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IntroductionIntroduction::

WhatWhat isis a a virtual virtual machinemachine??
CLICLI andand CLRCLR
JITJIT executionexecution andand performance performance onon CLRCLR
UnixUnix withwith “.NET”“.NET”
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Virtual Virtual MachinesMachines

WhyWhy “virtual”?“virtual”?
•• EmulationEmulation softwaresoftware thatthat translatestranslates fromfrom

oneone languagelanguage to to anotheranother

HIGH LEVEL LANGUAGE

LOW LEVEL LANGUAGE

C

Assembly
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Virtual MachinesVirtual Machines
ProblemsProblems withwith nativenative compilerscompilers
•• MachineMachine arquitecturearquitecture dependencedependence
•• OperatingOperating systemsystem conventionsconventions
•• CompilerCompiler specificspecific issuesissues

To solve To solve thisthis......
•• DevelopDevelop a a languagelanguage thatthat executes as executes as 

bytecodebytecode (UNCOL, (UNCOL, LispLisp, , PP--CodeCode, , etcetc.).)
•• FailureFailure notnot runningrunning atat nativenative speedspeed!!
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Virtual Virtual MachinesMachines

Source Code (High Level Language)

Compiler produces bytecode

VIRTUAL MACHINE

MISC HARDWARE/SOFTWARE
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NewNew era era ofof VMVM

JVM JVM andand CLRCLR
•• Use Use JITJIT ((JustJust--InIn--TimeTime) to ) to produceproduce wellwell--

optimizedoptimized nativenative machinemachine codecode
•• BytecodeBytecode ((portabilityportability) ) 

+ + 
•• nativenative codecode generationgeneration ((speedspeed))

++
•• BytecodeBytecode verifierverifier
•• StackStack basedbased –– doesn’tdoesn’t nownow thethe meanmean ofof

registersregisters
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CommonCommon LanguageLanguage RuntimeRuntime

Microsoft marketing Microsoft marketing .NET (.NET (DotNetDotNet))
IsIs nothingnothing more more thanthan a virtual a virtual 
machinemachine, , howeverhowever....
BasedBased onon CLICLI a standard a standard designeddesigned
fromfrom thethe scracthscracth to to supportsupport multiplemultiple
languageslanguages

(c) João Ferreira (c) João Ferreira -- ICCA 2004ICCA 2004 88

CommonCommon LanguageLanguage InfraestructureInfraestructure

InternationalInternational Standard (ECMA)Standard (ECMA)
CLI CLI SpecificationSpecification

CTS (Common Type System)

CLS (Common Language Specification)

CIL (Common Intermediate Language)

VES (Virtual Execution System)
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CTS (CTS (CommonCommon TypeType SpecificationSpecification))

A A richrich typetype systemsystem thatthat supportssupports thethe
typestypes andand operationsoperations foundfound inin manymany
programmingprogramming languageslanguages
To To supportsupport a a widewide range range ofof programmingprogramming
languageslanguages
Defines a Defines a setset ofof rulesrules for for typestypes
DesignedDesigned for for objectobject orientedoriented, , proceduralprocedural
andand functionalfunctional languageslanguages
More More thanthan 15 15 languageslanguages implementedimplemented
CTSCTS
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CLS (CLS (CommonCommon LanguageLanguage SpecificationSpecification))

A A subsetsubset ofof CTSCTS
Defines Defines thethe rulesrules for for eacheach individual individual 
languagelanguage interopinterop withwith eacheach otherother
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CIL (CIL (CommonCommon IntermediateIntermediate LanguageLanguage))

AlsoAlso knownknown as as ILIL oror MSIL (Microsoft)MSIL (Microsoft)
A A languagelanguage more “more “higherhigher” ” thanthan nativenative
instructioninstruction setset
BasedBased onon metadatametadata –– self self describingdescribing
AnAn assemblyassembly orientedoriented languagelanguage
•• CanCan createcreate instancesinstances ofof objectsobjects
•• CallCall virtual virtual methodsmethods
•• WorkWork withwith arraysarrays
•• ThrowThrow andand catchcatch exceptionsexceptions!!
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CIL CIL ExampleExample

ldarg num load argument no. num onto the stack

… …, value

ldarg.1

public static void TestMethod (int a, int b) // arguments
{

int c; int d; int e; // locals
c = a + b;
d = 10;
e = c + d;

}

ldloc indx load local variable no. indx onto the stack

… …, value

ldloc.1
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CIL CIL ExampleExample
ldc num load numeric constant

… …, num

ldc.i4 10

starg num store a value in an argument 
slot

…, value …

starg.1

stloc indx pop value from stack to local 
variable

…, value …

stloc.0
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public static void TestMethod (int a, int b) 
{

int c; int d; int e;
c = a + b;
d = 10;
e = c + d;

}

.method public hidebysig static void  TestMethod(int32 a,int32 
b) cil managed

{

// Code size       12 (0xc)

.maxstack  2

.locals init ([0] int32 c,

[1] int32 d,

[2] int32 e)

IL_0000: ldarg.0

IL_0001: ldarg.1

IL_0002: add

IL_0003: stloc.0

IL_0004: ldc.i4.s   10

IL_0006: stloc.1

IL_0007: ldloc.0

IL_0008: ldloc.1

IL_0009: add

IL_000a: stloc.2

IL_000b: ret

} // end of method Class1::TestMethod

evaluation stack
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VES (Virtual VES (Virtual ExecutionExecution SystemSystem))

ImplementsImplements andand enforcesenforces CTSCTS
WillWill loadload andand runrun programsprograms writtenwritten
for for thethe CLI CLI ((withwith IL IL codecode))
HandlesHandles allall thethe major major overheadsoverheads ofof
traditionaltraditional programmingprogramming modelsmodels
HowHow itit willwill loadload??
•• JITJIT
•• InstallInstall timetime compilerscompilers
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CLRCLR
IsIs thethe Microsoft VES (Virtual Microsoft VES (Virtual ExecutionExecution
SystemSystem) for CLI) for CLI
CLR CLR willwill use:use:
•• ManagedManaged modulesmodules
•• AssembliesAssemblies
•• JIT JIT compilerscompilers

To To runrun CLICLI--compliantcompliant programmsprogramms intointo Win32 Win32 
andand IntelIntel x86 x86 architecturesarchitectures..
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CLR CLR ExecutionExecution ModelModel
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DuringDuring DevelopmentDevelopment......

OkOk.. Some .. Some codecode......writtenwritten withwith notepadnotepad::

usingusing SystemSystem;;
classclass HelloHello
{{

publicpublic staticstatic voidvoid Main(Main())
{{

System.Console.WriteLine(System.Console.WriteLine(""HelloHello worldworld!");!");
System.Console.WriteLine(“ByeSystem.Console.WriteLine(“Bye worldworld!”); !”); 

}}
}}
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CompilingCompiling thethe sourcesource codecode
csccsc ola.ilola.il ((managedmanaged codecode))
ResultResult: : ola.exeola.exe AssemblyAssembly!!
ResultingResulting file file isis a PE (a PE (PortablePortable ExecutableExecutable))

Managed module
(IL and metadata)

Managed module
(IL and metadata)

Resource file
(.jpeg, .gif, etc.)

Resource file
(.jpeg, .gif, etc.)

Tool combining 
multiple

managed modules 
and

resource files into
an assembly

C# compiler
(CSC.exe),
Visual Basic 

Compiler
(VBC.exe),

Assembly Linker
(AL.exe)

…

Assembly
(Manifest describes the

set of files in the 
assembly)

Managed module
(IL and metadata)

Managed module
(IL and metadata)

Resource file
(.jpeg, .gif, etc.)

Resource file
(.jpeg, .gif, etc.)
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UserUser executes executes ola.exeola.exe... CLR ... CLR startsstarts!!

PE header

.text section

.idata section

CLR header

IL

Metadata

Ola EXE

JMP _CorExeMain

DLL: MSCorLib.dll
Function: _CorExeMain

Process's primary Process's primary 
thread startsthread starts

Managed EXE

MSCorEE.dll

Address Space

1.1. MSCorEEMSCorEE examines CLR header to get Main method's metadata token.examines CLR header to get Main method's metadata token.
2.2. MSCorEEMSCorEE examines the Main's metadata to get location of IL within the Eexamines the Main's metadata to get location of IL within the EXE.XE.
3.3. MSCorEEMSCorEE compiles Main's IL to native CPU.compiles Main's IL to native CPU.
4.4. MSCorEEMSCorEE jumps to Main's (using primary thread) jumps to Main's (using primary thread) –– the application runs.the application runs.
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OkOk.. .. WeWe gotgot thethe IL.. IL.. AndAnd nownow????
..methodmethod publicpublic hidebysighidebysig staticstatic voidvoid Main(Main() ) cilcil managedmanaged
{{
..entrypointentrypoint
// // CodeCode sizesize 21 (0x15)21 (0x15)
..maxstackmaxstack 11

IL_0000:  IL_0000:  ldstrldstr ""HelloHello worldworld!"!"
IL_0005:  IL_0005:  callcall voidvoid [[mscorlibmscorlib]]System.ConsoleSystem.Console::::WriteLine(stringWriteLine(string))
IL_000a:  IL_000a:  ldstrldstr ""ByeBye worldworld!"!"
IL_000f: IL_000f: callcall voidvoid [[mscorlibmscorlib]]System.ConsoleSystem.Console::::WriteLine(stringWriteLine(string))
IL_0014:  IL_0014:  retret
} // } // endend ofof methodmethod HelloHello::::MainMain
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JIT JIT willwill translatetranslate IL to CPU IL to CPU instructionsinstructions

MSCorEE.dll

ola.exe
static void Main() {

Console.WriteLine("HelloConsole.WriteLine("Hello WorldWorld");");
Console.WriteLine("Bye World");

}

Method Structure to Console

JitCompiler
static void WriteLine()

JitCompiler
static void WriteLine(string)

JitCompiler
(remaining members)

1. JITCompiler function {
2. In the assembly that implements the type (Console) look up the method 

(Writeline) being called in metadata.
3. From the metadata, get the IL for this method.
4. Allocate the block of memory.
5. Compile the IL into native CPU instructions; the native code is saved in the 

memory allocated in step 4.
6. Modify the method's entry in the Type's table so that it now points to the 

memory block allocated in step 4.
7. Jump to the native code contained inside the memory block.
8. }

Native CPU
instructions
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AlreadyAlready JitedJited??

MSCorEE.dll
1. JITCompiler function {
2. In the assembly that implements the type (Console) look up the method 

(Writeline) being called in metadata.
3. From the metadata, get the IL for this method.
4. Allocate the block of memory.
5. Compile the IL into native CPU instructions; the native code is saved in the 

memory allocated in step 4.
6. Modify the method's entry in the Type's table so that it now points to the 

memory block allocated in step 4.
7. Jump to the native code contained inside the memory block.
8. }

Managed.exe
static void Main() {

Console.WriteLine("Hello");
Console.WriteLine("GoodBye");

}

Console

JitCompiler
static void WriteLine()

Native
static void WriteLine(string)

JitCompiler
(remaining members)

Native CPU
instructions
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JIT Performance JIT Performance andand IssuesIssues

Platform IndependencePlatform Independence
•• Realized when highRealized when high--level language level language 

compilers compilers convert source codeconvert source code to platform to platform 
agnostic agnostic MSIL codeMSIL code

•• The application or The application or software componentsoftware component is is 
distributed in this formdistributed in this form

•• JIT compiles to native code either at JIT compiles to native code either at 
runtimeruntime or at or at install timeinstall time
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JIT Performance JIT Performance andand IssuesIssues

Language InteroperabilityLanguage Interoperability
•• Occurs when Occurs when different languagedifferent language compilers compilers 

compile to compile to languagelanguage--agnostic MSIL codeagnostic MSIL code
•• MetadataMetadata and the and the Common Type SystemCommon Type System

play a major role in crossplay a major role in cross--language and language and 
platform independenceplatform independence
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JIT Performance JIT Performance andand IssuesIssues

Runtime Stack ManipulationRuntime Stack Manipulation
•• The The JIT CompilerJIT Compiler populates important data populates important data 

structures for object tracking and specific structures for object tracking and specific 
stackstack--frame constructionframe construction

•• The JIT Compiler can be used to The JIT Compiler can be used to identifyidentify
specific code elements as they are specific code elements as they are 
consumedconsumed, i.e., exception handlers and , i.e., exception handlers and 
security descriptors (Verifier)security descriptors (Verifier)

•• Doesn’t need registersDoesn’t need registers
•• CPU independentCPU independent
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JIT performance JIT performance andand issuesissues

Small Memory FootprintSmall Memory Footprint
•• JIT compilation takes advantage of the JIT compilation takes advantage of the 

possibility that possibility that some code may never be some code may never be 
usedused

•• The JIT Compiler compiles methods The JIT Compiler compiles methods only as only as 
neededneeded
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JIT Performance JIT Performance andand IssuesIssues
JIT compiler knows more about the JIT compiler knows more about the execution execution 
environmentenvironment than an unmanaged compiler than an unmanaged compiler 
would knowwould know
JIT compiler can take JIT compiler can take advantage of advantage of 
instructionsinstructions offered by the chip that the offered by the chip that the 
unmanaged compiler knows nothing aboutunmanaged compiler knows nothing about
JIT compiler could detect that a JIT compiler could detect that a certain test is certain test is 
always falsealways false, and short, and short--circuitcircuit
The CLR could The CLR could profileprofile the code’s execution the code’s execution 
and and recompilerecompile the IL on the fly reducing the IL on the fly reducing 
branching, etc.branching, etc.
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TheThe problemsproblems......

Unmanaged codeUnmanaged code is preis pre--compiled and compiled and 
can just executecan just execute
Managed code requires Managed code requires 2 compilation2 compilation
phasesphases
•• Compiler produces ILCompiler produces IL
•• IL compiled to native code at runtime, IL compiled to native code at runtime, 

requiring more memory to be allocated, and requiring more memory to be allocated, and 
additional CPU cyclesadditional CPU cycles
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AlternativesAlternatives to JITto JIT

NGEN.EXE NGEN.EXE –– InstallInstall TimeTime tooltool to to 
createcreate a a nativenative imageimage intointo thethe nativenative
cachecache
NativeNative ImageImage a file a file containingcontaining
compiledcompiled processorprocessor--specificspecific machinemachine
codecode
GoodGood for for heavyheavy startupstartup applicationsapplications
Use Use itit atat clientclient--sideside
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UnixUnix withwith .NET.NET

Mono ProjectMono Project
www.gowww.go--mono.commono.com
DotGnuDotGnu
http://www.gnu.org/projects/dotgnuhttp://www.gnu.org/projects/dotgnu
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WhatWhat theythey diddid??
DesignedDesigned a a compilercompiler generatinggenerating IL IL codecode
(ECMA 334) (ECMA 334) –– C# C# takingtaking note note ofof CTS CTS andand
CLS CLS rulesrules
A A VESVES withwith JIT’sJIT’s
A A base base classclass librarylibrary resides resides inin thethe `mcs'`mcs'
module module inin thethe directoydirectoy `class'`class'. . EachEach
directorydirectory inin thethe directorydirectory representsrepresents thethe
assemblyassembly wherewhere thethe codecode belongsbelongs to, to, andand
insideinside eacheach directorydirectory theythey divide divide thethe codecode
basedbased onon thethe namespacenamespace theythey implementimplement. . 
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DotGnuDotGnu

CreatedCreated ilrunilrun interpretinterpret programmsprogramms
inin thethe CIL CIL bytecodebytecode formatformat ((EcmaEcma
335)335)
CIL CIL convertedconverted to to CVMCVM ((ConvertedConverted
Virtual Virtual MachineMachine))
CsccCscc –– compilercompiler ANSI C ANSI C andand EcmaEcma
334334
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ConclusionConclusion

CLI CLI isis a standard a standard –– ifif youyou wantwant
portabilityportability, , allall languageslanguages shouldshould bebe CLICLI--
compliantcompliant
WantWant runrun CLI? CLI? 
•• makemake youryour ownown VES!VES!
•• MakeMake youryour JIT!JIT!


