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･ About improving startup, warmup and footprint

･ Focuses on shifting computation

･ Forward or backward

･ GC - forward shift

･ CDS archive - backward shift

Project Leyden is …
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･ Computations are done just-in-time/on-demand/lazily

･ Makes the Java platform dynamic

･ Gives flexibility and extensibility to Java developers

･ JVM benefits in multiple ways

･ Adaptability

･ Exploiting the cpu and hardware capabilities

･ Avoid wasted effort

･ At the expense of … guess what? … startup time

Slow to start because…



Slow startup

6

･ Classes and links are stabilized

･ Computations are repeated on every run

･ Opportunity to shift computation ahead of time

Opportunity …
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Slow startup

0000000 feca beba 0000 4300 1d00 000a 0002 0703
0000010 0400 000c 0005 0106 1000 616a 6176 6c2f
0000020 6e61 2f67 624f 656a 7463 0001 3c06 6e69
0000030 7469 013e 0300 2928 0956 0800 0900 0007
0000040 0c0a 0b00 0c00 0001 6a10 7661 2f61 616c
…

Constant pool:
   …
   #7 = Fieldref           #8.#9          // 
java/lang/System.out:Ljava/io/PrintStream;
   #8 = Class              #10            // java/lang/System
   #9 = NameAndType        #11:#12        // out:Ljava/io/PrintStream;
   …
  #13 = String             #14            // Hello World
  #14 = Utf8               Hello World
  #15 = Methodref          #16.#17        // 
java/io/PrintStream.println:(Ljava/lang/String;)V
  #16 = Class              #18            // java/io/PrintStream
  …

  public static void main(java.lang.String[]);
    descriptor: ([Ljava/lang/String;)V
    flags: (0x0009) ACC_PUBLIC, ACC_STATIC
    Code:
      stack=2, locals=1, args_size=1
         0: getstatic     #7   // Field 
java/lang/System.out:Ljava/io/PrintStream;
         3: ldc           #13                 // String Hello World
         5: invokevirtual #15  // Method 
java/io/PrintStream.println:(Ljava/lang/String;)V
         8: return

javac

javap

public class HelloWorld {
  public static void main(String args[]) {
    System.out.println(“Hello Fosdem”);
  }
}
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Slow startup

0000000 feca beba 0000 4300 1d00 000a 0002 0703
0000010 0400 000c 0005 0106 1000 616a 6176 6c2f
0000020 6e61 2f67 624f 656a 7463 0001 3c06 6e69
0000030 7469 013e 0300 2928 0956 0800 0900 0007
0000040 0c0a 0b00 0c00 0001 6a10 7661 2f61 616c
…

javac

javap

public class HelloWorld {
  public static void main(String args[]) {
    System.out.println(“Hello Fosdem”);
  }

}

public class System {
  …
  public static PrintStream out;
  …
}

public class String {
  …
}

public class PrintStream {
  …
}

Constant pool:
   …
   #7 = Fieldref           #8.#9          // 
java/lang/System.out:Ljava/io/PrintStream;
   #8 = Class              #10            // java/lang/System
   #9 = NameAndType        #11:#12        // out:Ljava/io/PrintStream;
   …
  #13 = String             #14            // Hello Fosdem
  #14 = Utf8               Hello Fosdem
  #15 = Methodref          #16.#17        // 
java/io/PrintStream.println:(Ljava/lang/String;)V
  #16 = Class              #18            // java/io/PrintStream
  …

  public static void main(java.lang.String[]);
    descriptor: ([Ljava/lang/String;)V
    flags: (0x0009) ACC_PUBLIC, ACC_STATIC
    Code:
      stack=2, locals=1, args_size=1
         0: getstatic     #7   // Field java/lang/System.out:Ljava/io/PrintStream;
         3: ldc           #13                 // String Hello World
         5: invokevirtual #15  // Method 
java/io/PrintStream.println:(Ljava/lang/String;)V
         8: return
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Slow Startup

public class HelloWorld {
  public static void main(String args[]) {
    System.out.println(“Hello Fosdem”);
  }

}

public class System {
  …
  public static PrintStream out;
  …
}

public class String {
  …
}

public class PrintStream {
  …
}

HelloWorld0x100

j.l.System0x200

PrintStream0x400
j.l.String0x600

out0x220

println()0x450

JVM
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Slow startup

0000000 feca beba 0000 4300 1d00 000a 0002 0703
0000010 0400 000c 0005 0106 1000 616a 6176 6c2f
0000020 6e61 2f67 624f 656a 7463 0001 3c06 6e69
0000030 7469 013e 0300 2928 0956 0800 0900 0007
0000040 0c0a 0b00 0c00 0001 6a10 7661 2f61 616c

…

loading

resolution

verification
initialization

execution
preparation

JVM

resolution
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Metadata Model

InstanceKlass
_java_mirror

_super
_next_link

_class_loader_data
_array_klasses

_constants
_methods

_local_interfaces
_transitive_interfaces

vtable
itable

non-static oop_map_block
ObjArrayKlass

InstanceKlass

ConstantPool
_tags

_cache
_pool_holder

_resolved_klasses
entry[0]
entry[1]

…
entry[n]

ConstMethod

_stackmap_data, 
_result_type,
_code_size,

_name_index, _sig_index,
_max_stack, _max_locals

_bytecodes
_line_number_table

_local_variable_table
_exception_table

_generic_signature
pointers to annotations

Incremental Metadata Model - Load Phase

_adapter
_adapter

Method
_constMethod
_methodData

_method_counters
_code

Method
_constMethod
_methodData

_method_counters
_code

Method
_constMethod
_methodData

_method_counters
_adapter

_code

j.l.Class 
instance

uninitialized static 
fields

ClassLoaderData
_class_loader

_klasses
_next

_dictionaryDictionary
key ik
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Metadata Model

ClassLoaderData

_class_loader
_klasses

_next
_dictionary

InstanceKlass
_java_mirror

_super
_next_link

_class_loader_data
_array_klasses

_constants
_methods

_local_interfaces
_transitive_interfaces

vtable
itable

non-static oop_map_block

ObjArrayKlass

InstanceKlass

ConstantPoolCache
_constant_pool

_resolved_references
_reference_map

_resolved_indy_entries
_resolved_field_entries

_resolved_method_entries

ConstantPool
_tags

_cache
_pool_holder

_resolved_klasses
entry[0]
entry[1]

…
entry[n]

j.l.Object 
Array
[0] ref

…
[p] ref Reference

Map
0 ->2

…
p -> 20

null

null

InstanceKlass* 
array

[0] InstanceKlass*

[n] InstanckKlass*
…

ConstMethod

_stackmap_data, 
_result_type,
_code_size,

_name_index, _sig_index,
_max_stack, _max_locals

_bytecodes
_line_number_table

_local_variable_table
_exception_table

_generic_signature
pointers to annotations

Incremental Metadata Model - Link Phase

ResolvedFieldEntry
_field_holder
_field_offset
_cpool_index

ResolvedFieldEntry
_field_holder
_field_offset
_cpool_index

ResolvedFieldEntry
_field_holder
_field_offset
_cpool_index

ResolvedMethodEntry

_cpool_index

_method
_interface_klass | _rr_index | 

_table_index

ResolvedMethodEntry

_cpool_index

_method
_interface_klass | _rr_index | 

_table_index

ResolvedMethodEntry

_cpool_index

_method
_interface_klass | _rr_index | 

_table_index

_adapter
_adapter

Method
_constMethod
_methodData

_method_counters
_code

Method
_constMethod
_methodData

_method_counters
_code

Method
_constMethod
_methodData

_method_counters
_adapter

_code

adapter

Dictionary
key ik

j.l.Class 
instance

uninitialized static 
fields

ResolvedIndyEntry
_method

_cpool_index

ResolvedIndyEntry
_method

_cpool_index

ResolvedIndyEntry
_method

_cpool_index
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Resolution

Field resolution in Action

 

Rewrite 
bytecodes

Constant pool:
   #1 = Methodref          #2.#3          // java/lang/Object."<init>":()V
   #2 = Class              #4             // java/lang/Object
   #3 = NameAndType        #5:#6          // "<init>":()V
   #4 = Utf8               java/lang/Object
   #5 = Utf8               <init>
   #6 = Utf8               ()V
   #7 = Float              150.0f
   #8 = Fieldref           #9.#10         // FieldAccessTest.bar:F
   #9 = Class              #11            // FieldAccessTest
  #10 = NameAndType        #12:#13        // bar:F
  #11 = Utf8               FieldAccessTest
  #12 = Utf8               bar
  #13 = Utf8               F
  #14 = Fieldref           #9.#15         // FieldAccessTest.foo:I
  #15 = NameAndType        #16:#17        // foo:I
  #16 = Utf8               foo
  #17 = Utf8               I
  ...

0: ldc           #7  // float 150.0f
2: putstatic     #8  // Field bar:F
5: bipush        20
7: putstatic     #14 // Field foo:I
10: return

0: ldc        #7  // float 150.0f
2: putstatic  #0  // index in resolved_field_entries
5: bipush     20
7: putstatic  #1  // index in resolved_field_entries
10: return
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Resolution

Before 
Resolution

After 
Resolution

ConstantPoolCache
_resolved_field_entries

ConstantPool
#8 = Fieldref #9.#10 //FieldAccessTest.bar:F

#14 = Fieldref #9.#15 //FieldAccessTest.foo:I

ResolvedFieldEntry[0]
_field_holder = null

_field_offset = 0
_cpool_index = 8

ResolvedFieldEntry[1]
_field_holder = null

_field_offset = 0
_cpool_index = 14

InstanceKlass
(FieldAccessTest)

@0x1000
_java_mirror

Instance of j.l.Class
64: bar
68: foo

ConstantPoolCache
_resolved_field_entries

ConstantPool
#8 = Fieldref #9.#10 //FieldAccessTest.bar:F

#14 = Fieldref #9.#15 //FieldAccessTest.foo:I

ResolvedFieldEntry[0]
_field_holder = 0x1000

_field_offset = 64
_cpool_index = 8

ResolvedFieldEntry[1]
_field_holder = 0x1000

_field_offset = 68
_cpool_index = 14

InstanceKlass
(FieldAccessTest)

@0x1000
_java_mirror

Instance of j.l.Class
64: bar
68: foo

putstatic #0

…

putstatic #1

putstatic #0

…

putstatic #1
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LDC resolution in Action

Resolution

Rewrite 
bytecodes

0: ldc  #7  // String Fosdem
2: invokestatic  #9  // Method count:(Ljava/lang/String;)I
5: pop
6: ldc  #15  // String OpenJDK
8: invokestatic  #9   // Method count:(Ljava/lang/String;)I

Constant pool:
  ...
   #7 = String             #8             // Fosdem
   #8 = Utf8               Fosdem
   #9 = Methodref          #10.#11        // LDCTest.count:(Ljava/lang/String;)I
  #10 = Class              #12            // LDCTest
  #11 = NameAndType        #13:#14        // count:(Ljava/lang/String;)I
  #12 = Utf8               LDCTest
  #13 = Utf8               count
  #14 = Utf8               (Ljava/lang/String;)I
  #15 = String             #16            // OpenJDK
  #16 = Utf8               OpenJDK
  ...

0: ldc  #0  // Index in resolved_references
2: invokestatic  #9  // Method count:(Ljava/lang/String;)I
5: pop
6: ldc  #1  // Index in resolved_references
8: invokestatic  #9   // Method count:(Ljava/lang/String;)I
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Before 
Resolution

After 
Resolution

Resolution

ConstantPool
#7 = String #8 // Fosdem

null

ReferenceMap

0 ->7
1 -> 15

j.l.Object array

[0] ref 
[1] ref

ldc #0

…

ldc #1

#15 = String #16 // OpenJDK

ConstantPoolCache
_resolved_references

_reference_map

ConstantPool
#7 = String #8 // Fosdem

ReferenceMap

0 ->7
1 -> 15

ldc #0

…

ldc #1

#15 = String #16 // OpenJDK

ConstantPoolCache
_resolved_references

_reference_map

j.l.Object array

[0] ref 
[1] ref

StringTable
…

ref
ref
…

j.l.String
Fosdem

j.l.String
OpenJDK
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ClassLoaderData

_class_loader
_klasses

_next
_dictionary

InstanceKlass
_java_mirror

_super
_next_link

_class_loader_data
_array_klasses

_constants
_methods

_local_interfaces
_transitive_interfaces

vtable
itable

non-static oop_map_block

ObjArrayKlass

InstanceKlass

Dictionary
key ik

ConstantPoolCache
_constant_pool

_resolved_references
_reference_map

_resolved_indy_entries
_resolved_field_entries

_resolved_method_entries

ConstantPool
_tags

_cache
_pool_holder

_resolved_klasses
entry[0]
entry[1]

…
entry[n]

InstanceKlass* 
array

[0] InstanceKlass*

[n] InstanckKlass*
…

ConstMethod

_stackmap_data, 
_result_type,
_code_size,

_name_index, _sig_index,
_max_stack, _max_locals

_bytecodes
_line_number_table

_local_variable_table
_exception_table

_generic_signature
pointers to annotations

Incremental Metadata Model - Resolution

ResolvedFieldEntry
_field_holder
_field_offset
_cpool_index

ResolvedFieldEntry
_field_holder
_field_offset
_cpool_index

ResolvedFieldEntry
_field_holder
_field_offset
_cpool_index

ResolvedMethodEntry

_cpool_index

_method
_interface_klass | _rr_index | 

_table_index

ResolvedMethodEntry

_cpool_index

_method
_interface_klass | _rr_index | 

_table_index

ResolvedMethodEntry

_cpool_index

_method
_interface_klass | _rr_index | 

_table_index

j.l.Object Array

[0] ref 
[1] ref

j.l.String
Fosdem 2025

j.l.String
OpenJDK

InstanceKlass

InstanceKlass

Metadata Model

_adapter
_adapter

Method
_constMethod
_methodData

_method_counters
_code

Method
_constMethod
_methodData

_method_counters
_code

Method
_constMethod
_methodData

_method_counters
_adapter

_code

adapter

j.l.Class instance

static fields
—---------------

int foo = 10
String bar=”fosdem”

ResolvedIndyEntry
_method

_cpool_index

ResolvedIndyEntry
_method

_cpool_index

ResolvedIndyEntry
_method

_cpool_index
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Slow startup

InstanceKlass

ClassLoaderData

ConstantPool

Method

CPCache

ConstMethod

j.l.Class 
object

Reference
Map

Dictionary

j.l.Object
array

…

…

…

cache
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AOT Cache

JEP 483 - AOT Class Loading and  Linking

Training run Config
file

Assembly run AOT 
Cache

Production 
run

generates

generates adopts

uses
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AOT Cache

InstanceKlass

ClassLoaderData

ConstantPool

Method

CPCache

ConstMethod

j.l.Class 
object

Reference
Map

Dictionary

j.l.Object
array

…

…

…

cache

Training Run

InstanceKlass

ClassLoaderData

ConstantPool

Method

CPCache

ConstMethod

j.l.Class 
object

Reference
Map

Dictionary

j.l.Object
array

…

…

…

Production Run

AOT Cache



･ User-defined classloaders

･ Lack of identity across runs

･ Do not have a well-defined behavior

Class initializers

･ Soupy in nature with side-effects

･ Can pull in dependency on the environment

AOT Class Linking
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Challenges



Part 2 - What’s next?
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･ AOT Profiling

･ AOT Compilation

What’s next?
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What’s next?
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Profiling Model

interpreter

C2 
compiler

C1
 full profiled code

(level 3)

C1 
limited profiled code 

(level 2)

C1
no profiled code

(level 1)

C2
profile-guided

code

C1 compiler

Profiling Model

updates

uses

produces

Method
_methodData

_method_counters
_code

MethodData(MDO)
CounterData

ReceiverTypeData
BranchData

MethodCounters
_invocation_counter
_backedge_counter



AOT Profiling
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･ Archiving of Method Profiles planned in JDK-8325147

･ Schedule compilations earlier

･ Complements on-line profiles

･ May avoid some deopts & recompiles

AOT Profiling
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AOT Profiling



AOT Compilation

27



･ Archiving of Generated Code planned in JDK-8335368

･ Store compiled Java method code

･ Level 4 (C2) and Level 3 (C1)

･ Can still recompile (including after deopt)

･ Store generated stubs, Interpreter, adapters

AOT Compilation

28

AOT Compilation



When does it arrive?
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･ JEP-483 Ahead of Time Class Loading & Linking

･ Delivered to JDK24

･ JEP-8325147 Ahead of Time Method Profiling

･ Likely for JDK25

･ JEP-8335368 Ahead of Time Code Compilation

･ Possibly for JDK25 for Java methods and stubs

･ Leyden EA build https://jdk.java.net/leyden/

･ All features are available in Leyden repo prototype

･ https://github.com/openjdk/leyden/tree/premain

When does it arrive?
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When does it arrive?

https://jdk.java.net/leyden/
https://github.com/openjdk/leyden/tree/premain
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