End to end JIT

KapneH CUMOHSAH

pa3paboTumk



CnHoncuc

» Peannzaumsa metopos B CLR

- Koonepauma GC & JIT

* beHUMapkK



Warning!

- [loknaa HanpaeieH Ha TeMy OnTMM3aLMM yXKe
OMTUMWM3MPOBAHHOIO KO/a

* EcTb 610K Mo Teopum GC (NpuBeT, akadem)

* byAeT MHOro asm-KoJa
- WIinDBG



Tools & co.

- Visual Studio 2013/2015
- NET 4.6.1/CoreCLR (RyulIT)

* no Mono, sorry ©

« WINDBG + SOS
» BenchmarkDotNet 0.10.1



Test Environment

* Intel® Xeon® E5-2670 v3 (2.60 GHz) (12x2)

« 30M Cache
 Turbo Boost 3.3 GHz

- Haswell

« OS: Windows Server 2012 R2



Demo samples

https://github.com/szKarlen/JitDemo



https://github.com/szKarlen/JitDemo

Preambple



Simple benchmark

TimeSpan firstRun = Measure(() => action());
TimeSpan secondRun = Measure(() => action());

Bonpoc:
Bonpoc: 2ONpoC:
o HacKkonbKo Bennka pasHmua’?
Kakol BapuaHT bbicTpee u

noyemy?




Simple hot loop

class Plain {
public void Print() { }

}
for (int 1 = 0; 1 < length; i++) Bonpoc:
plain .Print ( ) ’ ) Kakol BapumaHT bbicTpee m
noyemy?

NOT SURE IF TROLLING

for (int 1 = @; i < length; i++) )
plain.Print();




When?

» Case:|Hot small loops

HArch JIT(s) Variation (runs)

Sandy Bridge Legacy x86 & x64 ~ Small or zero

Sandy Bridge RyuJIT ~ Small or zero

Haswell Legacy x86 & x64 ~ Small or zero

Haswell RyuJIT ~30% (visible)




How to fix?

* [(Semi)Manual loop unrolling

HArch JIT(s) Variation (runs)
Sandy Bridge Legacy x86 & x64 Small or zero
Sandy Bridge RyuJIT Small or zero
Haswell Legacy x86 & x64 Small or zero
Haswell RyulJIT Small or zero
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method inlining



So you think you can optimize?

* 3a/la4a; HanMcaTtb peaam3aumio metoga Math. Abs(integer)

static int Abs(int value) { static int Abs(int value) {
if (value < 0) if (value < 0)
return value * -1; VS value *= -1;
return value; return value;
} }
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So you think you can optimize?

* 3a/la4a; HanMcaTtb peaam3aumio metoga Math. Abs(integer)

static int Abs(int value) { static int Abs(int value) {
if (value < 0) if (value < 9)
return value * -1; VS value *= -1;
return value; return value;
} } N

[kinlining | ﬁStdarg |




CLR Inlining?!

* Inlining ecTb rya!

« Ho CLR aBTOMatTMuyeCckm MHAaMHMUT Maao 1 TO, eCaM METOA OTBeYaeT
KpUTEPUAM:

» Pasmep Tena (IL) He bonee 32 banta
» OTCYTCTBME MaHMNYNALMIM apryMeHToB (stdarg; uam ref & out)
» CZIOXHbBIV Tpad
- 1.4,
* MethodImplOptions.AggressiveInlining MOXET NOMOYb, HO He BCeraa

15



NE

methods trivia



NET Methods & co.

* Non-virtual

- Static * Properties (getter/setter)
* Instance - Events

- Virtual (abstract) * Delegates

« Generic methods

 Generic virtual methods (GVM)



NET Methods structure

var formatter = new Formatter(); Bonpoc: h

formatter.Format(someObj); PaBHO3HaYHbI N

?
I AaHHble MeToAbI? )

Formatter.Format(instance, someObj);

18



CLR ABI (Application Binary Interface)

X64
- . ; 4 registers
call(["this" pointer] rex
rdx
[args..]) i
ro
N + XMM@-XMM4
__fastcall +
stack
X86
; 2 registers
ecx
edx
+ x87 FPU
+
stack




NET non-virtual call

printer.Print();

l

mov

ecx,eax

call

00350480

ﬁ

Direct (npamon)
aapec meToaa

|
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NET Methods structure

; IName2EE *!SampleNamespace.Printer
MethodTable: 001c4d6c

mov

ecx,eax

call

00350480

Entry
736Cc2a98
736c8930
736cce60
7361leco4
0035005d

;5 !1DumpMT -MD 0©01lc4d6c
MethodDesc Table

MethodDe JIT
733261fc PrelIT
73326204 PrelIT
73326224 PrelIT
73326238 PrelIT
001c4d64  NONE

Name

System.Object.ToString()
System.0Object.Equals(System.Object)
System.0Object.GetHashCode()
System.Object.Finalize()
SampleNamespace.Printer..ctor()

00350480

001c4d58 JIT

SampleNamespace.Printer.Print()

21




NET Methods structure: Summary

- MethodTable BksirouaeT Bce MeToabl TMna + A0M.
METanHPOPMaLMHO

- JIT ncnonbayet aapeca HEBMPTYabHbIX METOA0B HanpAMy+o (direct
method calls), T.e. B 0bxoa TabanLpl



Simple benchmark

enumerable = Create(start, count);
foreach (var item in enumerable) {
// do something

}

VS

<int> enumerable = Create(start, count);
foreach (var item in enumerable) {
// do something

}




Direct vs. interface call: Benchmark

Method Median StdDev Scaled Scaled-SD
enumerator 2.5585 ns ©.0106 ns 1.00 0.01
(direct)
enumerator 0.0576 ns  2.07 0.02
(interface)

yield-based 6.2348 ns 0.0685 ns 2.44 0.03



Virtual Stub Dispatch

aka Interface dispatch stubs



Interface method call

ICallable target = new SomeImpl();

for (int 1 = @; 1 < count; i++)

{ mov ecx,esi

\ target.DoSomething(); ) call dword ptr ds:[22B0010h]

Bonpoc:
YTo BblI3bIBaeTcA? ©
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Polymorphic Stub

for (int 1 = @; 1 < count; i++)

{
callable.DoSomething(); // 3..2..
}
JL ; Ox22B0010=022b6012
mov ecx,esi push eax

call dword ptr ds:[22Beeieh] === push 30000h
jmp clr!ResolvelWorkerAsmStub

(73d3c8b0)
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Polymorphic Stub update

for (int 1 = @; 1 < count; i++)

{

callable.DoSomething(); // 3..2..
ync:
} l w(stub) N3MeHunncA’? J

; Ox22B0010=022b7012

J

mov ecx,esi cmp dword ptr [ecx],974DDCh
11 dword ptr ds:[22B@@16h ’
ca word ptr ds:|[ ] # jne 022baodll

jmp ©25204d0

28



Monomorphic Stub

;, Ox22B0010=022b7012

J)

cmp dword ptr [ecx],974DDCh ; expectedMT=SomeImpl

jne 022badll
jmp ©25204d0

caller dispatch stub target
mov eax,[ecxX] —= cmp eax, expectedMT
call [addr] jne failure

jmp target

1. Virtual Stub Dispatch - https://github.com/dotnet/coreclr/blob/master/Documentation/botr/virtual-stub-dispatch.md



https://github.com/dotnet/coreclr/blob/master/Documentation/botr/virtual-stub-dispatch.md

Monomorphic Stub: Benchmark

ICallable target = new SomeImpl();
9; 1 < count; i++)
target.DoSomething();

for (int i =

Method Median StdDev Scaled Scaled-SD
non-virtual 2.0305 ns 0.0105 ns 1.00 0.00
Zgzgmor‘phlc 2.7017 ns ©.0420 ns 1.34 0.02
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Virtual Stub Dispatch: Notes

» CLR ncnonbayet otanyHbIM OT BUPTYasibHbIX METOAOB MOAXOA, AN
MHTEPDENCOB, K3LLMPYHOLLMINA CaMW BbI3OBb

* [TOMMOP®HbBIN Y3€e 3aMEHAETCA Ha MOHOMOP®HbLIN
- ObpaTHaa 3aMeHa Npr N-OM KOAMYECTBE «MPOMaXOB»



Virtual Method Call



Virtual Method Call

Base target = new Derived();
target.Print();

mov rax,qword ptr [rsi]
mov rax,qword ptr [rax+40h]
call gword ptr [rax+20h]

Bonpoc:
YTO MMEHHO Bbl3biBaeTca? ©

|
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Virtual Method Call

Base target = new Derived();
target.Print();

mov rax,qword ptr [rsi]
mov rax,qword ptr [rax+40h]]
call gword ptr [rax+26h
; rax+20h=p00007fe979200d8

Ba*KHO:
CmelleHune BblynUcnaeTcs
ABaXAbl

34



Virtual Method Call

)

rax+20h=000007fe979200d8

; 1DumpMT -MD 0©00007te97815b40

MethodDesc Table
Entry

000007fef5e21260
00000 7fef5ef0380
000007fef5ef03cO
000007fef5101d40

MethodDesc

000007fef59c9288
000007fef59c92950
000007fef59c92b8
00007 fef59c92d0O

J

MethodTable:

IName2EE *!VirtualStubSample.Derived
0000071e97815b40

Name: VirtualStubSample.Derived

JIT

PreldIT
PreldIT
PreldIT
PrelIT

Name

System.Object.ToString()
System.Object.Equals(System.Object)
System.Object.GetHashCode()
System.Object.Finalize()

0000071e979200d8

000007fe97815b30

NONE

VirtualStubSample.Derived.Print()

000007fe979200e0

0000071e97815b38

NONE

VirtualStubSample.Derived..ctor()

35



Virtual Method Call

Ba)XHo:
Sync Block CmeLlleHMe Ha Havyano
Method Table METO0B KOHCTAHTHO!
(TypeHandle for arrays)
Fields
mov rax,qword ptr [rsi] Padding
mov rax,qword ptr [rax+40h]
call gword ptr [rax+20h] Method Table
; rax+20h=p00007fe979200d8
Methods offset
Ba)KHo:

CmelleHue Ha
KOHKPETHbIN MeToj, BCceraa
KOHCTAHTHO!

Derived.Print

36



Virtual Method Call: Benchmark

Base target = new Derived();
for (int i = 0; 1 < count; i++)
target.Print();

Method Median StdDev Scaled Scaled-SD
non-virtual 2.0305 ns 0.0105 ns 1.00 0.00

virtual 2.0283 ns 0.0189 ns 1.01 0.01




Virtual Method Call: Summary

» [lncneTtuepmsaumsa BUPTYyabHbIX METOA0B MPOU3BOAMTCA Yepes
MethodTable

* BO3MOXHO pa3aenerne Tabamupl Ha OTAENbHYHO ANA BMPTYabHbIX METOA0B

» CMellleHne Bceraa KOHCTaHTHO => No-lookup

» braroaaps branch predictor'y coBpemeHHbIx CPU, pa3nuua Mexay
direct/indirect BbI30OBaMW HUBEANPYETCH



Generic method’s stubs



Generic method’s stubs

new DataPrinter<Program>() new DataPrinter()
Print();; .Print<Program>()|;

mov ecx,eax mov ecx,eax

call dword ptr ds:[14F10E4h] mov edx,14FOFEOh

call dword ptr ds:[14FOFB4h]

ECX: yKa3aTtesb Ha Bonpoc:
this Kakoe 3HayeHue B
EDX?!

40




Generic method’s stubs

mov ecx,eax
mov edx,l14FOFEOh

call dword ptr ds:[14F@FB4h] f\

call clr!PrecodeFixupThunk (73d0eba8)

; ldumpmd 14FOFEQ
Method Name: DataPrinter.Print[[System.Object, mscorlib] ] ()

41



Generic method’s stubs: Benchmark

Method Median StdDev Scaled Scaled-SD
generic class 2.0249 ns 0.0755 ns 1.00 0.05
static generic method | 2.0237 ns ©0.0822 ns 1.00 0.05

generic method 2.0459 ns 0.0624 ns 1.00 0.04

42




Generic method’s stubs: Summary

» B CLR npu Hananumm ykazatensa this ctpyktypa MethodDesc
nepeslaeTca nocae (1.e. 2-M apryMeHTom)

» MethodDesc coaepxunt B cebe ykasatens Ha MethodTable v cayxmt
NCTOYHMKOM MeTaZlaHHbIX Ana JIT'a

» [1eCKpUNTOP XpaHUT B cebe BCe generic-napameTpsbl, T.e. SKOHOMMA
Ha KOMYECTBE NepeaBaeMblX apryMeHTOB.



Generic virtual methods




Generic virtual methods

public class Printer

{
public virtual void Print<T>() {/*impl*/ }

}

printer.Print<Console>();
push 184E20h
mov ecx,esi
mov edx,184D74h
call clr!JIT VirtualFunctionPointer
mov ecx,esi
call eax

45



GVM stubs

X86 X64
push 184E20h mov rcx,rsi
mov ecx,esi mov rdx, 7FE96FO5A88h
mov edx,184D74h mov r8,7FES6FO5BC8h
call clr!JIT VirtualFunctionPointer call CORINFO HELP_VIRTUAL_ FUNC PTR
mov ecx,esi mov rcx,rsi
call eax call rax

FunctionPtr JIT VirtualFunctionPointer(Object* objectUNSAFE,
CORINFO CLASS HANDLE classHnd,
CORINFO METHOD HANDLE methodHnd)

1. JT _VirtualFunctionPointer - https://aithub.com/dotnet/coreclr/blob/32f0f9721afb584b4a14d69135bea7ddc129f755/src/vm/iithelpers.cop#L. 4466 46



https://github.com/dotnet/coreclr/blob/32f0f9721afb584b4a14d69135bea7ddc129f755/src/vm/jithelpers.cpp#L4466

GVM Call

YKa3aTenb Ha this

rcx, rsi -—/////’9

> =2

mov

mov rdx, 7FE96FO5A88h

mov r8,7FE96FO5BC8h

call CORINFO HELP_VIRTUAL FUNC_PTR
mov rcx, rsi

call rax -—\\\\\\\9

CoxpaHeHue
pe3ynbraTa

\ Bbi30B

MethodTable (Console)

MethodDesc

47



GVM Call: Benchmark

Method Median StdDev Scaled Scaled-SD

generic method 2.0459 ns 0.0624 ns 1.00 0.04

generic virtual method| 15.6322 ns 0.1841 ns 7.60 0.26
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GVM: Summary

* Kaxabi BbI30oB GVM CcONpoBOXAaeTcd 0bpalleHneM K cpeae
MCMOHEHUA

* Ha aaHHbIM MmoMeHT CLR He nmeet noaobHoro VSD (kak y
MHTEPDENCOB) MexaHM3Ma ana GVM



GC & J

cooperation




Simple stack

public class Stack % CTek MOXHO peann3oBath B BMAE

{ OZIHOHaNpPaBAeHHOro Crm1cka
public void Push(int item) > Te. KaxXApli INEMEHT CMcKa yKa3blBaeT TONbKO
{ Ha ChelyroLnm

Node node = new Node(item)
node. next = head;
_head = node;

oo

}

public class |Node

{
// Constructor
public Node _next;
public int _value;

}



Simple stack: Unsafe+structs

public class ValueStack % alloc — meToa annoumpyroLwmMii NamsTh
{ » Marshal AllocHGlobal

public void Push(int item)

{

Node* node =|alloc(item)j;
node. next = head;
_head = node;

}
public unsafe struct Node
{
// Constructor
public Node* _next;
public int _value;
}



Field assignment: Benchmark

Method

unsafe struct node
(preallocated)

class-based node
(preallocated array)

class-based node
(constructor)

unsafe struct node
(alloc)

Median

4.9566

8.2541

13.4473

73.5886

ns

ns

ns

ns

StdDev

0.0015 ns

0.0043 ns

0.0185 ns

0.0148 ns

Scaled

1.00

1.67

2.73

14.84

Scaled-SD

0.00

0.01

0.04

0.11



Generational GC scheme

Oldgen — Most allocated objects will die young!™!

Few references from older to younger
objects existl'!

Young gen —

1. Garbage Collector Basics and Performance Hints - https://msdn.microsoft.com/en-us/library/ms973837.aspx 54

2. Garbage Collection in the Java HotSpot Virtual Machine - http://www.devx.com/Java/Article/21977



https://msdn.microsoft.com/en-us/library/ms973837.aspx
http://www.devx.com/Java/Article/21977

Generational GC scheme

Oldgen —

TPEeKWHT cCbINOK
Mmexxay

NMOKONEHNAMU

Young gen {

Permcrpebl
Ctek
[ nobanbHble OOBLEKTHI

Kyya (Heap)
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Reference assignment

static void SetFieldReference(DataObject dto, object obj)

{

dto.val = obj; // breakpoint

¥

class DataObject
{

public object Val;

¥

; SetFieldReference
push ebp

mov ebp,esp

mov eax,edx

lea edx,[ecx+4]

Bonpoc:
YTo B 3TOM KOZE
HeobblYHOro?

call 73DOE660

pop ebp
ret

56




Generational GC; Card Table

* Y100bI 1M36€eXaTh CkaHMpoBaHMA Bcen Kyun, GC HeObXxOAMMO 3HaTh
KaKme y4acTki naMaTn (1.e. 06beKTbl UK rpyrnbl OOBbEKTOB) MOXHO

MPONyCTUTb.

» CTPYKTYPOWM AaHHbIX, COAEPXaLLEeN BCHO HEOOXOAMMYHO
nHdopmaLmio, senaetcs card table



Generational GC; Card Table

» Kaxpaasa «kapTta» NOKpPbIBAET CBOM AMana30oH NaMATu

card card card card

card

58



Card table in action

static void SetFieldReference(DataObject dto, object obj) {
dto.Val = obj; // breakpoint

}

; SetFieldReference ; SetFieldReference (with Symbols)
push ebp push ebp

mov ebp,esp mov ebp,esp

mov eax,edx mmmm)  mov eax,edx

lea edx,[ecx+4] lea edx,[ecx+4]

call 73DOE6660 call clr!JIT WriteBarrierEAX

pop ebp (73d0e660)

ret pop ebp

ret
59



Write barrier

; clr!JIT WriteBarrierEAX (73d0e660)
mov dword ptr [edx],eax
cmp eax,296100Ch

jb clr!JIT WriteBarrierEAX+0x17 ; clr!JIT WriteBarrierEAX+0x17 (73d0e677)
(73d0e677) ret
shr edx, ©Ah
nop
cmp byte ptr [edx+26D5AA0h],0FFh
jne clr!JIT WriteBarrierEAX+0xla ; clr!JIT WriteBarrierEAX+0xla (73d0e67a)
(73doe67a) mov byte ptr [edx+26D5AA0h],0FFh
ret
Bonpoc:
if (cardTable[offset] != @) foemy mbl nposepAem nepe/,
) MapKMPOBKOM?

cardTable[offset] = 0;
60



False sharing

Thread 0 Thread 1 Cache Line size (in bytes)
CPU 0 CPU 1 ARM (32-bit) 32
I I x86, SPARC 64
Cache Line Cache Line ARM (64—bit, modem) 64
PowerPC 128
Cache A\ Cache

if (cardTable[offset] != 0)
cardTable[offset] = 0;

Memory

MeHbLle HarpysKa Ha
NoACUCTEMY MAMATU

Reduce False Sharing in .NET - https://software.intel.com/sites/default/files/m/3/4/d/7/e/29393-218129 218129.pdf

61


https://software.intel.com/sites/default/files/m/3/4/d/7/e/29393-218129_218129.pdf

Write barrier offset

X86

; Clr!JIT WriteBarrierEAX (73d0e660)
mov dword ptr [edx],eax

cmp eax,296100Ch

jb clr!JIT WriteBarrierEAX+0x17
(73d0e677)

shr edx, ©Ah

nop

cmp byte ptr [edx+26D5AA0h],0FFh
jne clr!JIT WriteBarrierEAX+0xla
(73deeb7a)

ret

Caswur Bnpaso Ha 10 6uT

X64

; JitHelp: CORINFO HELP_ ASSIGN_REF
mov gword ptr [rcx],rdx

nop dword ptr [rax]

mov rax,21E038C1018h

cmp rdx,rax

jb clr+0x3e70

nop

mov rax,21DD7CB8ECOh

shr rcx,0Bh

cmp byte ptr [rax+rcx],0FFh
jne clr+0x3e5c (00007ff9 22f93e5c)

Caswur Brnpaso Ha 11 6uT
62



CLR Card table

» Card table — 6utoBasa macka (Mam maccme 6KnTOoB), rae 1 6anT nokpbiBaeT 1KB B
32-6UTHON cncTEME.

X86 X64
; 219 = 1024 ; 211 = 2048
shr edx, ©OAh shr rcx, ©Bh
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CLR Card table; Cards size

» Card table — 6utoBasa macka (Mam maccme 6KnTOoB), rae 1 6anT nokpbiBaeT 1KB B
32-6UTHOM cncteme.

Cucrema Avana3oH MuH. Kon-Bo
X86 X64 namaTu 06beKToB
; 212 = 1024 ; 21t = 2048  32-pit 1KB ~85

shr edx, ©Ah shr rcx, ©OBh ,
64-bit 2 KB ~85
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Write barriers: Notes

- [pncBavBaHme Noaem CCbiJIOYHOro TUNa B A3bikax ¢ GC, OCHOBAHHOM Ha
MOKONIEHMAX — He B6ecnaaTHo!

- CLR nbITaetcd MUHUMM3MPOBATL CBOE BANAHME Ha PAbOTY MOIb30BATENBCKMX
MPUNOXEHNM

- cM. False sharing prevention

- Write barrier — He yHuKanbHaa ana CLR abctpakuma. AKTUBHO MCMOb3YeTCH
MpPaKTMYEeCKn B 1HOOOM COBPEMEHHOW YMPaBaseMon cpeae. Hanpumep:

- Java (HotSpot)

- Mozilla SpiderMonkey & co.
- Google V8



CLR GC: Summary

» CLR = Tracing Generational GC
* Hanbonee pacnpocTpaHeHHbIn B1A COOPLLIMKOB MyCOpa
* TpebyeT oTCIeXmBaHNA OOBEKTOB (BPEMA XKM3HM)

- => Koonepauma ¢ JIT-om

* [Ton MCNOAB30BaHUM CTPATErMKM «nokoneHMn» (aka Generational
GC) AaeT NperMyLLECTBO B CKOPOCTM 0BX0Aa YNpaBAdeMOon Kyum



Epilogue

* RyullIT mmeet HroaHCh!

* Inlining ecTb rya, HO He BCeraa NPUMEHMM

* BUpTyanbHble METOAbI HE CTPALLHb

* VIHTepdencamm 310ynotpebndts He Haao

* [lprcBamBaHMe NoOAEN CCbINIOYHOTO THMMNa He BecnaaTHo



Cnacubol

Q&A



szkarlen@gmail.com
KSimonyan@|uxoft.com

KOHTAaKTh! @szKarler




