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©)) Bytecode & CIL

Bytecode

Source code --(compile)--> Low-level code

Designed for a software interprete
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©)) Bytecode & CIL

CIL example:

using System;

namespace HelloWorld

{

class Program

{

static void Main(string[] args)

{

y
y

Console.WriteLine("Hello World!");

»
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// Microsoft (R) .NET Framework IL Disassembler

// Metadata version: v4.0 19

.assembly extern System.Runtime

{
.publickeytoken = (B& 3F 5F 7F 11 D5 @A 3A )
.ver 4:2:1:0

}

.assembly extern System.Console

i
.publickeytoken = (B8 3F 5F 7F 11 D5 @A 3A )
ver 4:1:1:0

}

.assembly HellowWorld

{

.custom instance void [System.Runtime]System.Runtime.CompilerServices.CompilationRelaxationsAttribute::.ctor(int32) =

.custom instance void [System.Runtime]System.Runtime.CompilerServices.RuntimeCompatibilityAttribute::.ctor() = ( 01 08 81 80 54 0 57 7 4E 6F 6E 45 78  //
... T..WrapNonEx

// --- The following custom attribute is added automatically, do not uncomment

// .custom instance void [System.Runtime]System.Diagnostics.DebuggableAttribute::.ctor(valuetype [System.Runtime]System.Diagnostics.DebuggableAttribute/

DebuggingModes) = ( @1 @0 €7 81 €0 @0 60 00 )

.custom instance void [System.Runtime]System.Runtime.Versioning.TargetFrameworkAttribute::.ctor(string) = ( 81 08 18 2E 4E 45 54 43 6F
....NETCoreApp,V
.custom instance void [System.Runtime]System.Reflection.AssemblyCompanyAttribute::.ctor(string) = ( 01 @ A 48 65 6C 6C 6
...Helloworld..
.custom instance void [System.Runtime]System.Reflection.AssemblyConfigurationAttribute::.ctor(string) = ( @1 0@ 65 44 &
...Debug. .
.custom instance void [System.Runtime]System.Reflection.AssemblyFileVersionAttribute::.ctor(string) = ( 01 @0 @7 31 2E 30 2E 30 2E 3
.1.0.8.08..
.custom instance void [System.Runtime]System.Reflection.AssemblyInformationalVersionAttribute::.ctor(string) = ( 01 00 65 31 2E 30 2
TP Y EX
.custom instance void [System.Runtime]System.Reflection.AssemblyProductAttribute::.ctor(string) = ( 81 ©0 @A 48 65 6C 6C 6F 57 6F 72 6C 64 00
...HelloWorld. .
.custom instance void [System.Runtime]System.Reflection.AssemblyTitleAttribute::.ctor(string) = ( 01 @ A 65 6C 6C 6F 57 6
...Helloworld..
.hash algorithm @x080888804
.ver 1:0:0:0
}
.module HelloWorld.dll
// MVID: {cOcl9af -9bb5-bo790ef0
.imagebase ©x0840000
.file alignment Ox 208
.stackreserve 0xB (]
.subsystem @x000 // WINDOWS Cul
.corflags Ox 1 // ILONLY
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.class private auto ansi beforefieldinit HelloWorld.Program
extends [System.Runtime]System.Object
{
.method private hidebysig static void Main(string[] args) cil managed
{
.entrypoint
// Code size 13 (0xd)
.maxstack
IL 0000: nop

IL 1: ldstr "Hello World!™"™

IL 0006: cal void [System.Console]System.Console::WriteLine(string)
IL 000b: nop
IL 000cC: ret

} // end of method Program::Main

.method public hidebysig specialname rtspecialname
instance void .ctor() cil managed

// Code size 8 (0x8)
.maxstack
IL 0000: 1ldarg.®
IL 0001: call instance void [System.Runtime]System.Object::.ctor()
IL 0006: nop
IL 0007: ret
} // end of method Program::.ctor

} // end of class Helloworld.Program
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©)) Bytecode & CIL

Minimal vision:

.assembly Hello {}
-.method public static void Main() cil
managed
{
.entrypoint
.maxstack 1
ldstr "Hello world!"
call void
[mscorlib]System.Console: :WriteLine(string)
ret

b
CIL Document:

Document



http://www.ecma-international.org/publications/files/ECMA-ST/ECMA-335.pdf
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More detalls about CIL:

Opcode Instruction Opcode Instruction

0x00 Nop 0x72 Idstr
0x01 Break 0x73 newobj
0x02 Idarg.0 0x7A throw
0x03 Idarg.1 0x8C box

Evaluation Stack
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Why bytecode?
Imagine work without Bytecode:
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Bytecode ---(compile)---> Machine code

Something about RyuJIT Compiler (Just In Time Compiler):

Body of RyulIT

RyulIT
MSIL Importer
/ { P 7/ {GenTrees—;} / Phases
/ Native Code
InstrDescs » Emitter | + Debug, GC
/ & EH Info

11


https://github.com/dotnet/coreclr/blob/master/Documentation/botr/ryujit-tutorial.md#jit-history
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A Deeper insight:

IL GenTrees . Flowgraph Ll i
—T Importer Inliner ¥ Morph ‘; . 5 & Tree
(bytecode IR Analysis .
Ordering
GenTrees IR with reference counts
& evaluation order
Loop _ Copy _ — _| Assertion _ | Range Check
Optimizations "| Propagation - | Propagation "] Elimination
. . Rationalized . Reg | Real Instr . | Mative
Rationalization S r— Lowering Reqts” LSRA regicters CodeGen e Emitter ol

12
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Why bytecode -> Performance

Common optimizing phases:

Phase 1 - inlining

Phase 2 - local optimizations

Phase 3 - control flow optimizations
Phase 4 - global optimizations
Phase 5 - native code generation

13
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Review again:

IL GenTrees . Flowgraph Ll i
—T Importer Inliner ¥ Morph ‘; . 5 & Tree
(bytecode IR Analysis .
Ordering
GenTrees IR with reference counts
& evaluation order
Loop _ Copy _ — _| Assertion _ | Range Check
Optimizations "| Propagation - | Propagation "] Elimination
. . Rationalized . Reg | Real Instr . Mative
Rationalization S r— Lowering Reqts” LSRA regicters CodeGen e Emitter ol

14
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Some Modern ldea:

More recently, the authors of V8 and Dart have challenged the
notion that intermediate bytecode is needed for fast and
efficient VM implementation. Both of these language
Implementations currently do direct JIT compiling from source
code to machine code with no bytecode intermediary.

15


https://v8.dev/#mach_code
https://web.archive.org/web/20130512215811/http:/www.dartlang.org/articles/why-not-bytecode/
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B Intermediate represention of Methods

B Nodes:

BasicBlock

[J An instruction sequence without jump statement

m Edges:

[

O O O

condition
always
none
switch

branch (jump)

BBOI

-

BBO2
v

always

Flowgraph of while
statement

BBO4

17


https://github.com/dotnet/coreclr/blob/v3.0.0/src/jit/block.h#L361

Example: bubble sort

for (i=0;i<6;i++){

FIowGraeh
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for (j =0;j<6-i-1; j++){ aﬁiiiﬁfu;
if (a[j]l < a[j+1D{ alrli=t
t = a[jl;
a[jl = a[j+11],;
alj+1] = t; SBO3 aljl <alj+1]; BBOS
} _]<6-l-l;
¥
¥
j>=6-i-1;
i<6
int[Ja={1,....6 :
t[]inti,{jt } i >= 6: -~ jreturn;

18
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BasickBlock

T N,

StatementList Flag Next, Pre JumpTarget, JumpType Weight Predecessor
Block Next Weight

19
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FIowGraeh

Dominator Tree

m A block M dominates a
block N if every path

from the entry that
reaches block N has to
pass through block M.

m For each block, there is
only one immediate
dominator.

20
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[ 1 BasicBlock
B Flags: Mark BB status

[]

O O 0o

Imported?

Visited during Opt?
Starts a loop?
Rarely run?
Allocate Mem?

Call a function?

O ...
m Weights

[]

How often will this BB run?

21
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% x ?

[ | BasicBlock

alj] = alj+1]:
afj+1]=t;

B Flags: Mark BB statt
] Imported?
[ Visited during Opt?
[] Starts a loop?

[J Rarely run? T
BBnum BBId ref try hnd preds weight Ip[IL range] [jump] [EH region] [flags]
BBO1 [0000] 1 1 [000..016)-> BBO7 ( cond ) | label target new(]
BB02 [0001] 2 BB01,BB06 0.5 0][016..01A)->BB06 (cond) | Loop label target bwd
BB03 [0002] 2 BB02,BB05 0.5 1][01A..022)->BBO05 ( cond) | Loop label target idxlen
bwd
BB04 [0003] 1 BBO3 0.5 1[022..030) i idxlen bwd
BBO5 [0004] 2 BB03,BB04 0.5 1[030..03A)->BB03 (cond) I label target bwd
BBO06 [0006] 2 BB02,BB05 0.5 0][03A..042)->BB02 ( cond) i label target bwd
BBO7 [0008] 2 BB01,BB06 1 [042..043) (return) I label target

22
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% x ?

[ | BasicBlock

afj+1]=t;

B Flags: Mark BB statt
] Imported?
[ Visited during Opt?
[] Starts a loop?

[J Rarely run? T
BBnum BBId ref try hnd preds weight Ip[IL range] [jump] [EH region] [flags]
BBO1 [0000] 1 1 [000..016)-> BBO7 ( cond ) | label target new(]
BB02 [0001] 2 BB01,BB06 4 0[016..01A)-> BB0O6 ( cond) | Loop label target bwd
BB03 [0002] 2 BB02,BB05 2 1 [01A..022)-> BB05 ( cond ) | Loop label target idxlen
bwd
BB04 [0003] 1 BBO3 2 1 [022..030) i idxlen bwd
BBO5 [0004] 2 BB03,BB04 2 1 [030..03A)-> BB03 (cond) I label target bwd
BBO06 [0006] 2 BB02,BB05 4 0 [03A..042)-> BB02 ( cond) i label target bwd
BBO7 [0008] 2 BB01,BB06 1 [042..043) (return) I label target

23
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% x ?

[ | BasicBlock

alj] = alj+1]:
afj+1]=t;

B Flags: Mark BB statt
] Imported?
[ Visited during Opt?
[] Starts a loop?

[J Rarely run? T
BBnum BBId ref try hnd preds weight Ip[IL range] [jump] [EH region] [flags]
BBO1 [0000] 1 1 [000..016)-> BBO7 ( cond ) | label target new(]
BB02 [0001] 2 BB01,BB06 4 0[016..01A)-> BB0O6 ( cond) | Loop label target bwd
BB03 [0002] 2 BB02,BB05 16 1[01A..022)->BB05 (cond) | Loop label target idxlen
bwd
BB04 [0003] 1 BBO3 8 1 [022..030) i idxlen bwd
BBO5 [0004] 2 BB03,BB04 16 1[030..03A)->BB03 ( cond) I label target bwd
BBO06 [0006] 2 BB02,BB05 4 0 [03A..042)-> BB02 ( cond) i label target bwd
BBO7 [0008] 2 BB01,BB06 1 [042..043) (return) I label target

24
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Code-gen Tree
Used nearly all-through the JIT phases

B Represent operation corresponding to the node

B Other information related to code—gen

26
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Compiler |fzFirstBe| BasicBlock [€———bbNext/bbPrev—— ... |[#&—» BasicBlock

bbStmtList

hwaTahle
l Expression
7| GenTree

gtOpl

Expression

Expression

GenTreeStmt f—gtstmtExpr—
LelVarDsc Enireestm ELStmtExp GenTree EOP1—p GenTree

gtOp2
T gtOp2 \ Expression
gtNext/gtPrev GenTree

l Expression
GenTree

gtMext/gtPrev

GenTree5tmt

27
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bbStmtList
l Expression
7| GenTree
E i . gtOp1
GenTreeStmt p——gtStmtExpr—» R Ople—p Expression
GenTree GenTree
gtOp2
T gtOp2 \ Expression
gtNext/gtPrev e
l Expression
GenTree

gtNext/gtPrev

v

GenTreeStmt
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f Assieninieteniunn e B Attt — 1 A

GenTreeAddrMode 13

fm——————=

GenTreeAllocObj 4

GenTreeArgList S

_________ (4

GenTreeBox 4

GenTreeField 5

A

GenTreeJitIntrinsic 4

GenTreeCall 7

T A
GenTreeFieldList 1

GenTreeCast 3

T Y -
GenTreeFptrval 2

GenTreeLclFld 4

______ ———————————

GenTreeLclVar 2

\

GenTreePhysReg 2

___________ \

GenTreePutArgStk 10

_________ A

GenTreeQmark 1

'

GenTreeArgPlace 2

&
GenTreeCC 2

T A
GenTreeILOffset 2

'S

3\

GenTreeLclVarCommon &

i

GenTreeArrElem 6

~

GenTreeArrIndex 6

~

p—————————

GenTreeArrLen &

_________ (4

-
GenTreeClsVar 4

~

| A

GenTreeIndex 5

~
s

GenTreelLngCon 4

~

GenTreeCmpXchg &

| A}

GenTreeIndexAddr 9

~
A

GenTreeMultiRegOp 1

A

GenTreeRetExpr 3

GenTreeStoreInd 1

GenTreeColon 3

| \

GenTreeIndir 8

N

GenTreeObj 3

~

GenTreeStrCon 3

.
GenTreeArrOffs 7

GenTreeBlk 13

[4

GenTreeCopyOrReload 6

T T
GenTreeIntCon 6

A

<

GenTreeOp 3

A

GenTreeUnOp 3

GenTreeDblCon

(w

| )

GenTreeIntConCommon 12

S

£
GenTreeBoundsChk §

[ 4
GenTreeDynB1lk

<m

GenTreeIntrinsic 4

A
GenTreePhi 1

GenTreePhiArg 2

~

GenTreeVal 2

29


https://github.com/dotnet/coreclr/blob/master/src/jit/gentree.h#L328
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rl = (-b + Math.Sqgrt(b*b - 4*a*c))/(2*a);

STMT (IL 0x000...0x026)
I ASG double // assignment nodes
] IND double
| —] LCL VAR byref V03 arg3 // rl
L] DIV double
] ADD double
| - NEG double
| | ' LCL VAR double V01l argl
| L—] INTRINSIC double sqrt
| L] SUB double
| I MUL double
| | - LCL VAR double V01 argl
| | —] LCL VAR double V01 argl
| L] MUL double
| I MUL double
| | - LCL VAR double V0O arg0
| | double
4.0000000000000000
| L] LCL VAR double V02 arg2
L] MUL double
] LCL VAR double V00 arg0 // a
] double 2.0000000000000000 //
const double

30
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Post Order

Depth first, Left to right

Exception

m flag GTF REVERSE OPS is set
m Dynamically—-sized block
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0 Doubly linked list of GenTree Nodes
B gtNext/gtPrev

Execution order: order given by the list

32
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Phase: rationalization
In-place transformation

What does in-place mean?
threaded tree

33
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ADD

m rootNode

A\ 4

gtNext: nullptr

GenTreeStmt W
<J gtPrev: nullptr

Opl Op2

gtNext:
nullptr
gtPrev:
nullptr

gtNext: nullptr
gtPrev: nullptr
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ADD

m rootNode

A\ 4

gtNext: nullptr

GenTreeStmt W
<J gtPrev: nullptr

Opl Op2

gtNext: nullptr
— = gtPrev

gtNext =— =
gtPrev:
nullptr f o o m———
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ADD

m rootNode

A\ 4

gtNext: nullptr

GenTreeStmt W
J gtPrev N

Op1l

N gtNex
— = gtPrev

gtNext =— =
gtPrev:
nullptr
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m rootNode

GenTreeStmt }

m treelList

37
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Statementl

u rootNode

m treelis

Op3 Op4 Sub

m treeli m_rootNode

Statement?

38
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Pointer fields set. Enough?
m Elimination of Assignment Node
m SSA

m Elimination of statements
N ...
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STMT (IL 0x000...0x026)
| ASG double // assignment nodes
I IND double
| '—] LCL VAR byref V03 arg3 // rl
L] DIV double
] ADD double
— .

L] MUL double

tl6 = | MUL double $145
—] t16 double
| STORE ICL VAR double V07 csel
t51 = LCL VAR double V07 csel $145
—] t13 double
I t51 double
t1l7 = | DIV double $146
t0 = LCL VAR byref V03 arg3 u:1l (last use) $c0
—] tO0 byref
I t17 double
| STOREIND double

40
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