fu Ifl I I ed

13:after PartialEscape iteration

14:After phase DeadCodeElimination

15:After phase Canonicalizer

16:after PartialEscape iteration

17:After phase DeadCodeElimination

18:after phase Canonicalizer

19:After phase PartialEscape

20:after phase ConvertDeoptimizeToGua

21:After phase LoopTransFormHigh

Constants, arithmetic functions, phi functions, ... are

floating nodes

21 LoopBegin

4 Const(0)

22:After phase LoopTransFormLow
24:After phase Canonicalizer

25:After phase Loweringlteration0

| 26:AFter phase IncrementalCanonicalizer
27:After phase Lowering

Z8:After phase HighTier

=

43 Const(1)

[l B
Filters ValuePhi() - Properties X =l
~ Properties

id 23 =
idx 23 %
skamp i32 =)
name ValuePhil) &
class ValuePhiMNode =)
valuePhi0 [ ]
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IR Example: Loops

IdealGraphVisualizer
e se All loops are explicit and structured
Qutline X El || zz:after phase RemovevalueProxy X e

8 Q » 8 [ H R o+ AAQGKXO D E (6N

8:AFter phase ConditionalElimination
After phase IterativeConditionalEliming

10:After phase CleanTypeProfileProxy r

11:AFter phase LoopFullUnroll

12:AFter phase TailDuplication

13:after PartialEscape iteration

14:AfFter phase DeadCodeElimination § SI m pI Ifles Optl m IZatIOn phas es

15:AFter phase Canonicalizer

16:after PartialEscape iteration i
17:After phase DeadCodeElimination 20 EndNode

18 After phase Canonicalizer

19:AFter phase PartialEscape
20:AFter phase ConvertDeoptimizeToGua -
21 After phase LoopTransformHigh 21 LoopBegin 29 <

®

22:AFter phase LoopTransFormLow
23:AFter phase RemoveValueProxy

24:AFter phase Canonicalizer

25:After phase Loweringlteration0 28 If

26 After phase IncrementalCanonicalizer

27:AFter phase Lowering

28:AFter phase HighTier = /

[l v
- | 37 Begin | | 31 LoopExit |

Filters = - Properties X =]

~ Properties

id 29 s

idx 29 = . . . . .

stamp void 41 Loadindexed || 46 StoreField#5String.hash |

name “ *

class IntegerLessThanhMode r’-‘"r’ff

45 LoopEnd 55 Return
< ]
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FrameState

* Speculative optimizations require deoptimization

— Restore Java interpreter state at safepoints

— Graal tracks the interpreter state throughout the whole compilation
* FrameState nodes capture the state of Java local variables and Java expression stack
* And: method + bytecode index

* Method inlining produces nested frame states
— FrameState of callee has @Input outerFrameState
— Points to FrameState of caller

ORACLE
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IR Example: Frame States

IdealGraphVisualizer

Qutline X El || zz:after phase RemovevalueProxy X SN2

€8 % = 8 [T F R A ps AAAQKXO D@ (¢n a

8:AFter phase ConditionalElimination
9AFter phase IterativeConditionzslEliming;
10:After phase CleanTypeProfileProxy r
11:AFter phase LoopFullUnroll

12:AFter phase TailDuplication
15:AFter phase Canonicalizer
18 After phase Canonicalizer 1 Param(0)
Local 1: “h”
21 After phase LoopTransformHigh
24:AFter phase Canonicalizer / LOCaI 3'
27:AFter phase Lowering

13:after PartialEscape iteration

16:after PartialEscape iteration

19:AFter phase PartialEscape

22.After phase LoopTransformLow = - Local 2: “ Val”
| 9 LoadField#String value ‘

25:AFter phase Loweringlteration0

28:AFter phase HighTier

Teafter shase DeadCodeEimination | State at the beginning of the loop:
17:After phase DeadCodeElimination L O C al O: “ th I S "

20:After phase ConvertDeoptimizeToGua

:

26:After phase IncrementalCanonicalizer l j

‘ 26 FramesState@string hashCode:24 |

+

public int hashCode() {
int h = hash;
if (h == @ && value.length > @) {
char val[] value;
for (int i = @; i < value.length; i++) {
h =31 *h + val[i];

Filcers X | Param(0) - Properties =1

-- Custom - | ¥ .Y Q G.l @ @ &

| uraal Cru-onty

21 LoopBegin
"] c2 Basic Colering

Graal Edge Coloring

|| Graal Remove Unconnected slots

"] Greal Reduce Begin-End

[T Graal Call Analysis

[} Graal Mark FramesState With Lock
[T €2 Matcher Flags Coloring

[T €2 Register Colaring }
(7] c2 only Control Flow
["] Graal Remove Framestate h as h = h ;
|| 2 Remove Filter
] c2 structural = }
return h;

ORACLE

Copyright © 2015, Oracle and/or its affiliates. All rights reserved. | 21




Important Optimizations

* Constant folding, arithmetic optimizations, strength reduction, ...
—CanonicalizerPhase
— Nodes implement the interface Canonicalizeable

— Executed often in the compilation pipeline
— Incremental canonicalizer only looks at new / changed nodes to save time

* Global Value Numbering
— Automatically done based on node equality

ORACLE
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A Simple Optimization Phase

public class LockEliminationPhase extends Phase {

@Override
protected void run(StructuredGraph graph) {
for (MonitorExitNode node : graph.getNodes
FixedNode next = node.next();
if (next instanceof MonitorEnterNode) {
MonitorEnterNode monitorEnterNode = (MonitorEnterNode) next;
if (monitorEnterNode.object() == node.object()) {
GraphUtil.removeFixedWithUnusedInputs(monitorEnterNode);

GraphUtil.removeFixedWithUnusedInputs(node);
}

}

}
}
}

nitorExitNode.class)) {

Eliminate unnecessary release-reacquire of a monitor

when no instructions are between

Iterate all nodes of a certain class

Modify the graph

ORACLE

Copyright © 2015, Oracle and/or its affiliates. All rights reserved. | 23



Type System (Stamps)

* Every node has a Stamp that describes the possible values of the node
— The kind of the value (object, integer, float)
— But with additional details if available
— Stamps form a lattice with meet (= union) and join (= intersection) operations

* ObjectStamp
— Declared type: the node produces a value of this type, or any subclass
— Exact type: the node produces a value of this type (exactly, not a subclass)
— Value is never null (or always null)

* IntegerStamp
— Number of bits used
— Minimum and maximum value
— Bits that are always set, bits that are never set

 FloatStamp

ORACLE
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Speculative Optimizations

ORACLE
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Motivating Example for Speculative Optimizations

ORACLE

Inlining of virtual methods

— Most methods in Java are dynamically bound
— Class Hierarchy Analysis

— Inline when only one suitable method exists

Compilation of foo() when only A loaded
— Method getX() is inlined

— Same machine code as direct field access

— No dynamic type check

Later loading of class B
— Discard machine code of foo()
— Recompile later without inlining

Deoptimization

— Switch to interpreter in the middle of foo()
— Reconstruct interpreter stack frames

— Expensive, but rare situation

— Most classes already loaded at first compile

void foo() {
A a = create();
a.getX();

}

class A {
int x;

int getX() {
return Xx;
¥
¥

class B extends A {
int getX() {
return ...
}
}

Copyright © 2015, Oracle and/or its affiliates. All rights reserved. |
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Deoptimization

main()
Interpreter Frame

foo()
Compiled Frame

create()
Interpreter Frame

Y
Stack grows
downwards

ORACLE

Dynamic Link, Return Address
Interpreter Information

Local Variables

Expression Stack
Dynamic Link, Return Address
Spill Slots

Dynamic Link, Return Address
Interpreter Information

Local Variables

Expression Stack

Copyright © 2015, Oracle and/or its affiliates. All rights reserved. |

Machine code for foo():

enter

call create

move [eax + 8] -> esi
leave

return

27




Deoptimization

main()
Interpreter Frame

foo()
Compiled Frame

create()
Interpreter Frame

Y
Stack grows
downwards

ORACLE

Dynamic Link, Return Address
Interpreter Information

Local Variables

Expression Stack
Dynamic Link, Return Address
Spill Slots

Dynamic Link, Return Address
Interpreter Information

Local Variables

Expression Stack
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Machine code for foo():

jump Interpreter
call create

call Deoptimization
leave

return
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Deoptimization

main()
Interpreter Frame

Dynamic Link, Return Address

Interpreter Information

Local Variables

Expression Stack

foo()
Compiled Frame

Dynamic Link, Return Address

Spill Slots

\/
Stack grows
downwards

ORACLE
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Machine code for foo():

jump Interpreter
call create

call Deoptimization
leave

return
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Deoptimization

main()
Interpreter Frame

Dynamic Link, Return Address

Interpreter Information

Local Variables

Expression Stack

foo()
Interpreter Frame

Dynamic Link, Return Address
Interpreter Information

Local Variables

Expression Stack

\/
Stack grows
downwards

ORACLE
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Machine code for foo():

jump Interpreter
call create

call Deoptimization
leave

return
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Example: Speculative Optimization

Java source code:

int f1;
int f2;

void speculativeOptimization(boolean flag) {

‘:}C zlelis Assumption: method speculativeOptimization is always
£2 = i;;{ called with parameter flag set to false
return;

}

f2 = 43;

}

Command line to run example:

./mx.sh igv &
./mx.sh unittest -G:Dump= -G:MethodFilter=GraalTutorial.speculativeOptimization GraalTutorial#testSpeculativeOptimization

The test case dumps two graphs: first with speculation,

then without speculation

ORACLE
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After Parsing without Speculation

IdealGraphVisualizer

e e Without speculative optimizations: graph covers the whole

Qutline X Bl || 1:After phase GraphBuilder X
W%« 8 EEE 5 R 4w method

¥ | mainiZicom.oracle.graal.compiler.test.deopt.GrazlT) 2

0:AFter bytecode parsing

2:AFter phase PhaseSuite

3iinitial state

4:AFter phase Canonicalizer

S:AFter phase Inlining

G:After phase DeadCodeElimination .
7:AFter phase Canonicalizer ‘ 0 Starthode | | 4 const(41) | | 1 Paramio) | ‘ 2 param(1) | | 7 const(0) |
g:After phase ConditionalElimination = 3 0 =

9:AFter phase Iterative ConditionalElimination
10:After phase CleanTypeProfileProxy
11:After phase LoopFullUnroll

.
[#] 12:fter phase TailDuplication - | 5 StoreField#GraalTutorial f1 ‘ E

A v
Filcers X | StartMode - Properties =l
-- Custom-- | ¥ B \.:g E @ 4} {}
("] Graal Probability 111f .
Graal Coloring lnt 'Fl;

|| Graal CFG-onk .
0 . int f2;

C2 Basic Coloring

[ GraalEdge Coloring | 9 Begin | ‘ 10 Begin ‘ | 12 Const(42) | ‘ 16 Const(43)
|_| Graal Remove Unconnected Slots . .

"] Graal Reduce Begin-End . . . . .

) oo ot void speculativeOptimization(boolean flag) {
':' g;a:{: h:a;k FrFalmeSéaTe with Lock - . -Fl = 41 ;
(] atcher Flags Coloring Id I I F Id | T .

[ c2 Register Coloring | 17 StoreField#GraalTutorial f2 | | 13 StoreField#GraalTutorial f2 | l-F (-Flag) {

"] cz only Control Flow
2 = 42;

Craal Remove FramesState

[} c2 Remove Filter
— 19 Return 15 Return 3
[ ca structural return >

f2 = 43;

O c L]
IQ CI-E Copyright © 2015, Oracle and/or its affiliates. All rights reserved. | 32




After Parsing with Speculation

IdealGraphVisualizer

window Help

File Edit View

Speculation Assumption: method test is always called
with parameter flag set to false

Qutline X Bl || 1:After phase GraphBuilder X

E 8% = 8 [EEEE e A N

¥ |l mainit:com.oracle.graal.compiler.test.deopk.GraalT]*

AfFter bytecode parsing [| )
g Colerphuse Phsesice No need to compile the code inside the if block

4:AFter phase Canonicalizer

5:after phase Inlining

:After phase DeadCodeElimination ° o
Afeer hase Canoniclzr e e [ EEE B ytecode parser creates the if block, but stops parsing
:After phase ConditionalElimination ‘ | | | ‘ | ‘ | |

AFter phase IterativeConditionalElimination * * * v 1 I 1 3 3

iter ez eeteCondionsln ] and fills it with DeoptimizeNode

1:AFter phase LoopFullunroll \\ .

12:AFter phase TailDuplication Z | 5 StoreField#Graafutorial f1 |

[ ¥

Fiers x| starchode - Properties = Speculation is guided by profiling information collected by

--Custom -- | = | @ E @ q} {} . .
0 cratprobbity E the VM before compilation
Graal Coloring
] Graal CFG-only
[7] cz Basic Coloring
¥ Graal Edge Coloring ‘ 13 Const(43) | | 9 Begin | | 11 Begin ‘

|_| Graal Remove Unconnected Slots

]

[

|| Graal Reduce Begin-End

[ ] Graal Call Analysis

|| Graal Mark FrameState With Lock
|| 2 Matcher Flags Coloring

|| c2 Register Coloring

"] cz only Control Flow

Craal Remove FramesState
[T ¢z Remove Filter 16 Return

] €2 structural

| 14 StereField#GraalTutorial f2 H 10 Deopt UnreachedCode |

OR CI_G Copyright © 2015, Oracle and/or its affiliates. All rights reserved. | 33




After Converting Deoptimize to Fixed Guard

IdealGraphVisualizer

ConvertDeoptimizeToGuardPhase replaces the if-
deoptimize with a single FixedGuardNode

window Help

Oukline X 15:4Fter phase ConvertDeopkimizeToGuard X

8 s & CUTEI R +wd QQQQX0 B (¢
5:After phase Inlining o P
After phase DeadCodeElimination i
T:AFter phase Canonicalizer I
After phase ConditionalElimination
:After phase IterativeConditionalElimination
10:AFter phase CleanTypeProfileProxy
11:AFter phase LoopFullUnroll
12:AFter phase TailDuplication
13:AFter phase PartialEscape
14:AfFter phase DeadCodeElimination
.
| 0 Starthode | ‘ 4 Const(41) ‘ | 1 Paramio) || 2 Param(1) | ‘ 7 Const(0) |
16:AFter phase LoopTransFormHigh . - . -
17:AFter phase LoopTransFormLow

18:AFter phase RemoveValueProxy
[BEl aninfrar abacn Famanicalizan

Filcers X | StarthMode - Properties =

--Custom--; B @ E @ % @

[ Graal Probability

Graal Colering

Graal CFG-only

|| €2 Basic Coloring

Graal Edge Coloring

Graal Remove Unconnected slots

.
‘ 5 StoreField#GraalTutorial f1

19 FixedGuard(!=false) UnreachedCode |

|| Graal Reduce Begin-End

[ ] Graal Call Analysis

|| Graal Mark FrameState With Lock
|| €2 Matcher Flags Coloring

|| C2 Register Colering

(7] c2 only Control Flow 16 Return

Graal Remove FrameState

| 14 StoreField#GraalTutorial f2 |

C2 Remove Filter
|_] castructural
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Frame states after Parsing

IdealGraphVisualizer
S State changing nodes have a FrameState

Oukline X 15:4Fter phase ConvertDeopkimizeToGuard X

8 s & [OOTATT R o+ @ AQAQKXO B E (§ D0
5:After phase Inlining P
After phase DeadCodeElimination i
T:AFter phase Canonicalizer I
After phase ConditionalElimination
:After phase IterativeConditionalElimination
10:AFter phase CleanTypeProfileProxy
11:AFter phase LoopFullUnroll
12:AFter phase TailDuplication
13:AFter phase PartialEscape
14:AfFter phase DeadCodeElimination
1Param(0)
16:AFter phase LoopTransFormHigh
17:AFter phase LoopTransFormLow

18:AFter phase RemoveValueProxy
[BEl aninfrar abacn Famanicalizan

Filkers X | Const{41) - Properties =] 3 FrameState@ GraalTutorial.speculativeOptimization:0 ‘ ‘ 6 FrameState@GraalTutorial speculativeOptimization:6

--Custom--; B Q E @ % @

Guard does not have a FrameState

3

Graal Probability
[ Greal Coloring
] Greal CFG-anly 0 StartMode
[C] c2 Basic Colaring

Graal Edge Coloring

Graal Remove Unconnected slots
|| Graal Reduce Begin-End

[ Graal call Analysis | 5 StoreField#GraalTutorial f1 | E
|| Graal Mark FrameState With Lock
|| €2 Matcher Flags Coloring

|| C2 Register Colering

LJ cz only Control Flow | 19 FixedGuard(!=false) UnreachedCode |
|| Grzal Remove FrameState .

|| 2 Remove Filter
|_] castructural
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After Lowering: Guard is Floating

IdealGraphVisualizer

File Edit Wiew T

First lowering replaces the FixedGuardNode with a floating
Outline X 25:After phase Lowering X
8% = 8 I FT 2 QAQAAQAX® 9@ (§ N GuardNode

14 .After phase DeadCodeElimination *
15:AFter phase ConvertDeoptimizeToGuard |
16 After phase LoopTransformHigh I \‘ A

17:AfFter phase LoopTransFormLow
18:AFter phase RemoveValueProxy

ValueAnchorNode ensures the floating guard is executed
;2::::2:::: E::::ctael\i_zozrm:raquenciesPhase before the Second erte

21:AFter phase Loweringlterationd .
22:AFter phase IncrementalCanonicalizer 0 StartNode ‘ | 20 Loc GraalTutorial f1 | ‘ 4 Const(41) | | 1 Param(0) | | 2 Param(1)
23:AFter phase Loweringlteration? ¥ ¥ - ¥

: B Dependency of floating guard on StartNode ensures guard
26:AFter phase CheckGraphPhase

o ftor ahee e T IS executed after the method start

Bal aeinfrar nhace DushTheaonkol

Filcers X | z5:After phase Lowering - Properkies =

~Custem--| v | (5 @ B B $ P | an(l.c

0 cren rovebiity [ Z2com diridse Urasiadeode | n be scheduled within these con
Graal Colering -

[C) Graal CFG-only

[C] c2 Basic Colaring
Graal Edge Coloring

[ Graal Remave Unconnected slots ‘ 23 valueAnchor | ‘ 24 Loc GraalTutorial f2 | | 13 Const(43) |
["] Greal Reduce Begin-End v T

[7] Graal Call Analysis

[ Graal Mark FramesState With Lock

[T €2 Matcher Flags Coloring 25 Write

[T €2 Register Coloring
(7] c2 only Control Flow

Graal Remove FrameState

':' C2 Remave Filter 16 Return
|_] castructural
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After Replacing Guard with If-Deoptimize

IdealGraphVisualizer

Outline X

E 85 = =T

44:AFter phase LoopSaFepointinsertion
45:AFter phase Schedule

47:AFter phase IncrementalCanonicalizer
48:AFter phase Loweringlterationd
49:AFter phase IncrementalCanonicalizer
S0iAFter phase Loweringlteration?
51:AFter phase IncrementalCanonicalizer
52:AFter phase Lowering

53:AFter phase FrameStatefssignment
54.After phase DeopkimizationGrouping
55:AFter phase Canonicalizer

56:AFter phase writeBarrierAddition

57 .After phase CheckGraphPhase

Bal confrar nbhace RaidTiae

Filbers X | 4&:After phase GuardLowering - Proper...

--Custom--; B @ E @ % @

[ Graal Probability
Graal Colering
Graal CFG-only
[C] c2 Basic Colaring

Graal Edge Coloring

["] Graal Remove Unconnected Slots
["] Greal Reduce Begin-End

[7] Graal Call Analysis

] Graal Mark Framestate With Lock
[T €2 Matcher Flags Coloring

[T €2 Register Coloring

(7] c2 only Control Flow

Graal Remove FrameState

C2 Remove Filter
["] cz structural
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GuardLoweringPhase replaces GuardNode with if-

46:4Fter phase GuardLowering X

FT +wd QARAXO © O (&0 deoptimize

| The if is inserted at the best (earliest) position — it is before
‘ the write to field f1

.
| 0 StartNode | | 8== |

:

4 Const(41) | ‘ 20 Lot GraalTutorial f1 | | 28 Begin ‘ | 1 Parami0) | | 30 Begin |
+ +

21 Write | 29 Deopt UnreachedCode |

‘ 23 ValueAnchor H 24 Loc GraalTutorial f2 |

13 Const(43)

25 Write

16 Return
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Frame States are Still Unchanged

IdealGraphVisualizer

SR State changing nodes have a FrameState

Qutline X El | 4g:after phase GuardLowering X

E 8% « & [T &5 Qe axe »a

44:AFter phase LoopSafepoinktinsertion
45:AFter phase Schedule

“
47:After phase IncrementalCanonicalizer

48:After phase Loweringlteration0

43:After phase IncrementalCanonicalizer [ |
So:After phase Loweringlteration

51:After phase IncrementalCanonicalizer

52:after phase Lowering

Deoptimize does not have a FrameState

Up to this optimization stage, nothing has changed
regarding FrameState nodes

53:After phase FrameStateAssignment . .
54:After phase DeoptimizationGrouping 3 FrameState@GraalTutorial speculativeoptimization:0 |
55:After phase Canonicalizer =
Se:after phase WriteBarrierAddition

57:After phase CheckGraphPhase

Bal coneros cboce haidTion

Filcers X | Const(41) - Properties =] 0 StartMode E
--Custom -- | = | @ E @ q} {}

[T Graal Probability
Graal Coloring
Graal CFG-only
[ ] czBasic Coloring

Graal Edge Coloring
Graal Remove Unconnected Sloks

[_| Graal Reduce Begin-End | 28 Begin | ‘ 30 Begin | | 6 FrameState@GraalTutorial.speculativeOptimization:6 |
|| Graal call Analysis =

+
|| Graal Mark FrameState With Lock

[T 2 Matcher Flags Coloring

[T c2 Register Coloring (_'_(___)_.—-—ff_d

M PP =
| 2 0nly Contral Flow 21 Write | | 29 Deopt UnreachedCode |
|| Graal Remove Framestate

[} c2 Remove Filter
] €2 structural
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After FrameStateAssignmentPhase

File

Edit View Tool.

Qutling X

IdealGraphVisualizer

window Help

E2 99 = 8 [

44:AFter phase LoopSafepoinktinsertion
45:AFter phase Schedule

46&:After phase GuardLowering

47:After phase IncrementalCanonicalizer
48:After phase Loweringlteration0
43:After phase IncrementalCanonicalizer
So:After phase Loweringlteration
51:After phase IncrementalCanonicalizer
After phase Lowering

After phase FrameStateAssignment
'After phase DeoptimizationGrouping
55:After phase Canonicalizer

Se:after phase WriteBarrierAddition
57:After phase CheckGraphPhase

Bal coneros cboce haidTion

Filcers X | Consk(41) - Properties

--Custom--_v B @ E! IB 4} Q}

M
M
M

Graal Probability

Graal Coloring

Graal CFG-only

C2 Basic Coloring

Graal Edge Coloring

Graal Remove Unconnected Sloks
Graal Reduce Begin-End

Graal Call Analysis

Graal Mark FrameState With Lock
C2 Matcher Flags Coloring

C2 Register Coloring

C2 Only Control Flow

Craal Remove FramesState

C2 Remove Filter

C2 Structural

ORACLE

=]

FrameStateAssignmentPhase assigns every

R

53:AFter phase Framestatefssignment X

qaaaxe o

DeoptimizeNode the FrameState of the preceding state

changing node

State changing nodes do not have a FrameState

Deoptimize does have a FrameState

0 StartMode

| 28 Begin | | 30 Begin | ‘

. .
3 FrameState@GraalTutorial.speculativeOptimization:0 |

5

21 Write

+

‘ 29 Deopt UnreachedCode
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Final Graph After Optimizations

IdealGraphVisualizer

ndow Help

Outline % = | 73:aFter phase Schedule X |LARA]11=

E 8y = 8 [TrT FL +wer QK0 Do (¢0 a

[&=| DUIATCEr pnase INncremencal anonicauzer

61:AfFter phase Loweringlteration
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63:AfFter phase Lowering

64:After phase RemoveValueProxy
65:AFter phase Expandlogic
§6:After phase ConditionalElimination | 7 const(o) | | 1 param({o) ‘ | 2 Param(1) |
67:AfFter phase IkerakiveConditionalElimination ¥ ¥ ¥
68:after phase ExpandLogic \
69:After phase UseTrappingMullChecks

70:after phase DeadCodeElimination
71:After phase CheckGraphPhase ‘|

0 StartMode | 3 FrameState@GraalTutorial speculative Optimization:0

72:after phase LowTier

73:After phase Schedule =

[ ¥

Filcers X | Consk(41) - Properties =l

~Custom-- v (3 B BB 4P P
[T Graal Probability

Graal Coloring H___R__ﬁ__
Graal CFG-only | 4 Const(41) | | 20 Loc GraalTutorial f1 | | 28 Begin | | 30 Begin
C2 Basic Coloring -

[ Graal Edge Coloring
Graal Remove Unconnected Sloks

- —
> H‘"M

Graal Reduce Begin-End
[7] craal call Analysis | 24 Loc GraalTutorial.f2 | | 21 Write | | 29 Deopt UnreachedCode | | 13 Const(43)

|| Graal Mark FrameState With Lock v
[T 2 Matcher Flags Coloring \
[T c2 Register Coloring

|| cz only Control Flow

[] Graal Remove Framestate 25 Write

|| €2 Remove Filter

|| €2 structural
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Frame States: Two Stages of Compilation

_ First Stage: Guard Optimizations Second Stage: Side-effects Optimizations

FrameState ison... ... hodes with side effects ... hodes that deoptimize
Nodes with side effects ... ... cannot be moved within the graph ... can be moved
Nodes that deoptimize ... ... can be moved within the graph ... cannot be moved

New guards can be introduced anywhere Nodes with side effects can be reordered
at any time. Redundant guards can be or combined.

eliminated. Most optimizations are

performed in this stage.

StructuredGraph.guardsStage = GuardsStage.FLOATING_ GUARDS GuardsStage.AFTER_FSA

Graph is in this stage ... ... before GuardLoweringPhase ... after FrameStateAssignmentPhase

Implementation note: Between GuardLoweringPhase and FrameStateAssignmentPhase, the graph is in stage

GuardsStage.FIXED _DEOPTS. This stage has no benefit for optimization, because it has the restrictions of both major stages.

ORACLE
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Optimizations on Floating Guards

* Redundant guards are eliminated
— Automatically done by global value numbering
— Example: multiple bounds checks on the same array

* Guards are moved out of loops

— Automatically done by scheduling

— GuardLoweringPhase assigns every guard a dependency on the reverse postdominator of the original
fixed location
* The block whose execution guarantees that the original fixed location will be reached too

— For guards in loops (but not within a if inside the loop), this is a block before the loop

* Speculative optimizations can move guards further up

— This needs a feedback cycle with the interpreter: if the guard actually triggers deoptimization,
subsequent recompilation must not move the guard again

ORACLE
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Graal API

ORACLE
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Graal API Interfaces

* Interfaces for everything coming from a .class file
— JavaType, JavaMethod, JavaField, ConstantPool, Sighature, ...

* Provider interfaces
— MetaAccessProvider, CodeCacheProvider, ConstantReflectionProvider, ..

* VM implements the interfaces, Graal uses the interfaces

« CompilationResult is produced by Graal
— Machine code in byte[ ] array
— Pointer map information for garbage collection
— Information about local variables for deoptimization
— Information about speculations performed during compilation

ORACLE
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Dynamic Class Loading

* From the Java specification: Classes are loaded and initialized as late as possible
— Code that is never executed can reference a non-existing class, method, or field
— Invoking a method does not make the whole method executed

— Result: Even a frequently executed (= compiled) method can have parts that reference non-existing elements
— The compiler must not trigger class loading or initialization, and must not throw linker errors

* Graal APl distinguishes between unresolved and resolved elements

— Interfaces for unresolved elements: JavaType, JavaMethod, JavaField
* Only basic information: name, field kind, method signature

— Interfaces for resolved elements: ResolvedJavaType, ResolvedJavaMethod, ResolvedJavaField
* All the information that Java reflection gives you, and more

* Graal as a JIT compiler does not trigger class loading
— Replace accesses to unresolved elements with deoptimization, let interpreter then do the loading and linking
* Graal as a static analysis framework can trigger class loading

ORACLE
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Important Provider Interfaces

public interface MetaAccessProvider { . .
ResolvedJavaType lookupJavaType(Class<?> clazz); Convert Java reflection objects to Graal API

ResolvedJavaMethod lookupJavaMethod(Executable reflectionMethod);
ResolvedJavaField lookupJavaField(Field reflectionField);

public interface ConstantReflectionProvider { .
Boolean constantEquals(Constant x, Constant y); Look into constants — note that the VM can deny the

Integer readArraylLength(JavaConstant array); request, maybe it does not even have the information

} It breaks the compiler-VM separation to get the raw object
encapsulated in a Constant — so there is no method for it

public interface CodeCacheProvider {
InstalledCode addMethod(ResolvedJavaMethod method, CompilationResult compResult,
SpeculationLog speculationLog, InstalledCode predefinedInstalledCode);
InstalledCode setDefaultMethod(ResolvedJavaMethod method, CompilationResult compResult);

HATGETRSErTEeN GEAArERE(): Install compiled code into the VM

ORACLE
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Example: Print Bytecodes of a Method

/* Entry point object to the Graal API from the hosting VM. */
RuntimeProvider runtimeProvider = Graal.getRequiredCapability(RuntimeProvider.class);

/* The default backend (architecture, VM configuration) that the hosting VM is running on. */
Backend backend = runtimeProvider.getHostBackend();

/* Access to all of the Graal API providers, as implemented by the hosting VM. */
Providers providers = backend.getProviders();

/* The provider that allows converting reflection objects to Graal API. */
MetaAccessProvider metaAccess = providers.getMetaAccess();

Method reflectionMethod =
ResolvedJavaMethod method = metaAccess.lookupJavaMethod(reflectionMethod);

/* ResolvedJavaMethod provides all information that you want about a method, for example, the bytecodes. */
byte[] bytecodes = method.getCode();

/* BytecodeDisassembler shows you how to iterate bytecodes, how to access type information, and more. */
System.out.println(new BytecodeDisassembler().disassemble(method));

Command line to run example:

./mx.sh unittest GraalTutorial#testPrintBytecodes

ORACLE
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Snippets

ORACLE
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The Lowering Problem

* How do you express the low-level semantics of a high-level operation?
* Manually building low-level IR graphs

— Tedious and error prone

* Manually generating machine code
— Tedious and error prone
— Probably too low level (no more compiler optimizations possible after lowering)

* Solution: Snippets

— Express the semantics of high-level Java operations in low-level Java code
* Word type representing a machine word allows raw memory access

— Simplistic view: replace a high-level node with an inlined method
— To make it work in practice, a few more things are necessary

ORACLE
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Snippet Lifecycle

aload 0
getfield
ifne 10
aload_1
arraylength

Specialization

> |

Bytecodes

Frequency:

Steps:

ORACLE"

Preparation
)
>
—
Prepared
IR Graph
Once

Java Bytecode Parsing

Exhaustive Method Inlining

Node Intrinsification

Constant Folding, Canonicalization

T

Specialized
IR Graphs

Few Times

Graph Duplication

Constant Parameter Replacement
Node Intrinsification

Constant Folding, Canonicalization

Instantiation

are

Target Method ~ Specialized
with High-level IR Graph
Node of Snippet

—

Many Times

Graph Duplication
Graph Inlining in Target Method
Constant Folding, Canonicalization

Copyright © 2015, Oracle and/or its affiliates. All rights reserved. |

—

Target Method
with Low-level
Nodes

50



Snippet Example: instanceOf with Profiling Information

@Snippet u ! . .
static Object instanceofWithProfile(Obj i 5 Constant f0|dmg durmg speC|aI|zat|on
@ConstantParameter ean nullSeen,

@varargsparameter #ordf}profitedtuts; Loop unrolling during specialization
@VarargsParameter boolean[] hubIsPositive) { P 9 g Sp

if (probability{fNetFrequent ohject == pull)) {

if (!nullSeen) { Node intrinsic
deoptimizeGﬁptTmTZEdTypeCheckViolated);

throw shouldNotReachHere();

}
isNullCounter.increment(); €—

return false;
}
Anchor afterNullCheck = a
Word objectHub = loadHub(object, afterNullCheck);

For it 128 |
for (int 1 = @; i < profiledHubs.length; i++) { | Loop unrolling during specialization

if (profiledHubs[i].equal(objectHub)) {
profileHitCounter.increment();
return hubIsPositive[i];

}

}
deoptimize(OptimizedTypeCheckViolated);

throw shouldNotReachHere();

}

Debug / profiling code eliminated by constant folding and

dead code elimination

ORACLE
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Snippet Example: Specialization for One Type

@Snippet

static Object instanceofWithProfile(Object object,
@ConstantParameter boolean nullSeen,
@VarargsParameter Word[] profiledHubs,
@VarargsParameter boolean[] hubIsPositive) {

if (probability(NotFrequent, object == null)) {
if (!'nullSeen) {
deoptimize(OptimizedTypeCheckViolated);
throw shouldNotReachHere();
¥
isNullCounter.increment();
return false;
}
Anchor afterNullCheck = anchor();
Word objectHub = loadHub(object, afterNullCheck);

explodeLoop();
for (int i = @; i < profiledHubs.length; i++) {
if (profiledHubs[i].equal(objectHub)) {
profileHitCounter.increment();
return hubIsPositive[i];

}

}
deoptimize(OptimizedTypeCheckViolated);

throw shouldNotReachHere();
}

ORACLE"

| Start | | Puobject

\ ]
~

If

true gy false | P:profiledHubs-0
| Begin | | Begin |
X
| P:hublsPositive-0 | E;:::::]
true Iﬁl false I:I IR Node
| Begin | | Begin | * Control-flow Edge
y y

Zﬁ Data-flow Edge

| Return | | Deoptimize |

Copyright © 2015, Oracle and/or its affiliates. All rights reserved. |

52



Node Intrinsics

class LoadHubNode extends FloatingGuardedNode {
@Input ValueNode object;

LoadHubNode (ValueNode object, ValueNode guard) {
super(guard);
this.object = object;
¥
}

@NodeIntrinsic(LoadHubNode.class)
static native Word loadHub(Object object, Object guard);

class DeoptimizeNode extends ControlSinkNode {
final Reason reason;

DeoptimizeNode(Reason reason) {
this.object = object;
¥
¥

@NodeIntrinsic(DeoptimizeNode.class)
static native void deoptimize(
@ConstantNodeParameter Reason reason);

ORACLE

Calling the node intrinsic reflectively instantiates the node
using the matching constructor

Constructor with non-Node parameter requires node
intrinsic parameter to be a constant during snippet
specialization
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Snippet Instantiation

SnippetInfo instanceofWithProfile = snippet(InstanceOfSnippets.class, "instanceofWithProfile");

void lower(InstanceOfNode node) {
ValueNode object = node.getObject();
JavaTypeProfile profile = node.getProfile();

if (profile.totalProbability() > threshold) {
int numTypes = profile.getNumTypes();
Word[] profiledHubs = new Word[numTypes];
boolean hubIsPositive = new boolean[numTypes];
for (int 1 = @; i < numTypes; i++) {
profiledHubs[i] = profile.getType(i).getHub();
hubIsPositive[i] = profile.isPositive(i);

}

Args args = new Args(instanceofWithProfile); Node argument: formal parameter of snippet is replaced
args.add(object); €— with this node

args.addConst(profile.getNullSeen());

args.addVarargs(profiledHubs); <(_—_—_—_-_““—-—-——________

args.addvarargs(hubIsPositive); Constant argument for snippet specialization

SnippetTemplate s = template(args); <€—

s.instantiate(args, node); <  Snippet preparation and specialization
} else {

// Use a different snippet. Snippet instantiation

ORACLE"
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Example in IGV

* The previous slides are slightly simplified

—In reality the snippet graph is a bit more complex

— But the end result is the same The snippets for lowering of instanceOf are in class
InstanceOfSnippets

Java source code:

static class A { }
static class B extends A { }

static int instanceOfUsage(Object obj) {
if (obj instanceof A) {
} gi:zr‘? — with parameter obj having class A
return 9;
¥
¥

Command line to run example:

Assumption: method instanceOfUsage is always called

./mx.sh igv &
./mx.sh unittest -G:Dump= -G:MethodFilter=GraalTutorial.instanceOfUsage GraalTutorial#testInstanceOfUsage

ORACLE
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Method Before Lowering

IdealGraphVisualizer

window Help

InstanceOfNode has profiling information: only type A seen
Outline X Bl || a7:after phase IncrementalCanonicalizer X . .
8% = 8 [ P oD Qaxe 9w |(§mn In Interpreter

38:AFter phase ConditionalElimination
39:AFter phase IterativeConditionalElimination
40:After phase OptimizeGuardAnchors
41:AFter phase Canonicalizer

42:AfFter phase LoopSafepointElimination 1 Param(0)
43:AFter phase IncrementalCanonicalizer
44:AFter phase LoopSafepointinsertion
45:AFter phase Schedule

46.AFter phase GuardLowering ‘ o Star.tNode | |3 Instanceofl
47.AFter phase IncrementalCanonicalizer ) -

, com.oracle.graal.hotspok.replacements.Instanc
48:AFter inlining snippet HotSpokMethods<instan,
49:AFter lowering 3|InstanceQf with Structured I: :

26 |

50:After phase Loweringlterakiond

51:AFter phase IncrementalCanonicalizer 1
52:AFter phase Loweringlterationt

53:AFter phase IncrementalCanonicalizer

54iafter phase Lowering | 23 Begin | | 12 Const(42) | | 25 Begin |
55.After phase FrameStateAssignmenk

%] se:After nhass DeantimizationGronning =
[

Filters InskanceOF - Properkies X =
~ Praperties | 13 Return | ‘ 24 Deopt UnreachedCode |
id 3 &
idx 3 =5
profile JavaTypeProfile<nullseen=FALSE, types=[1.. ...
stamp void =5
type com.oracle.graal.compiler.test deopt.Gra.., |...
name InstanceOf &
class InskanceOFMode =
profile ]
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Snippet After Parsing

IdealGraphVisualizer

window Help

IGV shows a nested graph for snippet preparation and
Outline X Bl || a7:after phase IncrementalCanonicalizer X | 1:After phase GraphBuilderPhase$instance X . . .
EEG s Fe tme QaaXe 0o (§n specialization

'y v
38:AFter phase ConditionalElimination
39:AFter phase IterativeConditionalElimination
40:After phase OptimizeGuardAnchors

Ao cencter (e [ S [ ] Snippet graph after bytecode parsing is big, because no
optimizations have been performed yet

43:AFter phase IncrementalCanonicalizer
44:AFter phase LoopSafepointinsertion g
1 0 StartHode
45:AFter phase Schedule 1 _ E
46:AFter phase GuardLowering ]

47:AfFter phase IncrementalCanonicalizer
m.oracle.graal.hotspok.replacements.Instance]

Node intrinsics are still method calls

After bytecode parsing

AFter phase GraphBuilderPhasesinstance

After phase WordTypeVerificakion

After phase HotSpotWordTypeRewriter
4:AFter phase Canonicalizer
com.oracle.graal.replacements.SnippetCountg

11 Begir
17 EndNods

:afterinlining HotSpotMethod=SnippetCount

G:AfFter phase Canonicalizer 18 Merge 14 Constl1

inlinina HotSnathethod=<Sninne FCaunt™
) B

Filkers X| 1:After phase GraphBuilderPhase$insta... (=]

e
- Custom - | v | [ 3 [ _ ——
"] Graal Probability = \\-{/

2 MethodCallTarge

Graal Coloring
Graal CFG-only
CZ Basic Colering

Graal Edge Coloring [ Invoke #BranchProbabilityNode probabi }

Graal Remove Unconnected Slots
|| Graal Reduce Begin-End

|| Graal Call Analysis

|| Graal Mark FrameState with Lock
[ ] c2 matcher Flags Coloring

| ] c2 register Coloring

[T c2 only Control Flow

Graal Rernove FrameState

7 MethodCallTara =z

C2 Remove Filter - |3
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Snippet After Preparation

IdealGraphVisualizer

e se Calls to node intrinsics are replaced with actual nodes

Outline X El || 47:after phase IncrementalCanonicalizer X | 18instanceoPwithProfile: Final X

@R« 8 [0 FT +me QAQAQKO 9D (&0
47:AFter phase IncrementalCanonicalizer “ T T

¥ |y com.oracle.graalhotspot.replacements.instance
0:After bytecode parsing

Constant folding and dead code elimination removed
1:4Fter phase GraphBuilderPhasesinstance debugging Code and Counters

2:AFter phase WordTypeVerification 6 Param(s) g Const(0) o
3:AFter phase HokSpotWordTypeRewriter

4:AFter phase Canonicalizer

com.oracle.graal.replacements . SnippetCounteg
siafter inlining HokSpotMethod=SnippetCount
iAfter phase Canonicalizer ‘ 12 == | ‘ 0 Starthode | | 42 I1shull |
7iafterinlining HokSpekMethod=SnippetCount 13 ¥

B:AFter phase Canonicalizer

9:AFter phase Nodelntrinsification
10:After phase DeadCodeElimination
11:After phase Canonicalizer
12:After phase DeadCodeElimination L
13:After phase Nodelnktrinsification
14:after phase DeadCodeElimination
15:After phase ConvertDeoptimizeToGuard 10 Begin
16:AFter phase CollapseFrameForSingleSideEFFy

After phase DeadCodeElimination

50 If

19:Before specialization
20:After phase Nodelntrinsification 5 Param(4) | ‘ 52 FixedGuard(!=true) OptimizedTypeCheckviolated ‘ | 48 ExplodeLoop | | 47 LoadHub

21:After phase Canonicalizer = =
22:after phase Nodelntrinsificationverificatiol

___________ =
A J 3

43 Return 16 Endhode
Filters x| 18:instanceofwithProfile: Final - Proper... =]
-- Custom -- | ¥ | | @ E @ ? @
[} Graal Probability -

Graal CFG-only

C2 Basic Coloring
Graal Edge Coloring
Graal Remove Unconnected slots e
| | Greal Reduce Begin-End ~| 3 T ~

Graal Coloring ’ ‘ 17 LoopBegin | | 2 Param(1)
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Snippet After Specialization

IdealGraphVisualizer

ey e Constant snippet parameter is constant folded

X | 40:5nippetTemplate final skate X

Qutline X El | 47:after phase IncrementalCanenicalizer

€88 « 8 R Fe o +@e QQaQXEO 9D (&0
18iinstanceofwithProfile: Final -
19:Before specialization

20:AFter phase Nodelntrinsification

21:AFter phase Canonicalizer

22:AFter phase Nodelntrinsificationverificatiol I@I 4 param(0)
23:Before replacing 26|LoadIindexedPointer

24:AFter replacing -1000000026|LoadindexedP)
25:Before replacing 16|Loadindexed

26:AFter replacing -100000001 6|Loadindexed
27.After phase Canonicalizer

28:AfFter phase Canonicalizer

29 After phase Canonicalizer

30iAFter phase Schedule

31:AFter phase GuardLowering

32:AFter phase Loweringlteration0 86 MemoryMap

33:AFter phase IncrementalCanonicalizer ¥ J

Loop is unrolled for length 1

This much smaller graph is cached for future instantiations
of the snippet

87 MemoryAnchor 28 Ishull 20 ==

34:AFter phase Loweringlteration
35:AFter phase IncrementalCanonicalizer
36:AFter phase Lowering 9 Begin 8 Begin 83 Loc Hub:immutable
37:AFter phase DeadCodeElimination ¥

38 After phase FloatingRead
39:5nippetTemplate after Fixing memory anchi-
48:afterinlining snippet HotSpokMethod=Instan:
49:After lowering 3|InstanceOf with Structuredd
So:after phase Loweringlteration0

51:After phase IncrementalCanonicalizer

| 39 Deopt OptimizedTypeCheckViclated 84 FloatingRead

"ﬁ ' 40 Param(20000) | | 85 Uncompress
Filkers X | 40:SnippetTemplate final state - Prope... = ¥ ¥

-- Custom -- _v o @ E: @ 4} %

[7] Graal Probability =

[T Graal cFG-anly

[T €2 Basic Coloring
Graal Edge Coloring
["] Graal Remove Unconnected Slots ’751 if -
"] Graal Reduce Begin-End | X

[ Graal Coloring {
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Method After Lowering

IdealGraphVisualizer

e se InstanceOfNode has been replaced with snippet graph

Outline X El || s4:after phase Lowering %

W%« 8 COEDH] FT 2 AQAQKO 9@ (§ D a-

27:After phase Canonicalizer

28:After phase Canonicalizer

Z9:After phase Canonicalizer
30:after phase Schedule N
31:After phase GuardLowering |0 StartNode | | 36 Ishull |
32:After phase Loweringlterakion0 -

33:after phase IncrementalCanonicalizer
34:after phase Loweringlterationt
35:After phase IncrementalCanonicalizer 3
3e:after phase Lowering I:
37:After phase DeadCodeElimination

38:After phase FloatingRead
39:5nippetTemplate after Fixing memory anchy

7 If

40:SnippetTemplate final state 31 Begin 30 Begin 44 Loc Hub:immutable
48:AFter inlining snippet HotSpotMethod<Instany
49:AFter lowering 3|InstanceOf with Structuredd
S0:AFter phase LoweringlterationO
51:AFter phase IncrementalCanonicalizer )

38 Deopt OptimizedTypeCheckviolated

‘ 55 Const(-134160367) 45 FIoatlngRead

52:AFter phase Loweringlterationt

53:AFter phase IncrementalCanonicalizer

54:AFter phase Lowering
55.After phase FrameStateAssignmenk

56:AFter phase DeoptimizationGrouping

57:AFter phase Canonicalizer 1
58:AFter phase WriteBarrierAddition

59:AFter phase CheckGraphPhase
&0:AFter phase MidTier

o . . 22 If
Filcers X| 54:After phase Lowering - Properties =]
-- Custom -- | ¥ | | Q E @ ? @
M ili .
Graal Probability ‘ 40 Begin | | 12 Const(42) | 39 Begin
@ Graal Coloring -
"] Graal CFG-only
"] c2 Basic Colering

@ Graal Edge Coloring
[} Graal Remove Unconnected Slots
"] Graal Reduce Begin-End =

13 Return | 43 Deopt OptimizedTypeCheckviolated
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Compiler Intrinsics

ORACLE
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Compiler Intrinsics

* Called “method substitution” in Graal
— A lot mechanism and infrastructure shared with snippets

* Use cases
— Use a special hardware instruction instead of calling a Java method
— Replace a runtime call into the VM with low-level Java code

* Implementation steps
— Define a node for the intrinsic functionality

— Define a method substitution for the Java method that should be intrinsified
* Use a node intrinsic to create your node

— Define a LIR instruction for your functionality
— Generate this LIR instruction in the LIRLowerable.generate() method of your node
— Generate machine code in your LIRInstruction.emitCode() method

ORACLE
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Example: Intrinsification of Math.sin()

Java source code:

static double intrinsicUsage(double val) {

return Math.sin(val); Java implementation of Math.sin() calls native code via JNI
}

x86 provides an FPU instruction: fsin

Command line to run example:

./mx.sh igv &
./mx.sh clvisualizer &

./mx.sh unittest -G:Dump= -G:MethodFilter=GraalTutorial.intrinsicUsage GraalTutorial#testIntrinsicUsage

C1lVisualizer shows the LIR and generated machine code

Load the generated .cfg file with C1Visualzier

ORACLE
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After Parsing

IdealGraphVisualizer

SRR Regular method call to Math.sin()

Outline X El || 1:after phase GraphBuilder X

28R == FT w4 QAQHO WE (@B o

¥ | mainidicom.oracle.graal. compiler.test.deopt.GraalT|* |
After bytecode parsing

. : :
After phase PhaseSuite

iinitial skate -~ 1 Param(D)
After phase Canonicalizer

» )y com.oracle.graalreplacements.MathSubstitution

Siafter exact javalang Math.sin{double):double .
After phase Canonicalizer ‘ 0 StartNode | |3 MethudCaIITargetl

7:AFter phase Inlining -

After phase DeadCodeElimination

:After phase Canonicalizer

10:AFter phase ConditionalElimination
4 Invoke#Math.sin

11 After phase IterativeConditionalElimination
12:AFter phase CleanTypeProfileProxy
13:AFter phase LoopFullUnroll

14:AFter phase TailDuplication

15:AFter phase PartialEscape - & Return

i v
Filters MethodCallTarget - Properties X =
~ Properties

i 3 ~
idx 3 =
invokekind CallTargetNodesInvokekind.5takic
targetiethod  java.lang.Math.sin(D) =
stamp volid &
returnType double 5
name MethodCallTarget =5
class MethodCallTargetMode &
targetMethod ]
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Method Substitution

public class MathIntrinsicNode extends FloatingNode implements ArithmeticlLIRLowerable {
public enum Operation {LOG, LOG1@, SIN, COS, TAN }

@Input protected ValueNode value; Node with node intrinsic shared several Math methods

protected final Operation operation;

public MathIntrinsicNode(ValueNode value, Operation op) { ... }
@NodeIntrinsic

public static native double compute(double value, @ConstantNodeParameter Operation op);

public void generate(NodeMappableLIRBuilder builder,4pd¢hmgzi£EEEEEnerator gen) { ... }
}

@ClassSubstitution(value = java.lang.Math.class) <(—-__________________
public class MathSubstitutionsX86 {

@VMethodSubstitution(guard = UnsafeSubstitutions.GetAndSetGuard.class)
public static double sin(double x) {
if (abs(x) < PI_4) { <

LIR Generation

Class that is substituted

EET R ES @ e e EETE R, O rEr e ) The x86 instruction fsin can only be used for a small input
} else { ETETS
return callDouble(ARITHMETIC_SIN, x);<(——_______________________
} ) .
} Runtime call into the VM used for all other values

public static final ForeignCallDescriptor ARITHMETIC_SIN = new ForeignCallDescriptor("arithmeticSin", double.class, double.class);

}

ORACLE"
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After Inlining the Substituted Method

IdealGraphVisualizer

SUEE . MathIntrinsicNode, AbsNode, and ForeignCallNode are all
created by node intrinsics

Outline X

€8 % = 8 EEEI PR oD

¥ | mainidicom.oracle.graal. compiler.test.deopt.GraalT|* |

AFter bytecode parsing

1:After phase GraphBuilder

2:AFter phase PhasesSuite

Ziinitial state = 1 Param(0)
4:AFter phase Canonicalizer

» )y com.oracle.graalreplacements.MathSubstitution
Siafter exact javalang Math.sin{double):double

&:AFter phase Canonicalizer

7iAfter phase Inlining ‘ 15 Abs ‘ | 7 Const(0 7853981633974483) | |16 Mathintrinsic

8:After phase DeadCodeElimination -

AFter phase Canonicalizer

10:AFter phase ConditionalElimination

11 After phase IterativeConditionalElimination

12:AFter phase CleanTypeProfileProxy 0 StartMNode 14 <
13:AFter phase LoopFullUnroll
14:AFter phase TailDuplication

9:AFter phase Canonicalizer X

QaXe 9we(én

Graph remains unchanged throughout all further

optimization phases

15.After phase PartialEscape =
T C [10 If
Filters Mathintrinsic - Properties X =
~ Properties
i 16 ~
idx 16 s 9 Begin
skamp f&4 &
operation MathintrinsichodeSOperation. SIN =
name rathinkrinsic &
class rathinkrinsicMode .
| 23 Return | | 17 ForeignCall#arithmeticSin(double)double
24 Return
operation ]

c L]
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LIR Instruction

public class AMD64MathIntrinsicOp extends AMD64LIRInstruction {
public enum IntrinsicOpcode { SIN, COS, TAN, LOG, LOG1e }

@pcode private final IntrinsicOpcode—epeedes LIR uses annotation to specify input, output, or temporary

@ ef ¥roTected Value result; registers for an instruction
@Use protected Value input;

public AMD64MathIntrinsicOp(IntrinsicOpcode opcode, Value result, Value input) {
this.opcode = opcode;
this.result = result;
this.input = input;

}

@Override
public void emitCode(CompilationResultBuilder crb, AMD64MacroAssembler masm) {
switch (opcode) {
case LOG: masm.flog(asDoubleReg(result), asDoubleReg(input), false); break;
case LOG10: masm.flog(asDoubleReg(result), asDoubleReg(input), true); break;
case SIN: masm.fsing@sbeubhleReg(result), asDoubleReg(input)); break;
case COS: masm.fcos(asDoubleReg(result), asDoubteReg(input)); break:

case TAN:  masm.ftan(asDoubleReg(result), asDoubleReg(input)); Finally the call to the assembler to emit the bits
default: throw GraalInternalError.shouldNotReachHere();
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LIR Before Register Allocation

Java HotSpot Client Compiler Visualizer 201306052037

Compiled Methods % B | s GraalTutorialintrinsicUsage X )| = /LO

% % o

¥ [= GraalTutorialintrinsicUsage
#[[3 Final HIR schedule

#fl3 After LIR generakion
#[% After constant load optimization

1
2
3
4
EWllEeFore register allocation | 5580 -> BL,E2 [-1, -1]
g 6
g 7
8

w

‘e w &g

B ® R
Etatic double com.oracle.graal.compiler.test.deopt.GraalTuterial.intrinsiclsage(double) -

Jan 23, 2015 2:06:42 PM
Befare register allocation

Before register allocation _nr__instruction (LIR)
After register allocation [xmmd|d, rbplj]l = LABEL align: false label: 7
oflg Afterregisterallocation 2
of2 After FrameMap building 9| 4 wvild = MOVE xmmOd|d moveKind: double
o2 after spill move eliminztion 10 & wvl|d = DAND vO|d y: double[NaN|ox7fffffffffffffff]
a
1

(o]

va|] = MOVE rbp|] movekind: long

o2 After register number sssignment DCMP (x: vi|d, y: doublel[.75539816233974483| ox3fes217hs4442d18])
o After FrameMap building O FLOATBRANCH condition: |=| trueDestinationProbability: 0.5 trueDestination: B@ -=> Bl falseDestination: BO -= B2 unorderedIsTru

ofg After control flow optimization
o3 After code generation
o3 After code installation

13+
145B2 = BO [-1, -1] . . .
15 nr__instruction

| R e Runtime call into the VM (without JNI overhead)
17 14 xmmo|d = MOVE ve|d moveKind

18/ | 16 xmmd|d = MEAR_FOREIGN CALL mo|d] [rax|-, rex|-, rdx|-, rsi|-, rdi|-, r8|-, r9|-, r10|-, rll|-, xomd|-, xmml|-, xmm2|-, xmm3
19 18 v2|d = MOVE xmm@|d movekKind: double

20 | 20 xmmo|d = MOVE vz|d moveKind: double

21 | 22 RETURN (savedRbp: v4|j, value: xmmd|d) 1sStub: false scratchForSafepointOnReturn: rbx config: HotSpotVMConfig

22|t
23 5Bl =- BO [-1,_-1] 1 ] ) )
25 | 24 1) = Lager. align: Tales Tabsliz e The SIN instruction we are looking for

26| 26 wv3|d = SIN vo|d
27 | 28 xmmd|d = MOVE v2|d moveKind: double
28 | 30 RETURN (savedRbp: v4|j, value: xmmd|d) 1sStub: false scratchForSafepointOnReturn: rbx config: HotSpotWMConfig

a0 J D

F HIR State Mative Code Blocks ? LR Bytecodes Intervals

111 NS
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Static Analysis using Graal

ORACLE
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Graal as a Static Analysis Framework

* Graal and the hosting Java VM provide
— Class loading (parse the class file)
— Access the bytecodes of a method
— Access to the Java type hierarchy, type checks
— Build a high-level IR graph in SSA form
— Linking / method resolution of method calls

e Static analysis and compilation use same intermediate representation

— Simplifies applying the static analysis results for optimizations

ORACLE
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Example: A Simple Static Analysis

* Implemented just for this tutorial, not complete enough for production use

* Goals
— Identify all methods reachable from a root method

— Identify the types assigned to each field
— Identify all instantiated types

* Fixed point iteration of type flows
— Types are propagated from sources (allocations) to usages

* Context insensitive

— One set of types for each field
— One set of types for each method parameter / method return

ORACLE
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Example Type Flow Graph

new Point

Object f;

void foo() {
allocate();
bar();

}

Object allocate() {
f = new Point()

}
int bar() {

return f.hashCode();
}

Point.hashCode

Analysis is context insensitive:
One type state per field

ORACLE
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Example Type Flow Graph

new Point

Object f; £ = "abc"; [Point]

[String]

void foo() {
allocate();
bar();

}

Object allocate() {
f = new Point()

}

int bar() { _ .
return f.hashCode(); [Point, String]

bar
Point, String]

[Point, String]

}

Point.hashCode

Analysis is context insensitive:
One type state per field

String.hashCode
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Building the Graal Graph

StructuredGraph graph = new StructuredGraph(method);

Code from MethodState.process()

try (Scope scope = Debug.scope("graph building", graph)) { €—] Support for graph dumping to IGV

GraphBuilderConfiguration config= GraphBuilderConfiguration.get;agE:Default();
We want all types to be resolved, i.e., classes loaded

config = config.withOmitAllExceptionEdges(true) €— : - _ _
For simplicity we ignore exception handlers

OptimisticOptimizations optOpts = OptimisticOptimizations.NONE; «—__

Disable speculation and optimistic optimizations

GraphBuilderPhase.Instance graphBuilder = new GraphBuilderPhase.Instance(metaAccess, config, optOpts);

graphBuilder.apply(graph); <
Parse bytecodes

} catch (Throwable ex) {
Debug.handle(ex);

}

TypeFlowBuilder typeFlowBuilder = new TypeFlowBuilder(graph);
typeFlowBuilder.apply(); €—

Convert Graal graph to our type flow graph

c L]
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Building the Type Flow Graph

class TypeFlowBuilder extends StatelessPostOrderNodeIterator €—— Ty iterating . ——— postorder

private final NodeMap<EypeFlow> typeFlows;

Graal class to store additional temporary data for nodes

public void apply() {
for (Node n : graph.getNodes()) { €—
T G Tty —— Iterate all graph nodes, not ordered
ParameterNode node = (ParameterNode) n;
PegistePFlowQ?ode, methodState.formalParameters[(node.index())]);

}

} Register the flow for a node in the typeFlows map
super.apply();

}

protected void node(FixedNode n) { €— Called for all fixed graph nodes in reverse postorder

if (n instanceof NewInstanceNode) {
NewInstanceNode node = (NewInstanceNode) n;
TypeFlow flow = new TypeFlow();
flow.addTypes(Collections.singleton(type)); <€—
registerFlow(node, flow);
flow.addUse(results.getAllInstantiatedTypes());

Type flow for an allocation: just the allocated type

} else if (n instanceof LoadFieldNode) {

-ezelFrelelions noe = (LemdFleleises) 1 /I Type flow for a field load: the types assigned to the field
registerFlow(node, results.lookupField(node.field())); yP : yP 9

ORACLE"
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Linking Method Invocations

Code from InvokeTypeFlow.process()

if (callTarget.invokeKind().isDirect()) {
/* Static and special calls: link the statically known callee method. */

linkCallee(callTarget.targetMethod());

} else { } . .
/* Virtual and interface call: Iterate all receiver types. */ | New receiver types found by the static anaIyS|s are added
for (ResolvedJavaType type : getTypes()¥&t | to this set — this method is then executed again

/*

* Resolve the method call for one exact receiver type. The method linking

* semantics of Java are complicated, but fortunatley we can use the linker of

* the hosting Java VM. The Graal API exposes this functionality.

*/

ResolvedJavaMethod method = type.resolveConcreteMethod(callTarget.targetMethod(),

callTarget.invoke().getContextType());

linkCallee(method);

}
}
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Substrate VM

Static Analysis and Ahead-of-Time Compilation using Graal

Static Analysis Ahead-of-Time
Compilation
© 3 ©
Q_ ;

Substrate VM
DWAREF Info

All Java classes from Reachable methods, Application running
application, JDK, fields, and classes without dependency on JDK
and Substrate VM and without Java class loading

ORACLE
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Custom Compilations with Graal

ORACLE



Custom Compilations with Graal

* Applications can call Graal like a library to perform custom compilations
— With application-specific optimization phases
— With application-specific compiler intrinsics
— Reusing all standard Graal optimization phases
— Reusing lowerings provided by the hosting VM

* Example use cases

— Perform partial evaluation
 Staged execution
* Specialize for a fixed number of loop iterations

— Custom method inlining
— Use special hardware instructions

ORACLE
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Example: Custom Compilation

public class InvokeGraal {
protected final Backend backend;
protected final Providers providers;
protected final MetaAccessProvider metaAccess;
protected final CodeCacheProvider codeCache;
protected final TargetDescription target;

public InvokeGraal() {
/* Ask the hosting Java VM for the entry point object to the Graal API. */
RuntimeProvider runtimeProvider = Graal.getRequiredCapability(RuntimeProvider.class);
/* The default backend (architecture, VM configuration) that the hosting VM is running on. */
backend = runtimeProvider.getHostBackend();
/* Access to all of the Graal API providers, as implemented by the hosting VM. */
providers = backend.getProviders();
/* Some frequently used providers and configuration objects. */
metaAccess = providers.getMetaAccess();
codeCache = providers.getCodeCache();
target = codeCache.getTarget();

} See next slide

protected InstalledCode compileAndInstallMethod(ResolvedJavaMethod method) ...

Custom compilation of String.hashCode()

$ ./mx.sh igv &
$ ./mx.sh unittest -G:Dump= -G:MethodFilter=String.hashCode GraalTutorial#testStringHashCode
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Example: Custom Compilation

ResolvedJavaMethod method = ... You can manually construct Graal IR and compile it

StructuredGraph graph gnew-StructuredGraph(method);
/* The phases used to build the graph. Usually this is just the GraphBuilderPhase. If
* the graph already contains nodes, it is ignored. */
PhaseSuite<HighTierContext> graphBuilderSuite = backend.getSuites().getDefaultGraphBuilderSuite();
/* The optimization phases that are applied to the graph. This is the main configuration
* point for Graal. Add or remove phases to customize your compilation. */
Suites suites g-hackend.getSuites().createSuites(); |
/* The calling convention for the machine code. You should have a veryl
* before you switch to a different calling convention than the one that the VM provides by default. */
CallingConvention callingConvention = CodeUtil.getCallingConvention(codeCache, Type.JavaCallee, method, false);
/* We want Graal to perform all speculative optimisitic optimizations, using the
* profiling information that comes with the method (collected by the interpreter) for speculation. */
OptimisticOptimizations optimisticOpts = OptimisticOptimizations.ALL;
ProfilingInfo profilingInfo = method.getProfilingInfo();
/* The default class and configuration for compilation results. */
CompilationResult compilationResult = new CompilationResult();
CompilationResultBuilderFactory factory = CompilationResultBuilderFactory.Default;

| Add your custom optimization phases to the suites

/* Invoke the whole Graal compilation pipeline. */
GraalCompiler.compileGraph(graph, callingConvention, method, providers, backend, target, null, graphBuilderSuite,
optimisticOpts, profilingInfo, null, suites, compilationResult, factory);
/* Install the compilation result into the VM, i.e., copy the byte[] array that contains
* the machine code into an actual executable memory location. */
InstalledCode installedCode = codeCache.addMethod(method, compilationResult, null, null);

/* Invoke the installed code with your arguments. */
installedCode.executeVarargs([...]);

ORACLE
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Truffle

A Language Implementation Framework that uses Graal for Custom Compilation

ORACLE
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“Write Your Own Language”

Current situation How it should be

] ]

Prototype a new language Prototype a new language in Java
Parser and language work to build syntax tree (AST), Parser and language work to build syntax tree (AST)
AST Interpreter Execute using AST interpreter

Write a “real” VM People start using it

In C/C++, still using AST interpreter, spend a lot of time And it is already fast
implementing runtime system, GC, ...

People start using it
|

People complain about performance
- Define a bytecode format and write bytecode interpreter

Performance is still bad

' Write a JIT compiler, improve the garbage collector
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Truffle System Structure

Your language
AST Interpreter for should be here!

every language

Common API separates Language agnostic
language implementation dynamic compiler
and optimization system

Integrate with Java Low-footprint VM, also
applications suitable for embedding
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Truffle Approach

AST Interpreter
Uninitialized Nodes

ORACLE"

for Profiling Feedback

Node Rewriting

>

Compilation using
Partial Evaluation
| >
< |
‘ 0 Deoptimization
to AST Interpreter

AST Interpreter
Rewritten Nodes
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Performance: JavaScript
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Custom Graal Compilation in Truffle

ORACLE

Custom method inlining
— Unconditionally inline all Truffle node execution methods
— Seeclass PartialEvaluator, TruffleCacheImpl

Custom escape analysis
— Enforce that Truffle frames are escape analyzed
— See class NewFrameNode

Custom compiler intrinsics
— See class CompilerDirectivesSubstitutions, CompilerAssertsSubstitutions

Custom nodes for arithmetic operations with overflow check
— See class IntegerAddExactNode, IntegerSubExactNode, IntegerMulExactNode

Custom invalidation of compiled code when a Truffle Assumption is invalidated
— See class OptimizedAssumption, OptimizedAssumptionSubstitutions
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Example: Visualize Truffle Compilation

SL source code: Run this example:
function loop(n) { S./mx.shigv &
i=0; S ./mx.sh sl -G:Dump= -G:-TruffleBackgroundCompilation graal/com.oracle.truffle.sl.test/tests/LoopPrint.sl

while (i < n) {
i=1+1;

} -G:-TruffleBackgroundCompilation forces compilation in the main thread

return i;

} -G:Dump= dumps compiled functions to IGV

Machine code for loop:

mov(q rcx, 0xo
jmp L2:
L1: safepoint
mov rsi, rcx
addq rsi, ox1
jo L3:
mov rcx, rsi
L2: cmp rax, rcx
jnle L1:
L3: «call deoptimize

ORACLE
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Graal Graph of Simple Language Method

IdealGraphVisualizer
File Edit

Outline x 5]

8%« 8 [y

v

rookt loop

truffle tree

TruffleCompilerThread-10:Trufflesroot_loop()

After bytecode parsing

1:After phase GraphBuilderPhase$instance

®» |} com.oracle.graaltruffle.OptimizedCallTarget:callRoot(Object[])
After TruFfleTier

P L com.oracle.graaltruffle OptimizedCallTarget:callRoot(Object])

Filters X | Z:AFter TruffleTier - Properties
custom-- | v p B BB 4 P

("] Graal Probability

& craal Coloring

] Graal CFG-only

[ c2 Basic Coloring

Graal Edge Coloring

Graal Remaove Unconnected Slots

] Graal Reduce Begin-End

] Graal Call Analysis

Graal Mark FrameState With Lock
[T €2 Matcher Flags Coloring

[T €2 Register Coloring

[T €2 only Control Flow

Graal Remove FrameState

€2 Remove Filter
[] €2 structural
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truffle tree X | Z:After TruffleTier X

FT +we QaQaKe 9 0

316 Loadindexed

660 EndNode

‘ 661 LoopBegin | ‘ 543 Unbox | ‘ 659 Const(0) |
. .

1042 Const(1)

998 IntegerAddExact

668 LoopExit

671 LoopEnd

1059 Box

278 Return
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Summary

ORACLE
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Your Usage of Graal?

http://openjdk.java.net/projects/graal/
graal-dev@openjdk.java.net

More Installation Instructions:
https://wiki.openjdk.java.net/display/Graal/Instructions

Graal License: GPLv2
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