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Shared Source CLI 

2.0 Internals 
 

 

Joel Pobar, Ted Neward 

with David Stutz and Geoff Shilling 

Preface 
Version 1.0 of the Microsoft Shared Source CLI (still affectionately referred to by many as ñRotor,ò its 

code name) was released to the programming community at large in November of 2002. It is a portable 

implementation of the programming tools and libraries that make up the ECMA-335 CLI standard, 

distributed as source code. 

Version 2.0 of Rotor was released to the programming community at large simultaneously with the Visual 

Studio 2005 product (code-named ñWhidbeyò), as an implementation of version 2.0 of the CLI standard, 

again distributed as source code, and containing a number of enhancements commensurate with the new 

specification. 

The fascination that source code holds for programmers has long been known at Microsoft, yet it remains 

an unusual way for Redmond to distribute its software. In the case of Rotor, however, the choice was 

obvious: for experimentation, learning, and as a teaching vehicle, source code has no peer. There is no finer 

way to learn about any computer standard than to browse and tinker with an implementation directly. 

This book is a companion to Rotorôs code. It illustrates the design principles used in the CLI standard, 

using Rotorôs own implementation of that standard. More broadly, this book is about virtual machines, and 

the illusions, trapdoors, invisible linkages, and hidden levers from which they are built. Complex software 

systems, and the ways in which they bridge the abstract world of the programmer with the physical world 

of a computational model frozen in silicon, are invariably a fascinating topic. 

The Rotor Distribution  (from the 2
nd

 Edition)  

Five years ago, the first edition of this book released in dead-trees form to the .NET development 

community, to outstanding acclaim amongst a small group of .NET developers. SSCLI Essentials v1 was a 

breakout endeavor, both for me and the community at large, as well as for Microsoft as a company.  

For me, the book not only taught me a great deal from David and Geoff about the CLI (and Rotorôs 

commercial cousin, the CLR) during its authoring, which brought me to conferences, but also it opened 
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doors to company meetings, where introductions would often elicit the response, ñOh, youôre the guy who 

did the Rotor book, how cool!ò For that, I will always have a fondness in my heart for the SSCLI code 

base. 

And certainly I was not the lone beneficiary of Rotorôs releaseðseveral others within the wider CLI 

community have seen their understanding of how a CLI implementation (and, by extension, the CLR itself) 

works by poring through the source code, and at times stepping through it in a debugger. Rotor has served 

as the underpinning for several conference talks, numerous mailing list discussions, and hallway 

conversations. In fact, alongside Lutz Roederôs wonderful Reflector utility, Rotor was, for many years, the 

only way a .NET developer could peer inside the machineðbe that machine the actual execution engine 

itself or the collection of libraries that shipped with itðto discover if the behavior exhibited by the runtime 

was deliberate, misunderstood, or a bug. 

But Rotor also opened some doors at Microsoft as well, in this case, the doors to the wider open-source 

community. Prior to Rotorôs release, Microsoftôs record with respect to open source was not just spotty, it 

was nonexistent, to the point where Microsoft was not only routinely held up as the classic model of a 

ñclosed-sourceò company, but portrayed (accurately, at times) as an aggressive foe of the practice. 

With Rotorôs release, Microsoft took a tentative step in the open source direction, and the success there 

(where success, in this case, was defined as, ñHey, we can do this and not go bankrupt! Cool!ò) led to ever-

increasingly more bold steps of similar nature, such as the release of WiX on SourceForge, the creation of 

CodePlex, the release of IronPythonôs source from the very earliest stages, and now the IronRuby project, 

which not only makes the source available for others to build but also accepts source from external parties. 

With the most recent release of Visual Studio (2008, the .NET 3.5 release), Microsoft has gone the extra 

step of making the Framework Class Library source available for developers to step through during 

debugging, yet another indication of the success developers have found in having the source available to 

them during their own endeavors. It may not seem like much to those who grew up in the open source 

mindset, but for a Fortune 50 company that makes its money from products and not services, itôs huge. 

With this release of SSCLI Essentials, I was fortunate to team up with yet another wickedly smart co-author 

(a trend I hope never abates) in Joel, and again the process repeats itself: I learned a lot, a book was 

produced, and the small but intense community interested in how an execution engine operates will now get 

to peer under the hood at the most significant change to the CLI, generics, and get a better feel for the costs 

and benefits associated with its implementation. 

But the book also marks a turning point, as well: with the release of the FCL source to the wider world of 

the development community and the lack of significant changes to the execution engine since v2, the Rotor 

distribution has effectively been ñcut looseò by its original creators, to stand on its own within the 

community, as every open source project must do at some point. This is not a cause for alarm or concernð

the Mono project continues full force, and Microsoftôs growing comfort with the open-source community 

leads to the distinct possibility that the commercial CLR source will, one day, stand where Rotor once 

stood. 

Until that time, however, Joel and I fervently hope that those brave, hardy, curious and adventurous souls 

who continue to plumb the depths of execution engines and virtual machines will find this book a useful 

map. The CLI continues to grow in adoption, the community surrounding .NET continues to contribute 

new and useful ideas, including new languages to the mix (check out Boo, Nemerle, or F# if youôve never 

looked beyond C# or Visual Basic), and all signs point to that trend continuing unabated. 

In the meantime, pull up a comfy chair, fire up the laptop, open a command shell with the Rotor bits 

installed, turn to Chapter 1, and enjoy. And, if you happen to be at a conference where Joel and/or I are 

attending or speaking, and if you find the journey fulfilling and the book useful, come on over, and letôs 

raise a pint to Davidôs original memo back in 1996 that led to this thing called Rotor. 

Ted Neward 

Redmond, Washington 

July 11, 2008 
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The Rotor Distribution (from the 1
st
 Edition) 

Over five years ago, I wrote a memo outlining how and why Microsoft should invest in building a 

companion runtime to its then current Component Object Model (COM). This idea was not new, either 

inside or outside of Microsoft; products were already shipping for this purpose in the form of C++ 

frameworks and integrated development tools, such as Delphi and Visual Basic. The popularity of these 

language-specific approaches made it clear that the technical community was ready to accept features in 

their everyday tools and APIs that had once served to distinguish programming languages from one 

another, such as direct support for thread-based concurrency, structured exception handling, garbage 

collection, and the runtime enforcement of typesafety. 

The technologies that made up the list of features in the original proposal had been waiting in the wings 

(for decades, in some cases), and some were already available to programmers as Windows APIs. 

Augmenting these APIs with a library implementation that could be shared in place of a growing number of 

subtly incompatible and overlapping component runtimes made obvious sense. A small team was 

empaneled by David Vaskevitch to flesh out the details and to make an initial technical proposal, which 

was run through Microsoftôs somewhat harrowing consensus-building process. Having been deemed a 

Good Idea, the proposal became the initial strawman for the product now called the Microsoft .NET 

Framework. 

Very early in the development of the .NET Framework, there was discussion of creating a source-code 

distribution of the technology for researchers, academics, and experimenters. This discussion was spurred 

by Microsoftôs desire to attract a critical mass of developers, toolmakers, and innovative software products 

to the new platform. Realizing that having a portable implementation of the CLI was important for both 

standardization purposes and for the research community, Paul Maritz sponsored the formation of a small 

team under Geoff Shilling to explore the idea and begin implementation plans. With help from many 

individuals, both inside Microsoft and out, Geoffôs small team developed and built the Shared Source CLI. 

In the interim between memo and product, a wonderful thing happened. While the original goal had been to 

provide a core set of modern services for COM programmers, what emerged five years later was far more 

useful. The original runtime library, in the hands of Brian Harry, Mike Toutonghi, and a talented cast of 

thousands, had become a complete, general-purpose virtual execution model. Even better, this model had 

been carefully refined as it was shepherded through the ECMA specification and standardization process by 

Jim Miller. The CLI standard had been born. 

The CLI, at its heart, is an approach to building software that enables code from many independent sources 

to coexist and interoperate safely. The intent of its design is not simply to sweep gnarly hardware and 

device-driver details under the rug in the form of a ñuniversal virtual machine,ò but rather to build a virtual 

computational model that can be brought up safely within existing host environments and can expose the 

native capabilities of these environments directly. The design implications that come along for the ride are 

profound, and they are explored at length within this book. 

To use any or all of Rotorôs rich codebase for your own noncommercial purposes, read and abide by the 

simple, one page shared license that accompanies the code. The code can be found on the CD that 

accompanies this book, along with additional documentation and related materials. As with any 

collaborative effort, this CD is only a snapshot in time; go to Rotorôs homepage on MSDN 

(http://msdn.microsoft.com/net/sscli) or to http://www.sscli.net for details about current versions or other 

late-breaking information. 

Rotor is now in your hands. It is no longer a Microsoft-only endeavor, but rather an ongoing collaboration 

with all of you who wish to enhance and extend the CLI standard. Because Rotor takes the form of source 

code, it is easy for interested individuals to offer suggestions, upgrade or patch the implementation, and 

offer support. This book will help you participate by furnishing context; I hope that you enjoy discovering 

the fine points of the CLI as much as we have enjoyed writing about them! 

David Stutz 

Redmond, Washington 

November 24, 2002 
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Who Should Read This Book 

This book is not about the C# language, the Visual Basic .NET language, the Base Class Libraries (BCLs), 

or any other part of the .NET Framework that has received marketing attention and lots of press coverage. 

This book is about the one piece of the .NET Framework that makes all of the above possible: the CLI 

standard. As standardized runtime plumbing, it plays a critical role in Microsoftôs .NET strategy. Its 

technical depth makes it an excellent subject for discourse. 

To illustrate the finer points of the CLI standard, this book uses the Shared Source CLI as demonstration 

material. The book, however, is by no means a complete overview of Rotor. The compiler discussions, the 

detailed descriptions of its test harnesses, the coverage of BCL implementation details, and countless other 

subjects are missing. As a complex industrial codebase, Rotor deserves this kind of detailed attention; alas, 

this book isnôt where youôll find it! 

The target audience for this book falls mainly into four categories: 

The research community 

There has long been tremendous interest in virtual machines, and Rotorôs implementation of the CLI 

should provide many traditional research opportunities in areas, such as security, memory 

management, and code generation, as well as less traditional opportunities centered on the industrial, 

ñreal worldò character of the heavily instrumented code. 

The teaching community 

Many curricula already include managed execution and its capabilities among their subjects, and Rotor 

should provide a bountiful experimental testbed within which to explore this topic. Compiler, systems, 

and architectural courses should all find teaching material in Rotorôs codebase. 

The professional community 

Hordes of programmers, familiar with COM and C++, are moving to the .NET Framework with little 

or no familiarity with managed environments. Architects and team leaders will be asked hard 

questions, and Rotorôs behind-the-scenes look at the .NET execution engine should provide them with 

excellent resources from which they can extract answers. 

The community of CLI implementers 

Rotor is intended to serve as a useful baseline when bringing the CLI to other platforms. While this 

group will undoubtedly be smaller than the other three, it will be this community that provides the 

most leveraged contribution, whether porting it to new platforms or using it as learning material for its 

own new implementations. 

More informally, if you live and breathe for virtual machine specifications, such as the Java Virtual 

Machine specification or the Smalltalk ñblue book,ò this book is definitely for you. If you have 

implemented a Scheme or a Forth compiler just for the heck of it, this book is for you. If you find yourself 

defending a favorite ñmisunderstoodò programming language from Philistines who donôt properly 

understand its boutique feature set or the intrinsic value of its totally hackable runtime and compiler, then 

this book is for you. In short, if you care about the internals of programming languages, developer tools, or 

runtime systems, this book should provide you with enjoyable reading. 

How This Book Is Structured 

The CLI provides a number of services to programming languages and tools that wish to produce managed 

code, and the runtime mechanisms needed to create and run managed components are the focus of this 

book. After introducing the CLI, its core concepts, and the Rotor implementation, the following topics are 

covered: 
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The CLI type system 

Unlike some virtual execution environments, the type system is the heart of the CLI. Chapter 3 

examines what constitutes a type, how types map into internal data structures and processor-specific 

values, and how Rotor implements the features found in the ECMA CLI specification. 

Component packaging 

Assemblies are the construct that the CLI uses to package executable code safely. Chapter 4 covers 

what assemblies are, how they are built and loaded, and what design goals they were intended to meet. 

Type loading and JIT compilation 

The ECMA CLI specification specifically states that CIL was designed to be transformed into native 

CPU instructions before being directly executed. Chapter 5 focuses on the details of how Rotor 

converts types, expressed as CIL and metadata, into native code, and what triggers this process. 

Managed code 

Running native code safely under the control of a virtual execution environment is not simple. Chapter 

6 details the execution engine and how it uses mechanisms such as threads and exceptions to maintain 

control while also allowing extensive access to the underlying platform. 

Garbage collection 

The CLI provides a memory management model that frees programmers from the details and concerns 

of manually allocating and freeing memory. Chapter 7 explains how Rotor tracks the liveness of object 

references, how memory is allocated and released, and how finalization is implemented. 

The Platform Adaptation Layer (PAL) 

The PAL is what makes the Shared Source CLI easy to port, as demonstrated by running Win32, Mac 

OS X, and FreeBSD implementations. Chapter 9, which discusses the implementation of the PAL, will 

be especially interesting to anyone interested in porting Rotor to other platforms. It is also of general 

interest, however, since the PAL enumerates the systems constructs that are assumed to exist within 

the CLI specification. 

In addition, this book contains two appendices that discuss: 

¶ How to add a custom IL instruction to the Rotor execution engine 

¶ The Rotor Platform Adaption Layer (PAL), and a brief bit about how to port Rotor to other platforms 

Assumptions This Book Makes 

Because this book uses industrial source code as its demonstration material, there are some fairly 

heavyweight assumptions made about our readersô familiarity with programming languages and systems. 

We assume that you have some familiarity with C# or Java, as well as a good understanding of C++, which 

is what comprises most of the sample code in this book. The C++ used in the Rotor source is very 

straightforward and does not exercise the ñdangerousò features of the language. A few examples use CIL or 

snippets of assembler. To understand these, a cursory knowledge of any assembly language should help. 

Because so many of the operating system interactions in Rotor are made via its Win32-based abstraction 

layer, you should have a basic familiarity with the Win32 API; although, again, this can be quite cursory. 

References will be made to particular sections of the Rotor code without reproducing that code directly in 

the bookôs text. It is expected that readers will have downloaded the Rotor code, and will have walked 

through the code from the friendly confines of their favorite text editor, debugger, or development 

environment. 

Rotorôs code was originally drawn from the same codebase that is used to build the commercial .NET 

Framework. Several of its major subsystems were swapped out, and extensive changes were made to make 

the code approachable and more portable. In addition, numerous parts of the commercial product were 



Preface  | 6 

removed because their presence would be irrelevant and confusing. Despite these significant changes, the 

code retains the complexity of a cutdown and transformed version of a larger work. Not all of its sections 

are pretty or easy to browse. For some, these imperfections will make the code appealing, since large, real-

world codebases rarely see the light of day. If you are not one of these masochists, you may be occasionally 

frustrated as you follow our guided trip through the code. We apologize in advance, but exhort you to make 

the journey with us despite these minor inconveniences! 

Online CLI Resources 

Rotorôs homepage can be found at http://research.microsoft.com/sscli. , and the official web home of 

ECMA and its standards specifications is http://www.ecma.ch, although the specifications for ECMA-334 

and ECMA-335 are also widely mirrored.DevelopMentor hosts several CLI-related mailing lists, including 

the DOTNET-ROTOR list, all of which are archived at http://discuss.develop.com. 

There are two significant open source projects built around the CLI specification: the Mono project 

(http://www.go-mono.org) and the DotGNU Portable .NET project (http://www.southern-

storm.com.au/portable_net.html). Look to these sites for yet more interesting source code. 

Conventions Used in This Book 

The following font conventions appear in this book: 

Italic is used for: 

¶ New terms where they are defined 

¶ Pathnames, filenames, URLs, and program names 

Constant Width Bold  is used for: 

¶ Typed user input 

¶ Emphasis within code samples and tables 

Constant Width  is used for: 

¶ C++, CIL, and C# source code 

¶ Assembler and CIL code 

¶ Symbol and macro names 

This icon designates a note, which is an important aside to the nearby text. 

This icon designates a warning relating to the nearby text. 
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1. Introd ucing the CLI Component 

Model 

 

The programmer of the 21
st
 century has a lot to worry about. 

For one thing, useful software is far more complex than ever before. No longer is it acceptable to simply, 

present a simple terminal-based command prompt or a character-based user interface; users now demand 

rich, graphical user interfaces with all sorts of visual goodies. Data can seldom be structured to fit in flat 

files in a local filesystem; instead, the use of a relational database is often required to support the query and 

reporting requirements that computer users have come to depend on, as well as the ongoing transformations 

that shape and reshape long-lived data. A single computer once sufficed for application deployment, on 

which data sharing was accomplished using files or the clipboard; now most computers on the planet are 

wired for networking, and the software deployed on them must not only be network-aware, but must also 

be ready to adapt to changing network conditions. In short, building software has moved beyond being a 

craft that can be practiced by skilled individuals in isolation; it has become a group activity, based on ever 

more sophisticated underlying infrastructure. 

Programmers no longer have the luxury of being able to complete an entire project from scratch, using 

tools that are close to the processor, such as assemblers or C compilers. Few have the time or the patience 

to write intermediate infrastructure, even for things as simple as an HTTP implementation or an XML 

parser, much less the skills to tune this infrastructure to acceptable levels of performance and quality. As a 

result, great emphasis is now placed on reusable code and on reusable components. The operating system 

plus a few libraries no longer suffices as a toolkit. Todayôs programmer, like it or not, relies on code from 

many different sources that works together correctly and reliably, in support of his applications. 

Component software, a development methodology in which independent pieces of code are combined to 

create application programs, has arisen in response to this trend. By combining components from many 

sources, programs can be built more quickly and efficiently. However, this technique places new demands 

on programming tools and the software development process. Reliance on components that were created by 

untrusted or unknown developers, for example, makes it essential to have stringent control over the 

execution and verification of code at runtime. In our era of ubiquitous network connectivity, complex 

component-based software is often updated on-the-fly without local intervention and sometimes 

maliciously. Ask any virus victim about the necessity of preserving the sanctity of her computers and data, 

or talk to an unsophisticated computer user about the baffling loss of stability that comes from installing 

and uninstalling applications on his system, and you will discover that component-based software often 

contributes as much to the problem as to the solution. 

For many years, the business promises of component software and its expected efficiencies were offset by 

the complexity of combining components from many sources in a safe way. Within the last 15 years
1
, 

however, we have seen the successful commercialization of virtual execution environments that host 

managed components . Managed components are simply software parts that can be developed and deployed 

independently, yet safely coexist within applications. We call them ñmanagedò because they need a virtual 

execution environment to provide runtime and execution services. These environments, to match 

component requirements, focus on presenting an organizational model geared towards safe cooperation and 

                                                           

1 Some may argue that Smalltalk or Lisp vendors successfully commercialized before this, but itôs fairly safe to point 

out that by just about any measure, they clearly failed to reach the same scale that Java and .NET have. 
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collaboration, rather than on exposing the physical resources of the processors and operating systems on 

which they are implemented. 

Virtual execution environments and managed components, such as the ones abstractly portrayed in Figure 

1-1, provide advantages to three different software communities: application developers (who build the 

applications utilized by either internal or external users), infrastructure developers (who build programming 

tools and libraries for use by application developers), and system administrators (who administer the 

software built). Application developers using managed components to build complex applications discover 

that the presence of infrastructure tools and libraries translates to less time spent on integration and 

communications tasks and more productivity. To the infrastructure developers, such as compiler writers, 

the presence of supporting infrastructure and a high-definition, carefully specified virtual machine 

translates to more time available for building tools and less time worrying about infrastructure and 

interoperability. Finally, administrators and computer users reap the benefits and control that come from 

using a single runtime infrastructure and packaging model, both of which are independent of processor and 

operating system specifics. 

 
 

Figure Error! No text of specified style in document.-1. When hosted within a virtual 

execution environment, components can collaborate safely 

The CLI Virtual Execution Environment  

The ECMA Common Language Infrastructure (CLI) is a standardized specification for a virtual execution 

environment. It describes a data-driven architecture , in which language-agnostic blobs of data are brought 

to life as self-assembling, typesafe software systems. The data that drives this process, called metadata , is 

used by developer tools to describe both the behavior of the software as well as its in-memory 

characteristics. The CLI execution engine uses this metadata to enable managed components from many 

sources to be loaded together safely. CLI components coexist under strict control and surveillance, yet they 

can interact and have direct access to resources that need sharing. It is a model that balances control and 

flexibility.  

ECMA, the European Computer Manufacturers Association, is a standards body that has 

existed for many years. Besides issuing standards on its own, ECMA also has a strong 

relationship with ISO, the International Standards Organization, and based on this 

relationship, the CLI specification has been approved as ISO/IEC 23271:2003, with an 

accompanying technical report designated as ISO:IEC 23272:2006. The C# standard has 

also been approved, and has become ISO/IEC 23270:2006. 

The CLI specification is available on the web sites mentioned in the Preface. It consists of five large 

ñpartitionsò plus documentation for its programming libraries. At the time that the CLI was standardized, a 

programming language named C# was also standardized as a companion effort. These standards are 
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consistently updated to include new CLI and C# language features; one such revision has already taken 

place since the first edition of this book, again ratified by the ECMA and ISO committees. C# exploits most 

of the features of the CLI, and it is the easy-to-learn, object-oriented language in which we have chosen to 

implement most of the small examples in this book. Formally, the C# and CLI specifications are 

independent (although the C# specification does refer to the CLI specification), but practically, both are 

intertwined. 

Some have suggested that C# is the ñnaturalò language of the CLI, and as such enjoys a 

closer relationship to the underlying runtime; this is a fallacious belief, and one that is 

frequently challenged by Visual Basic and C++/CLI developers with a certain degree of 

vehemence. In truth, each of these languages (as well as the hundreds of others that map 

to the CLI) maps differently to the underlying CLI, but no one language, except perhaps 

ñILASMò, the assembler of the CLI, can claim predominance in language features or 

expressiveness of CLI functionality. 

Virtual execution in the CLI occurs under the control of its execution engine, which hosts components (as 

well as code that is not component-based) by interpreting the metadata that describes them at runtime. Code 

that runs in this way is often referred to as managed code, and it is built using tools and programming 

languages that produce CLI-compatible executables. There is a carefully-specified chain of events that is 

used to load metadata from packaging units called assemblies and convert this metadata into executable 

code that is appropriate for a machineôs processor and operating system. A simplified version of this chain 

of events is shown schematically in Figure 1-2 and will form the basis of the rest of this book. It is also 

described in Partition I of the CLI specification in great detail. (Section 8, describing the Common Type 

System, and section 12, describing the Virtual Execution System, both provide particularly good 

background information.) 

 
 

Figure Error! No text of specified style in document.-2. Each step in the CLI-loading 

sequence is driven by metadata annotations computed during the previous step 

In some ways, the CLI execution engine is similar to an operating system, since it is a privileged piece of 

code that provides services (such as loading, isolation, and scheduling) as well as managed resources (such 

as memory and I/O) to code executing under its control. Furthermore, in both the CLI and in operating 

systems, services can either be explicitly requested by programs or else made available as an ambient part 

of the execution model. (Ambient services are services that are always running within an execution 

environment. They are important because they define a large part of the runtime computational model for a 

system.) 

In other ways, the CLI resembles the traditional toolchain of compiler, linker, and loader, as it performs in-

memory layout, compilation, and symbol resolution. The CLI specification takes pains to describe in detail 

not only how managed software should work, but also how unmanaged software (that is, software that 
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executes conceptually ñoutsideò of the virtual execution engine) coexists safely with managed software, 

enabling seamless sharing of computing resources and responsibilities. Its combination of system and tool 

infrastructure is what makes it a unique and powerful new technology for building component-based 

software. 

Fundamental Concepts in the CLI Specification 

Behind the CLI specification and execution model are a core set of concepts. These key ideas were folded 

into the design of the CLI both as abstractions and as concrete techniques that enable developers to 

organize and partition their code. One way to think of them is as a set of design rules : 

¶ Expose all programmatic entities using a unified type system. 

¶ Package types into completely self-describing, portable units. 

¶ Load types in a way that they can be isolated from each other at runtime, yet share resources. 

¶ Resolve intertype dependencies at runtime using a flexible binding mechanism that can take version, 

culture-specific differences (such as calendars or character encodings), and administrative policy into 

account. 

¶ Represent type behavior in a way that can be verified as typesafe, but do not require all programs to be 

typesafe. 

¶ Perform processor-specific tasks, such as layout and compilation, in a way that can be deferred until 

the last moment, but do not penalize tools that do these tasks earlier. 

¶ Execute code under the control of a privileged execution engine that can provide accountability and 

enforcement of runtime policy. 

¶ Design runtime services to be driven by extensible metadata formats so that they will gracefully 

accommodate new inventions and future changes. 

Weôll touch on a few of the most important ideas here, and revisit them in detail as we progress through the 

book. 

Types 

The CLI categorizes the world into types, which programmers use to organize the structure and behavior of 

the code that they write. The component model used to describe types is powerfully simple: a type 

describes fields and properties that hold data, as well as methods and events that describe its behavior (all 

of which will be discussed in detail in Chapter 3). State and behavior can exist at either the instance level, 

in which components share structure but not identity, or at the type level, in which all instances (within an 

isolation boundary) share a single copy of the data or method dispatch information. Finally, the component 

model supports standard object-oriented constructs, such as inheritance, interface-based polymorphism, and 

constructors. 

The structure of a type is captured as metadata that is always available to the execution engine, to 

programmers, and to other types. Metadata is very important because it enables types from many people, 

places, and platforms to coexist peacefully, while remaining independent. By default, the CLI loads types 

only as they are needed; linkages are evaluated, resolved, and compiled on demand. All references within a 

type to other types are symbolic, which means that they take the form of names that can be resolved at 

runtime, rather than being precomputed addresses or offsets, such as what we see in ñnativeò languages like 

C++. By relying on symbolic references, sophisticated versioning mechanisms can be constructed, and 

independent forward-versioning of types can be achieved within the binding logic of the execution engine. 

A type can inherit structure and behavior from another type, using classic object-oriented, single-

inheritance semantics. All methods and fields of the base type are included in the derived typeôs definition, 

and instances of the derived type can stand in for instances of the base type. Although types may have only 

one base type, they may additionally implement any number of interfaces. All types extend the base type, 

System.Object , either directly or through their parentsô lineage. 
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The CLI component model augments the concepts of field and method by exposing two higher-level 

constructs for programmers: properties and events. Properties allow types to expose data whose value can 

be retrieved and set via arbitrary code rather than via direct memory access. From a plumbing perspective, 

properties are strictly syntactic sugar, since they are represented as methods internally, but from a 

semantics perspective, properties are a first-class element of a typeôs metadata, which translates to more 

consistent APIs and to better development tools. 

Events are used by types to notify external observers of interesting occurrences within their 

implementations (for example, notification of data becoming available or of internal state changes). To 

enable external observers to register interest in an event, CLI delegates encapsulate the information 

necessary to perform a callback. When registering an event callback, a programmer creates one of two 

kinds of delegate: either a static delegate that encapsulates a pointer to a static method of a type, or an 

instance delegate that associates an object reference with a method on which that object will be called 

back. Delegates are typically passed as arguments to event registration methods; when the type wants to 

raise an event, it simply performs a callback on its registered delegates. 

COM and the CLI 
Standardized component packaging and runtime interoperability have long been essential to 

software designers looking for reuse, as demonstrated by the early use of punch-card decks as 

reusable libraries of computing routines. The twin goals of unified packaging and fine-grained 

interoperability were the reason that the Component Object Model (COM) was developed at 

Microsoft. 

The resulting ñinterface-basedò approach to binary component packaging has been used 

successfully by countless software producers to deploy their APIs and modular pieces of code. 

Unlike the CLI, COM is a component model that is almost completely based on shared 

conventions and reliance on programmersô discipline and cooperation, rather than on a shared 

execution engine. COM components share the barest runtime infrastructure and cooperate on a 

per-component basis. This approach can be very useful, and it is particularly well-suited to 

environments in which the programmer must squeeze every last bit of performance out of very 

limited computing resources or in which large existing code bases wish to expose a component 

façade. 

Using nothing more than COMôs shared conventions, fine-grained binary interoperability between 

components has become commonplace in software running on the Windows operating system. It 

is used widely and successfully as a way for applications to expose their internals for the purpose 

of programmability and also as a standard way to publish APIs. Some of the systems facilities of 

Windows are also exposed via COM interfaces, and many third-party ñcontrolsò exist that are sold 

as reusable parts. 

There is a definite downside to the COM approach, however. In its model, the implementer is 

responsible for every last detail of runtime operation, and must very carefully conform to complex 

cooperative protocols to operate correctly. This code is both redundant and prone to bugs, since 

the protocols are difficult to implement correctly. 

Much of the complexity associated with COM can be eliminated by providing shared underlying 

services for use by component builders, just as operating systems provide shared underlying 

services for the benefit of all programs using machine resources. (Garbage-collected memory, for 

example, is the kind of service that can radically reduce the amount of cooperation required 

between components.). In 1997, a companion runtime for COM was proposed that would provide 

a class model along with common runtime services for COM programmers, both to increase 

productivity (no longer would programmers have to write the same support mechanisms over and 

over again) and to enable greater safety, efficiency, and stability. The original name for this 

runtime was Component Object Runtime (COR), which can still be found embedded in a few 

function names in the Shared Source CLI. 

Microsoft took COR further than the original, limited proposal for a companion runtime to COM 

and decided to pursue a general-purpose virtual execution environment. This process culminated 

in the standardization of the CLI. 
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Types, from a minimalist perspective, are a hierarchal way to organize programming modules using fields 

to hold data and methods to express behavior. Above this simple-yet-complete model, constructs such as 

properties and events provide additional structure with which to build the shared programming libraries and 

runtime services that distinguish the CLI. 

A shared type system and intermediate language 

Types in the CLI are built from fields and methods at the lowest level, but this then raises the question of 

how fields and methods are themselves defined? The CLI specification defines a processor-agnostic 

intermediate language for describing programs, as well as a common type system that provides the basic 

datatypes for this intermediate language. Together, these two entities form an abstract computing model. 

The specification embellishes this abstract model with rules that describe how it can be transformed into 

native instruction streams and memory references; these transformations are designed to be efficient and to 

capture and accurately represent the semantics of many different programming languages. The intermediate 

language, its types, and the rules for transformation form a broad, language-independent way to represent 

programs. 

The intermediate language defined in the CLI specification is called the Common Intermediate Language 

(CIL). It has a rich set of opcodes, not tied to any existing hardware architecture, which drive a simple-to-

understand abstract stack machine. Likewise, the Common Type System (CTS), defines the base set of 

types that embody standardized cross-language interoperability. To fully realize the benefits of this 

language-agnostic world, high-level compilers need to agree on both the CIL instruction set and its 

matching set of datatypes. Without this agreement, different languages might choose different mappings; 

for example, how big is a C# int , and how does it relate to a Visual Basic Integer ? Is that the same as a 

C++ long ? By matching the instruction set to the types, these choices are made considerably simpler; 

choices about exactly which instructions and types to use are, of course, in the hands of compiler 

implementers, but the presence of a well-thought-out specification means that making these choices is 

considerably more straightforward. Using this approach means the resulting code interoperates easily with 

code and frameworks written in other languages, which facilitates more effective reuse. Chapter 3 discusses 

the CLI type system in great detail, while Chapter 5 covers CIL and how it is converted into native 

instructions. 

Portable packaging for types: assemblies 

With its type system and its abstract computational model, the CLI enables the idea that software 

components, written at different times by different parties, can be verified, loaded, and used together to 

build applications. Within the CLI, individual components are packaged into units called assemblies , 

which can be dynamically loaded into the execution engine on demand either from local disk, across a 

network, or even created on-the-fly under program control. 

Assemblies define the component model semantics for the CLI. Types cannot exist outside of assemblies; 

conversely, the assembly is the only mechanism through which types can be loaded into the CLI. 

Assemblies are in turn made up of one or more modulesð a packaging subunit in which information 

residesðplus a chunk of metadata describing the assembly called the assembly manifest . While assemblies 

can be made up of multiple modules, most often an assembly will consist of one module. 

To ensure that assemblies arenôt tampered with between the time they were compiled and the time they are 

loaded, each assembly can be signed using a cryptographic key pair and a hash of the entire assembly, and 

this signature can be placed into the manifest. The signature is respected by the execution engine, to such a 

degree that the execution engine will refuse to load an assembly that fails this signature-check; this ensures 

that damaged assemblies wonôt be loaded, preventing a certain class of malicious attack against the system. 

Thus, if a hash generated at runtime from the assembly doesnôt match the hash contained in the assemblyôs 

manifest, the runtime will refuse to load the assembly and raise an exception before the potentially bad 

code has a chance to do anything. 

In many ways, assemblies are to the CLI what shared libraries or DLLs are to an operating system: a means 

of bounding and identifying code that belongs together. Thanks to the full-fidelity metadata and symbolic 

binding approach found in the CLI, each component can be loaded, versioned, and executed independently 

of its neighbors, even if they depend on each other. This is crucial, since platforms, applications, libraries, 
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and hardware change over time. Solutions built from components should continue to work as these 

components change. Assemblies are discussed in Chapter 3 and Chapter 4. 

Component isolation: application domains and remoting 

As important as the ability to group code together into components is the ability to load these components 

in a way that they can work together and yet be protected from malicious or buggy code that might exist in 

other components. Operating systems often achieve isolation by erecting protected address spaces and 

providing communication mechanisms that can bridge them; the address spaces provide protected 

boundaries, while the communications mechanisms provide channels for cooperation. The CLI has similar 

constructs for isolating executing code, which consist of application domains and support for remoting. 

Assemblies are always loaded within the context of an application domain, and the types that result are 

scoped by their application domain. For example, static variables defined in an assembly are allocated and 

stored within the application domain. If the same assembly is loaded into three different domains, three 

different copies of the typeôs data for that assembly are allocated. In essence, application domains are 

ñlightweight address spaces,ò and the CLI enforces similar restrictions on passing data between domains as 

operating systems do between address spaces. Types that wish to communicate across domain boundaries 

must use special communications channels and behave according to specific rules. 

This technique, referred to as remoting, can be used to communicate between application domains running 

on different physical computers (and running different operating systems on different processors). Just as 

often, the remoting mechanisms are used to isolate components within domains that exist in a single 

process on a single machine. Components that wish to participate in remoting can be Serializable , in 

which case they are copied and passed from domain to domain, or alternatively can extend the 

System.MarshalByRefObject  type, in which case they can communicate using proxy objects that 

act as relays. Application domains, remoting, and the details of loading will be covered in Chapter 4. 

Naming conventions for version-flexible loading 

Because all types and their code live within assemblies, there needs to be a well-defined set of rules 

describing how the execution engine will discover and use assemblies when their types are needed. 

Assembly names are formed from a standard set of elements, which consist of an assembly base name, a 

version number, a culture (for internationalization), and a hash of the public key that represents the 

distributor of the assembly. Compound names ensure that software built from assemblies will 

accommodate version changes gracefully. When compiled, each assembly also carries references to the 

compound names of other assemblies that it was compiled against and remembers the versioning 

information for each of those assemblies. As a result, when loaded, assemblies request very specific (or 

semantically-compatible) versions of the assemblies on which they depend. The binding policy used to 

satisfy these requests can be influenced by configuration settings but is never ignored. 

Assemblies are normally found in one of two places: in a machine-wide cache known as the Global 

Assembly Cache (GAC) or on a URL-based search path. The GAC is effectively a per-machine database of 

assemblies, each uniquely identified by its four-part name. The GAC can be, but doesnôt have to be, a 

filesystem directory; a CLI implementation must be able to put multiple versions of the same assembly into 

the GAC and track them. The search path is essentially a collection of URLs (usually filesystem 

directories) that are searched when an assembly is requested for loading. The loading process and how it 

can be implemented is detailed in Chapter 4. 

One of the principal enhancements to the commercial CLR implementation of the CLI 

provides extensions to the CLRôs assembly-location process, thus permitting extenders of 

the CLR to locate assemblies stored in some particular, unique place, such as a relational 

database table. This is not a formal part of the CLI specification, but demonstrates how 

the capabilities described in this book and the CLI Specification can be extended by a 

CLI implementation to provide additional enhancements. 
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JIT compilation and typesafety 

The execution model described by the CLI implies that the act of compiling high-level type descriptions 

should be separated from the act of turning these type descriptions into processor-specific code and 

memory structures. This separation introduces a number of important advantages to the computing model, 

such as the ability to easily adapt code to new operating systems and processors after the fact, as well as the 

ability to independently version components from many different sources. It also introduces new 

challenges. For example, because all types are represented using CIL and the CTS, all types must be 

transformed into native code and memory structures before they can be used; in essence, the entire 

application must always be recompiled before it can be run, which can be a very expensive proposition. 

To amortize the cost of transforming CIL into native code, both in terms of time taken to load and in terms 

of memory required, types in a CLI-based application are typically not loaded until they are needed, and 

once a type is loaded, its methods are not translated until they are needed for execution. This process of 

deferring layout and code generation is referred to as just-in-time (JIT) compilation. The CLI does not 

require last-minute JIT compilation to occur, but deferred loading and compilation are implied at some 

point in an applicationôs lifecycle, to convert the CIL into native code. One can imagine an installation 

utility that might perform the necessary compilation into native code, for example, thus eliminating the 

necessary JIT conversion when the application is executed. (Such a utility, known colloquially as ñngenò, 

ships as part of the commercial CLR.) The way that JIT compilation can be implemented to conform to the 

CLI is discussed in Chapter 5. Extensions of the JIT compilation strategy to include parametric 

polymorphism (also known as generics) are discussed in Chapter 6. 

The most important reason that JIT compilation is built into the CLI execution model is not obvious. The 

transformation from abstract component to running native code, under the control of the execution engineôs 

own loader and compiler is what enables the execution engine to maintain control at runtime and run code 

efficiently, even when calling back and forth between code written in C++ and code written in a managed 

language. The traditional pipeline of compilation, linking and loading, continues to exist in the CLI, but as 

we have seen, each toolchain element must make heavy use of clever techniques (such as caching) because 

deferred use leads to higher runtime costs. These higher costs are well worth bearing because deferral also 

results in comprehensive control over the behavior of executing components. Some of this toolchain is 

discussed further in Chapter 8. 

Since execution in the CLI is based on the incremental loading of types, and since all types are defined 

using a platform-neutral intermediate language, the CLI execution engine is constantly compiling and 

adding new behavior as it runs. CIL is designed to be verifiably typesafe, and since compilation into native 

code is performed under the control of the privileged execution engine, typesafety can be verified before a 

new type is given a chance to run. Security policy can also be checked and applied at the time that CIL is 

transformed into native code, which means that security checks can be injected directly into the code, to be 

executed on behalf of the system while methods are executing. In short, by deferring the loading, 

verification, and compilation of components until runtime, the CLI can enforce true managed execution . 

Managed execution 

Type loading is the trigger that causes the CLIôs toolchain to be engaged at runtime. As part of this loading 

process, the CLI compiles, assembles, links, and validates executable format and program metadata, 

verifies typesafety, and finally even manages runtime resources, such as memory and processor cycles, on 

behalf of the components running under its control. The tying together of all of these stages has led the CLI 

to include infrastructure for name binding, memory layout, compilation and patching, isolation, 

synchronization, and symbol resolution. Since the invocation of these elements is often deferred until the 

last possible moment, the execution engine enjoys high-fidelity control over loading and execution policies, 

the organization of memory, the code that is generated, and the way in which the code interacts with the 

underlying platform and operating system. 

Deferred compilation, linking, and loading facilitate better portability both across target platforms and 

across version changes. By deferring ordering and alignment decisions, address and offset computation, 

choice of processor instructions, calling conventions, and of course, linkage to the platformôs own services, 

assemblies can be much more forward-compatible. A deferred process, driven by well-defined metadata 

and policy, is much more robust. 
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The execution engine that interprets this metadata is trusted system code, and because of this, security and 

stability are also enhanced by late loading. Every assembly can have a set of permissions associated with it 

that define what the assembly is permitted to do. When code in the assembly attempts to execute a sensitive 

operation (such as attempting to read from or write to a file, or attempting to use the network), the CLI can 

look at the call stack and walk it to determine if all of the code currently in scope has appropriate rightsðif 

code on the stack doesnôt have correct permissions, the operation can be rejected, and an exception can be 

thrown. (Exceptions are another mechanism that enables simpler interactions between components; the CLI 

was designed to not only support a wide range of exception semantics within the execution engine, but also 

to integrate tightly with exception signaling from the underlying platform.) Managed execution is discussed 

at length in Chapter 8 and Chapter 9. 

Enabling data-driven extensibility with metadata 

CLI components are self-descriptive. A CLI component contains definitions for every member contained 

within it, and the guaranteed runtime availability of this information is one factor that helps make 

virtualized execution highly adaptable. Every type, every method, every field, every generic type, every 

single parameter on every single method call must be fully described, and the description must be stored 

within the assembly. Since the CLI defers all sorts of linkages until the moment they are needed, tools and 

programs that wish to manipulate components or create new ones by working with metadata gain a 

tremendous amount of flexibility. The same kinds of tricks played by the CLI can be used by code built on 

top of the CLI, which is a windfall for tools and runtime services. 

To get information about types, programmers of the CLI can use the reflection services of the execution 

engine. Reflection provides the ability to examine compile-time information at runtime. For example, given 

a managed component, developers can discover the structure of the type, including its constructors, fields, 

methods, properties, events, interfaces, and inheritance relationships. Perhaps more importantly, developers 

can also add their own metadata to the description, using what are called custom attributes . 

Not only is compile-time information available, but it can be used to manipulate live instances. Developers 

can use reflection to reach into types, discover their structure, and manipulate the contents of the types 

based on that structural information. For methods, the same is true; developers can invoke methods 

dynamically at runtime. The capabilities of this metadata-driven style of programming, and how it can be 

implemented, are touched on in Chapter 3, and examined in more detail in Chapter 8. 

A CLI Implementation in Shared Source: Rotor 

In the summer of 2001, a small team of developers in Redmond announced plans for a (at the time) 

Microsoft rarity: a freely-available software distribution containing modifiable, redistributable, source 

code. This distribution, named the Shared Source CLI (SSCLI, also known affectionately by its code name, 

ñRotorò), was to contain a fully-functional CLI execution engine, a C# compiler, essential programming 

libraries, and a number of relevant developer tools. It had been quietly under development alongside the 

commercial .NET framework and represented an important facet of Microsoftôs developer tool strategy. In 

particular, the SSCLI had three goals to meet: to validate the portability of the CLI standard, to help people 

learn about and understand Microsoftôs commercial CLR offering, and to stimulate long-term academic 

interest in the CLI. Above all else, the SSCLI was to match the ECMA standard so that anyone who wished 

to understand or implement this standard would have a guide. 

Months after the release of the .NET framework version 2.0 (not to mention numerous other ñsource-

availableò tools and frameworks, such as Enterprise Library, IronPython and IronRuby), Microsoft released 

version 2.0 of the Shared Source CLI, following the same pattern of development as its predecessor. 

Affectionately known as Rotor v2, or Rotor Whidbey, it contains all the new and exciting features of its 

commercial framework cousin, including Generics, Lightweight Code Generation, Stub-based dispatch 

support (an interface dispatch mechanism), as well as Reflection and Reflection.Emit enhancements. 

Naturally, the Rotor team didnôt stop there: the new C# 2.0 language features like Anonymous Methods, 

Anonymous Delegates and C# Generics support were also included. 
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Although the name changed, throughout this book we will continue to refer to the Shared 

Source CLI v2.0 release as ñRotorò, except in those few cases where we need to draw a 

distinction between the v1.0 and v2.0 versions. In those cases, the first version will be 

called ñRotor v1ò and its successor we will call either ñRotor v2.0ò, ñSSCLI 2.0ò, ñRotor 

2ò, or ñRotor Whidbeyò, depending on which sounds better at the time. Most of the time, 

the distinction between v1 and v2 will either be irrelevant, or entirely self-evident, so it 

shouldnôt present much of a problem to the reader. 

Although the SSCLI is nominally the subject of this book, the CLI standard is its heart. The SSCLI helps us 

illustrate how and why the CLI is such an interesting piece of work. The distribution itself is a large body 

of code, and as such, it can provide a significant leg up for researchers and experimenters working in the 

area of developer tools or systems design, as well as to those teaching computer science. This book 

attempts to act as a top-level guide to the code for such people, giving information beyond the theory of the 

CLI to facilitate hacking and to explain the conventions of the code base. The CLI standard will be 

important for years to come, and there is no better way for you to understand it fully than by browsing, 

building, observing, and tweaking a running implementation. 

While Rotor demonstrates one way to build a portable, programming language-independent version of the 

CLI standard, it is certainly not the only way. Alternate implementations exist at the time of writing, 

including three from Microsoft (the commercial .NET Framework, a version designed to run inside the 

Web browser to support Silverlight applications called the ñCoreCLRò, and a version for the small device 

market that is called the ñCompact Framework ñ), and two third-party, open source implementations, one 

from Novell (called Mono: http://www.go-mono.com/) and one from the DotGNU project (called 

Portable.NET: http://www.gnu.org/software/dotgnu/). Rotor itself, to provide additional developer tools 

and facilities, implements more than just the standard. To clarify what is contained in the distribution, 

Figure 1-3 contains a pictorial representation of the differences between Microsoftôs commercial offering 

(.NET CLR), the CLI and C# specifications, and Rotor. 

The SSCLI, as shown in Figure 1-3, is a superset of the CLI standard, and the Microsoft commercial 

offering is, in turn, a superset of the SSCLI. 

Rotor is a large collection of code built by many people over a number of years, and because of this, it is 

complex and stylistically variable. In terms of scale, it is comparable to the largest familiar source code 

distributions such as XFree86, Mozilla, and OpenOffice. As with these distributions, getting started in the 

code can be an intimidating prospect. This book will help make this task easier, beginning with this brief 

tour of the distribution itself. 

http://www.go-mono.com/
http://www.gnu.org/software/dotgnu/
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Figure Error! No text of specified style in document.-3. Components of the Shared 

Source CLI distribution 

The SSCLI is built using a combination of C++ and C#, with a smattering of assembler for processor-

specific details. The distribution is built as a three step process. First, a platform-specific C++ compiler is 

used to build a Platform Adaptation Layer (PAL), which is a library that hides the differences between 

operating system APIs behind a single set of programming abstractions. After this, a set of build tools 

(including the C# compiler) that are needed to build the SSCLI are built and linked against the PAL library. 

Finally, the rest of the distribution is built using these tools and the PAL. 

Table 1-1 lists some of the interesting subdirectories to visit in the SSCLI source code, which differs 

somewhat from the directory structure of Rotor v1. (As a reminder, the SSCLI v2 source code can be 

downloaded from http://research.microsoft.com/sscli, and readers are encouraged to take a moment to 

download and extract the code before continuing.) 

Table Error! No text of specified style in document.-1. Important subdirectories of the 

distribution and their contents 

Subdirectory Contents 

/binaries.xxxxx.rotor  Contains built executables and libraries 

/clr/src  Home to many core subdirectories 

/clr/clr/bcl  The base class libraries, written in C# 

/csharp  A C# compiler, written in C++ 

/clr/src/classlibn ative  Programming libraries implemented in C++ 

http://research.microsoft.com/sscli
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/clr/src/debug  Support for managed debugging 

/clr/src/fjit  The SSCLI JIT compiler 

/clr/src/fusion  Code for locating versioned files 

/clr/src/ilasm  A CIL assembler 

/clr/src/ildasm  A CIL disassembler 

/clr/ src/inc  Shared include files 

/clr/src/md  Metadata facilities 

/clr/src/toolbox/caspol  Source to the caspol security utility 

/clr/src/tools  Home to many-utility programs 

/clr/src/tools/clix  The SSCLI managed executable launcher 

/clr/src/tools/gac  Source to the gacutil cache utility 

/clr/src/tools/peverify  The peverify CIL verification utility 

/clr/src/tools/strongname  The sn code-signing utility 

/clr/src/toolbox/sos  The SOS debugging extension library 

/clr/src/vm  The CLI execution engine 

/docs  Documentation 

/fx/src  Home to additional managed libraries 

/fx/src/net/system/net  The networking library 

/fx/src/regex/system/text  The regular expressions library 

/jscript  A complete JScript compiler that compiles to CIL 

code, written in C# (a managed managed code 

compiler!) 

/clr/src/managedlibraries/remoting  Additional remoting support to what is found in the 

bcl directory 

/pal  Multiple operating system-specific implementations 

of the PAL 

/palrt  Low-level APIs that support the SSCLI 

implementation but are not operating system-

specific 

/samples  Sample programs that use the CLI 

/tests  Extensive tests and test infrastructure 

/tools  Tools used to build the SSCLI distribution 

The subdirectories can be divided into four distinct conceptual areas, as follows: 

¶ The CLI execution engine 

¶ Component frameworks that both wrap and extend the execution engine 

¶ A portability layer (the PAL) used to move from one operating system to another 

¶ Tools, tests, compilers, documentation, and utilities for working with managed code 

Letôs examine each of these areas in turn, focusing on where to find their implementation. 

The CLI execution engine 

The execution engine is the heart of the CLI, and quite possibly the most interesting part of the whole set. 

(At the very least, this is where we will spend the majority of our time.) It contains the component model, 

as well as runtime services, such as exception handling, and automatic heap and stack management. In 

many respects, this is the big kahuna; it is the code that we refer to when we speak of ñthe runtimeò or ñthe 
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virtual execution environment.ò JIT compilation, memory management, assembly and class loading, type 

resolution, metadata parsing, stack walking, and other fundamental mechanisms are implemented here. 

This code can be found in sscli20/clr/src and in the four directories vm, fjit , md, and fusion, in which the 

bulk of the execution engine resides. 

 

 
 

Figure Error! No text of specified style in document.-4. Many libraries typically 

combine to run managed code 

The execution engine, as shown in Figure 1-4, is built as a set of dynamically loadable libraries rather than 

as a standalone executable. The clix program launcher (or any program that wishes to use the services of 

the execution engine) loads the main shared library, sscoree, to create an instance of the CLI in process and 

then feeds this instance a start-up assembly to be executed.  

The same is true of the commercial CLR; when an assembly is compiled under the CLR, 

it gets a native entrypoint that does this same boostrap sequence to bring the CLR into the 

applicationôs program space, just as the SSCLI does. 

As a result, there is no main  in the execution engine; it is packaged to be hosted by other programs. The 

execution engine depends on a number of other shared libraries, which include libraries that are broken 

because they are replaceable, such as the crypto code necessary to load and build signed assemblies that is 

located in sn, as well as libraries that are potentially useful in many different places, such as the PAL, 

which can be found in rotor_pal and rotor_palrt. Finally, code that may not always be needed is also 

packaged into separately loaded libraries, such as mscordbc, which implements debugger support. 

Programming libraries in the CLI  

The shared infrastructure of the CLI includes not only standardized, low-level capabilities such as 

metadata, the common intermediate language, and the common type system, but also high-level, 

productivity-oriented class libraries . The contents of these libraries are briefly summarized by functional 

area in Table 1-2. 

Table Error! No text of specified style in document.-2. High-level elements included in 

CLI standard libraries 

Category Facilities 

Productivity libraries Text formatting, regular expressions, collections, 

time, dates, file and network IO, configuration, 

diagnostics, globalization, isolated storage, XML 

Execution engine libraries Isolation domains, asynchronous callbacks, 

stackwalks, stack traces, garbage collector, handles, 
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environment, threads, exceptions, monitor-based 

synchronization, security, verification, reflection, 

serialization, code generation, native code 

interoperability 

Type-related libraries Primitive types, value types, delegates, strings, 

arrays, generics 

Extended numerics library Decimal numbers, double and single precision 

floating point numbers, math 

Programming language support Compiler services, custom metadata attributes, 

resource reclamation 

These libraries provide an interface to the facilities of the underlying operating system but in a way that has 

been tailored to exploit the services and conventions of the CLI, increasing programmer productivity 

through their consistency and quality. 

These APIs also serve another, less obvious role: they facilitate component integration by exposing 

programming services and conventions that will promote good component hygiene through their use. 

Services that minimize the amount of bookkeeping necessary for component builders to implement, or that 

minimize the need for complex intercomponent management protocols, make for smoother and safer 

integration (and less code to write). The less a component needs to rely on other components and the fewer 

things that a component must do on behalf of other components, the more likely an application will be bug-

free, simple to read, and robust. To realize the true promise of component-based software, components 

need to be built to rely on managed execution within an environment designed with these principles in 

mind. 

One might think of the CLI libraries as a modern equivalent to the C runtime library. They do not attempt 

to provide all things to all programmers; instead, they are a core set of components for which nearly every 

programmer will find a use. Since the base libraries, found in sscli20/clr/src/bcl, are specified to be part of 

any CLI implementation, they form a basis for portable application implementations. Additional libraries, 

found in the sscli20/fx, sscli20/clr/src/classlibnative, and sscli20/clr/src/managedlibraries directories, are 

either optional standard libraries or specific to the SSCLI. At this point in time, all of the libraries in the 

SSCLI are also found in the commercial Microsoft .NET Framework 2.0. 

Explorers of the programming libraries will find that, besides the documentation found in 

sscli20/docs that is specific to the Rotor distribution and to its utilities, there is website 

containing all class library documentation. This can be found at 

http://msdn2.microsoft.com/library/default.aspx. 

The Platform Adaptation Layer 

The PAL is an interesting piece of software with more uses than might meet the eye at first glance. Of 

course, as is typical of any adaptation or driver layer in a large piece of code that is meant to run on many 

operating system platforms, the first goal of the PAL was to isolate implementers from the details of 

various operating systems. The choice in the case of the SSCLI was obvious: since it had started as Win32-

specific code, the PAL was designed to present a subset of the Win32 API (which can be seen in 

sscli/pal/rotor_pal.h). This implementation is by no means complete, as it needs to provide only the calls 

that are actually made by the CLI. Do not attempt to use the PAL as a general Win32 emulation layer, 

because it is incomplete! 

The PAL is, of course, the place where the work to bring Rotor to new platforms would begin, since the 

tools that are used to build Rotor depend on the PAL for their operating systemsô resources. To see what is 

involved, examine the sscli20/pal/unix directory. There is a significant amount of work having to do with 

providing a common exception-handling mechanism, common threading, a shared handle manager, IO, 

synchronization, debugging, and more. Specialized host processes, such as web servers or databases, might 

very well have their own similar runtime needs, which might need to take the semantics of the PAL into 

http://msdn2.microsoft.com/library/default.aspx
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consideration. Because of this and because the PAL defines how operating system resources are used, 

understanding the various PAL implementations will be important for many people. 

The Rotor team wanted to get Rotor v2 out to the door as quickly as possible and 

therefore decided to focus only on the x86 Windows platform, which has the widest 

SSCLI developer base. As a result, the Rotor v2 PAL does not include updates to support 

the FreeBSD and MacOS platforms. Having said that, however, the PAL source code has 

been updated to support the latest version of XP and Windows Vista. For those that are 

interested, the previous release of Rotor can be run on older versions of FreeBSD and 

MacOS, or you can update the PAL source code yourself to work with other architectures 

and operating systems. 

In addition to the PAL, there is a directory named sscli20/palrt/src, which contains a library 

implementation of Win32 APIs that are needed by the SSCLI but are not dependent on the operating 

system for implementation. This library also includes a small number of PAL-specific APIs. It is a true 

hodgepodge of facilities, but to give it flavor, it contains decimal arithmetic, a stub implementation of some 

of the Microsoft COM component model, array-handling, memory management, and numerous other utility 

functions. 

The most interesting aspect of the PAL has to do with execution engine control. The SSCLI is designed to 

run cooperatively with native code within native processes, which means that many operating system calls 

need to be caught to give the execution engine a chance to maintain bookkeeping information for the use of 

runtime systems, such as the garbage collector or the security system. This is a critical use of the PAL 

layer; the SSCLI implementation is built in terms of the abstractions that are presented by the PAL and 

without them, it could not maintain isolation, security, and control. For example, both threading and 

exception handling are implemented in the PAL and both of these are critical to the execution engine at 

runtime, since it uses exception frames to track managed code and the stacks associated with threads to 

store diffuse structures that hold the state of many of its services. Details of this aspect of the PAL will be 

covered at length in Chapter 6, while the PALôs design itself is the topic of Appendix A. 

Tools, compilers, tests, documentation, and utilities 

A significant percentage of the code in Rotor consists of support infrastructure that is used to build, test, 

and use its CLI implementation. The PAL, which we have just discussed, is such code. There are numerous 

additional developer tools, utilities, and test programs that can be found in various spots within the 

distribution. These fall into the broad categories of utilities for managed development and utilities for 

building the distribution. 

As far as managed development goes, many of the tools in the Rotor distribution will be familiar to any 

programmer who has spent time with the SDK for the Microsoft .NET Framework because the two 

implementations share their basic set of utilities, such as linker, assembler, and disassembler. The 

sscli20/clr/src, sscli20/clr/src/tools, and sscli20/clr/src/toolbox directories contain directories for these 

utilities, as well as for utilities that are unique to developing and running managed code with the SSCLI, 

such as clix.exe. Programmers should consult the documentation in sscli20/docs to see whether features are 

shared between the Rotor version of a utility and its .NET Framework counterpart; not all features were 

ported. 

The build system used to bootstrap Rotor can be found in sscli20/tools. These tools are built against the 

PAL and are used to track dependencies, drive the build process, and assemble the libraries and 

executables, once built, into the sscli20/binaries.xxxx.rotor directory. Dependencies in Rotor are 

convoluted, as they are with most large projects, and so these tools are quite important. To understand how 

they are used and how developers should interact with them when modifying code, see 

sscli20/docs/buildtools directory. 

Once the SSCLI is built, it can be tested by using the tests in the sscli20/tests directory. Of particular note 

are the PAL tests, found in sscli20/tests/palsuite, which can be used to verify new PAL implementations or 

changes to an existing PAL, and the developer Build Verification Tests (BVT) found in sscli20/tests/bvt, 

which can be used to check work being done in the execution engine. There are also tests for other areas 
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such as the base class libraries; most of these, along with the BVTs, use the test harness found in 

sscli20/tests/harness and documented in sscli20/docs/testing_overview.html. 

Documentation and technical notes for Rotor can be found in sscli20/docs. This directory contains material 

that is useful for browsing the sources, for modifying code, and for understanding both the architecture of 

the CLI and the specific implementation choices that were made when building the SSCLI. There is also a 

detailed specification included for the PAL that would be very useful to anyone porting Rotor to new 

platforms. It is well worth taking some time to browse this directory. 

Scoping This Book 

The second edition of this book maintains the original focus of how the CLI component model and its 

underlying execution engine are implemented from the SSCLI 2.0 prospective, but takes special focus on 

the new features of version 2. The requirements that the resulting mechanisms place on the operating 

system, and general porting issues, are briefly discussed. Discussions of compilers, languages, and 

frameworks, however, are sometimes lacking, as well as non-component-oriented uses of the CLI, which 

fortunately can be found in the numerous other books on the .NET Framework and the CLI.  

A disclaimer is also called for: the numerous C++ samples in this book taken from the SSCLI source code 

have been considerably cleaned up, becoming pseudo-code in the process. This was done to remove ugly 

macros, error-handling, and asserts that pepper the Real Code, and to make the code more readable. If you 

are planning to add to or modify the SSCLI code, you should be aware of the invariants that must be 

maintained and adopt the same programming conventions and error handling methods used by the 

developers of the SSCLI. See Appendix D for a short description of these requirements. 

Summary 

The CLI is the first virtual execution environment designed from the ground up to be shared by many 

different programming languages. Platform providers, framework builders, and programmers are not forced 

into all-or-nothing language decisions just to take advantage of the facilities that make component-based 

computing work, such as exceptions, garbage collection, reflection, code access security, and data-driven 

extensibility. Using the CLI, it is easy to incorporate preexisting code into component-based programming 

efforts, which results in increased interoperability and shared infrastructure. 

The CLIôs standardized format for packaging, describing, and deploying components is tied to neither 

operating system nor implementation language. This is important because this format forms the foundation 

for the CLIôs data-driven architecture. Data-driven mechanisms increase programmer productivity because 

they enable diverse programs, libraries, and tools to interact seamlessly and to evolve over time. A data-

driven component model is as future-proof as todayôs technology allows. 

The abstract instruction set and the type system that outline the CLIôs virtual execution model offer a 

tempting glimpse of the Holy Grail: software that runs everywhere. The designers of the CLI certainly 

anticipated a world in which multiple implementations and multiple versions of their standard would run 

both side-by-side and on many platforms. Yet in this world, each implementation is likely to expose unique 

frameworks, services, utilities, tools, or language features that augment the basic capabilities, using the 

CLIôs excellent support for interoperability. What will result is akin to C language development, in which 

one rarely finds significant applications built on top of the standard runtime alone. Instead, applications 

judiciously combine standard facilities with either platform-specific libraries or libraries designed 

specifically for cross-platform use. Most significant CLI programs will combine standard components with 

either platform-specific components or third-party components designed specifically for cross-platform use. 

The CLIôs language-agnostic approach, its data-driven architecture, and its virtual execution model were 

developed to create an arena in which components could cooperate effectively without sacrificing their 

security and autonomy. Its unfolding chain of metadata creates an environment in which it is possible to 

reason about the behavior of components and inject safeguards into their code before running them. Each 

stage in the CLIôs execution model involves receiving data from the prior stage and transforming or 

augmenting it before passing it on to another stage. This book describes this entire chain of stages and the 
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execution engine in which they are implemented, from its initial bootstrap sequence to the death of its last 

managed resource.
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2. Getting Started with Rotor 

The expertise needed to build a virtual machine spans disciplines as diverse as systems design, compiler 

theory, and hardware architecture. Understanding how and why this is true is important, both for those 

using virtual machines to solve day-to-day problems and for those extending or implementing them. The 

purpose of this book is to explain the CLI specification in these terms, drawing on Rotorôs source code for 

examples and clarification. 

Before getting to these details, weôll take a detailed look at building, running, debugging, and modifying 

managed code with Rotor. A simple example will demonstrate these concepts: a managed component that 

echoes its input back to the console. This example will form a recurring basis for continuing discussions of 

Rotorôs implementation in the chapters that follow. 

A Simple Component Assembly 

Consider the simple CLI component in Example 2-1, which consists of a single type named Echo . The 

Echo  type has a single property named EchoString , and a single method, DoEcho. 

Example Error! No text of specified style in document.-1. A simple CLI component expressed in C# code 

using System;  

 

public class Echo  

{  

  private string toEcho = null;  

 

  public string EchoString {  

    get { return toEcho; }  

    set { toEcho = value; }  

  }  

 

  public string DoEcho()  

  {  

    if (toEcho == null)  

      throw new Exception("Alas, there is nothing to echo!");  

    return toEcho;  

  }  

}  

This component is written using the C# programming language and can be compiled into a CLI component 

using any C# compiler. C# was chosen for examples in this book, because it was developed as a companion 

language for the CLI standard and has direct syntax for many of the features found in the CLI. 

The SSCLI source code distribution includes several compilers in addition to the C# 

compiler that will be used in this book. Most notably, there is a full JScript compiler that 

is itself written in C#. Although there are no JScript samples in this book, the source code 

for this compiler (found in the jscript directory) is worth browsing, since the typeless 

dynamic semantics of the language differ greatly than from those of C#. The 

implementation techniques used to support features such as runtime expression 

evaluation demonstrate alternative design approaches. 
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Given the renewed interest in recent years in ñdynamic languagesò (such as Ruby, 

ECMAScript, Python, or Lisp), curious programmers will find it a useful exercise to 

write a simple ñHello, script!ò program in ECMAScript, compile it using jsc, then look at 

the generated code using ildasm. 

If you are unfamiliar with C#, donôt worry. Readers familiar with any high-level, component oriented 

programming languages such as Java should have no problem reading and understanding these very simple 

examples. Many good online tutorials and books are available for those who would like to learn C#; the 

MSDN Visual C# developer center web site http://msdn2.microsoft.com/en-us/vcsharp/default.aspx is one 

good place to start. 

Although we make no specific reference to C# 2.0 features in this chapter, those 

programmers unfamiliar with the C# 2.0 enhancements (most notably generics, since that 

will be a major topic in this edition of the books) should brush up on their C# 2.0 before 

proceeding too deeply into the subsequent chapters. Again, while such knowledge is not 

required to understand the material, having a context in which to frame the discussion is 

most helpful, and close to crucial in later chapters (such as Chapter 6). 

Before we can compile and run the code for the Echo  component, we need to prepare Rotor for first use. 

Configuring the Environment 

Rotor is packaged as a compressed file archive, which can be expanded using your archiving utility of 

choice. WinRAR (http://www.rarlab.com) and WinZip (http://www.winzip.com) are two popular software 

packages that will uncompress the Rotor tarball.  

After profuse disk activity, unarchiving will leave a directory named sscli20 in its wake, containing more 

than 13,000 files and directories, containing collectively over 3.5 million lines of code.  

For most developers, this will be their first experience with a source base containing 7 digitsô worth of 

code, so a quick reassurance here is necessary: you do not have to read through all of it to understand Rotor 

or the CLI. In fact, when viewed logically, itôs ludicrous to expect that any one person, even those working 

on the CLI at Microsoft, has such knowledge. We will spend most of our time on the execution engine 

itself; other readers may find it useful and instructive to spend some time in the directories containing the 

Framework Class Library source code in order to understand the underlying libraries, such as System.Xml 

or System.Net, better. 

To tame this huge volume of code, the first thing that you will need to do after expanding the archive is to 

set up a working environment within a command-line shell. Rotor is designed for tinkering: it is assumed 

that you will be working with multiple versions of the CLI on a single machine as you experiment, make 

modifications, and use instrumented versions of the runtime for debugging, profiling, or tracing. To make 

side-by-side operation easy, configuration is done using environment variables that are easy to set and to 

change. 

Within the root of the sscli20 directory, a batch file stands ready to configure the runtime environment: 

env.bat.  Running the batch file is as simple as firing up cmd.exe and typing: 

 

    C: \ sscli20> env  

One of three different build variants can be established using command-line arguments to the script. In the 

checked build, symbols are generated for debugging and no compiler optimizations are used when building 

code. Some extra instrumentation is also built into the CLI execution engine. This mode is slow but very 

useful when debugging. Free mode, in contrast, is built without debugging instrumentation. It is also built 

using compiler optimizations so that it can be as fast as possible and will have the best performance of the 

three variants. Fastchecked is a compromise between the free and checked: it preserves debug symbols and 

instrumentation but also uses some compiler optimizations. 

http://msdn2.microsoft.com/en-us/vcsharp/default.aspx
http://www.rarlab.com/
http://www.winzip.com/
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Whenever you run code using the SSCLI or use tools from within the distribution, youôll 

need to set up your environment first. There are several runtime configuration parameters 

that depend on values found in environment variables or are directory-specific. This bit of 

legerdemain may seem a bit awkward and unnecessary at first, but it is done to support 

side-by-side execution. Using Rotor, it is possible to run assemblies built from differing 

versions of the CLI (including your own custom versions!) without issues. By using 

version-specific command shells that have had their environments tailored to specific 

instances of the Rotor build, you can easily switch between versions by switching 

between command windows. 

Passing the mode as a parameter to one of the env scripts will set up corresponding environment values. If 

no mode is specified, fastchecked is the default. Since most users of Rotor will want debug symbols, 

fastchecked is a good option for most purposes, as it was designed as a compromise between execution 

speed and source-level debugging. Users who are primarily debugging and spelunking through the Rotor 

code, however, may prefer the debug checked build, since the optimizations of fastchecked may cause 

some source lines to appear out of sync with compiled code. 

You will see the mode printed in response to your command.  

 

    C: \ sscli20> env free  

    Setting environment for using Microsoft Visual Studio 2005 x86 tools.  

    32- bit build  

    Free Environment  

    Building fo r Operating System -  NT32 

                 Processor Family -  x86  

                        Processor -  i386  

                       Build Type -  fre  

With your environment in place, youôll want to build the distribution. Rotor is distributed without any 

binaries, and so you must build it to do anything more than browse through source code. Fortunately, this is 

straightforward, and there are only a few prerequisites: youôll need quite a bit of free disk space (over a 

gigabyte is best), and youôll need to have suitable development tools (including perl) in your execution 

path. Appendix A describes these prerequisites in detail. 

Of course, if youôd like to skip the Appendix, the simplest option is to do a complete build. There is a batch 

file script for this purpose in the sscli20 directory named buildall.cmd. Using the command window in 

which youôve prepared the environment, from the sscli20 directory, type: 

 

    C: \ sscli20> buildall  - c 

Feel free to take a break at this point, because the build process is lengthy! After lots of stimulating disk 

exercise, during which well over half a gigabyte of disk space is consumed, youôll have a ready-to-execute 

Shared Source CLI 2.0 installation, along with its rich set of accompanying tools and examples. To verify 

that the build was successful, try typing: 

 

    C: \ sscli20> csc - ? 

If all has gone well, youôll see the usage message for the C# compiler scroll by. (Pay attention to the banner 

message indicating the version of the compiler, just in case your environment accidentally has the Visual 

Studio tools in the PATH. Although compiling with Visual Studio and executing with Rotor is supported, 

itôs confusing and distracting.  

At this point, youôre ready to compile the Echo  component. 

Creating an Echo Component 

To compile the C# Echo  component into an executable on-disk library, use the following invocation of the 

C# compiler (assuming that youôve saved it into a file named echo.cs): 
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    C: \ sscli20> csc /target:library /debug echo.cs  

This command will produce a file named echo.dll that serves as a container for a CLI assembly that 

contains the Echo  type. The /debug  switch causes a second file to be created, echo.ildb, which contains 

line number and symbol information for the cordbg debugger. 

If you try to compile echo.cs without command-line switches, compilation will fail, 

because Echo  doesnôt define a method named Main , which is needed by convention to 

create standalone executables in C#. 

Using the ildasm disassembler that comes with the SSCLI, you can verify that echo.dll contains both 

metadata tables and CIL code for the Echo  type: 

 

    C: \ sscli20> ildasm  - all echo.dll  

 

    //  Microsoft (R) Shared Source CLI IL Disassembler.  Version 2.0.50826.0  

 //  Copyrig ht (c) Microsoft Corporation.  All rights reserved.  

 

 

 // -----  DOS Header:  

 // Magic:                      0x5a4d  

 // Bytes on last page:         0x0090  

 // Pages in file:              0x0003  

 // Relocations:                0x0000  

 // Size of header (para graphs):0x0004  

 // Min extra paragraphs:       0x0000  

 // Max extra paragraphs:       0xffff  

 // Initial (relative) SS:      0x0000  

 // Initial SP:                 0x00b8  

 // Checksum:                   0x0000  

    (MUCH more follows, spewing across pages o f output)  

Note that echo.dll is a well-formed PE/COFF executable. Many only slightly interesting details that relate 

to the fileôs structure scroll by, until you reach output about the Echo  type itself. Stripped to its essence 

(and liberally edited for readability), it looks like this: 

 

 .class public auto ansi beforefieldinit Echo  

        extends System.Object  

 {  

    .field private string toEcho  

    .method public hidebysig specialname instance string  

           get_EchoString() cil managed  

    {  

      //  CIL stripped for clarity  

    }  

 

    .method public hidebysig specialname instance void  

           set_EchoString(string 'value') cil managed  

    {  

      // CIL stripped for clarity  

    }  

 

    .method public hidebysig instance string  

           DoEcho( ) cil managed  

    {  

      // CIL stripped for clarity  

    }  

 

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

    {  

      // CIL stripped for clarity  

    }  

 

    .property instance string EchoString()  

    {  

      // CIL stripped for clarity  

    }  

     } // end of class Echo  

The Echo  type has a single field, a string named toEcho , a property named EchoString , and a method 

named DoEcho. It also has a constructor, which was automatically produced by the C# compiler. 

Everything that a compiler would need to do type checking and other compile-time validation is part of the 

definition. No external resources are needed, such as header files or linker maps. Types in the CLI are self-

contained and self-describing. Unlike traditional compilation toolsets, in which names, structural 

information, source code, and object code often reside in separate places, CLI executables contain all of 

their information in a single file. 

If you expand the DoEcho implementation, you can see that the simple, three- line C# method has been 

converted into 12 CIL opcodes by the C# compiler (the comments have been removed for clarity): 

 

    .method public hidebysig instance string  

          DoEcho() cil managed  

  {  

    // Code size       39 (0x27)  

    .maxstack  2  

    .locals init ([0] string CS$1$0000,  

             [1] bool CS$4$0001)  

    IL_0000:  nop  

    IL_0001:  ldarg.0  

    IL_0002:  ldfld      string Echo::toEcho  

    IL_0007:  ldnull  

    IL_0008:  ceq  

    IL_000a:  ldc.i4.0  

    IL_000b:  ceq  

    IL_000d:  stloc.1  

    IL_000e:  ldloc.1  

    IL_000f:  brtrue.s   IL_001c  

 

    IL_0011:  ldstr      "Alas, there is nothing to echo!"  

    IL_0016:  newobj     instance void [mscorlib]System.Exce ption::.ctor(string)  

    IL_001b:  throw  

 

    IL_001c:  ldarg.0  

    IL_001d:  ldfld      string Echo::toEcho  

    IL_0022:  stloc.0  

    IL_0023:  br.s       IL_0025  

 

    IL_0025:  ldloc.0  

    IL_0026:  ret  

  } // end of method Echo::DoEcho   

CIL is an intermediate representation of the behavior originally expressed in the C# program, and is the 

target representation for compilers and other utilities that wish to express behavior natively in terms of the 

CLI runtimeôs services. CIL itself is a simple language to read and understand, particularly for those with 

some experience working with assembly language. It is fully described in the third partition of the ECMA 

specification, for those who would like to dig deeper. (There are also a number of books that cover the 

subject, including .NET IL Assembler 2.0 by Serge Lidin, published by APress.) 

One key to understanding CIL is to realize that the instruction set is stack-based. So, for example, when the 

first instruction ldarg.0  (load argument zero) executes, it pulls the first argument passed to the method 
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(which in this case is a this  pointer to the Echo  instance being called) and pushes it onto the execution 

stack. This value is then used by the next instruction ldfld  (load instance field contents), which takes a 

single operand, the name of the field to load, dereferences it, and stores the result on the stack. In the 

example, ldfld  takes the this  pointer from the top of the stack and uses it to dereference the named 

field: Echo::toEcho . 

Those familiar with assembly language might start to grow a bit skeptical: just how wide is this stack? Is it 

32-bit? 64-bit? The beauty of the CLI execution model and the CIL instruction set is that implementation 

details, such as the stackôs size, are irrelevant. CIL was not designed for direct execution, but rather for 

compilation into code native to whatever processor is at hand. Alignment issues are also something that the 

CLI programmer can rely on the JIT compiler to take care of automatically. 

 

Other CIL Tools 
CIL is a lingua franca for CLI structure and behavior, and every CLI component can be shown as 

CIL. In fact, files containing CIL component descriptions can be built by hand and assembled 

directly into an executable by using the ilasm utility, without using any higher-level compiler. The 

ilasm assembler is a counterpart to ildasm, and its file format is often used as a target by compilers 

that wish to target the CLI. In fact, the output from ildasm can be recompiled by ilasm, a 

capability called ñround-tripping .ò It is easy to capture the dump to a file and ñround-tripò the 

Echo  component from its compiled form to CIL and back again: 

    C:\sscli20> ildasm -out=roundtrip.il echo.dll 

    C:\sscli20> ilasm -dll roundtrip.il 

CIL is also easy to manipulate and examine statically. As an example of this, you might examine 

the peverify tool that comes with the Rotor distribution. This utility verifies that the combination 

of metadata and CIL within an executableôs assemblies is typesafe. Its code can be found in 

sscli20/clr/src/tools/peverify. 

 

The rest of the method is fairly easy to understand. The brtrue.s  (branch short if true) instruction is 

used to test the results of the ldfld  to see whether the topmost element on the execution stack is non-null. 

If i t is, there is a jump to the label IL_001c , which can be found in the column of labels on the lefthand 

side of the CIL instructions. Otherwise, the ldstr  (load string) instruction loads a reference to the 

constant string Alas, ...  onto the execution stack, where it is used as the sole parameter to the 

constructor for a System.Exception , created by the newobj  instruction that follows it. With an 

Exception  object on the stack, the throw  instruction terminates execution of this method and unwinds 

the stack, looking for exception handlers. The instruction sequence for the nonexception path results in a 

reference to the string value from the Echo::toEcho  field being pushed onto the stack with ldloc.0 . 

It is returned to the original caller of the method with ret . 

The ECMA specification for the CLI contains an excellent summary of the complete set 

of CIL opcodes. See Partition III for details. 

Exercising the Echo Component 

Given the lengthy disassembled output, echo.dll appears to contain a valid CLI component. Without a 

program that takes advantage of its capabilities, however, this component and the assembly in which it is 

contained are of little use. Here is code that will put Echo  through its paces: 

using System;  

 

public class MainApp  

{  
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  public static void Main()  

  {  

    Echo e = new Echo();  

    e.EchoString = "Echo THIS!";  

    System.Console.WriteLine("First echo is: {0}", e.DoEcho());  

    e.EchoString = null;  

    System.Console.WriteLine("Second echo is: {0}", e.DoEcho());  

  }  

}  

This simple program instantiates an Echo  component, sets its EchoString  property, and calls DoEcho, 

printing the results to stdout. It then sets EchoString  to null , and calls DoEcho again. 

To find out more about any of the tools or utility programs being discussed in this 

chapter, browse the documentation that comes as part of the SSCLI. The file 

sscli20/docs/index.html has links to individual web pages for every program in the 

distribution. These pages document syntax and command-line arguments, as well as 

general usage. 

To compile and run the code, save it into a file named main.cs and feed it to the compiler, passing echo.dll 

on the command line as a referenced component. The resulting main.exe program can be executed by using 

the managed code launch utility, clix: 

 

    C: \ sscli20> csc /target:exe /reference:echo.dll /debug main.cs  

    Microsoft (R) Shared Source CLI C# Compiler version 2.0.0001  

 for Microsoft (R) Shared Source CLI version 2.0.0  

 Copyright (C) Microsoft Corporation. All rights reser ved.  

 

    C: \ sscli20> clix main.exe  

 First echo is: Echo THIS!  

 

 Unhandled Exception: System.Exception: Alas, there is nothing to echo!  

       at Echo.DoEcho() in C: \ sscli20 \ echo.cs:line 15  

       at MainApp.Main() in C: \ sscli20 \ main.cs:line 97  

As you can see, the program does precisely what it should, echoing the first string and then blowing up 

with an unhandled exception! Because you compiled both files using the /debug  switch, the resulting 

stack trace contains line number information about the problem, but to find out more about the exception 

and what is causing it, you can drop into the managed code debugger, cordbg: 

 

    C: \ sscli20> cordbg  main.exe  

 Microsoft (R) Common Language Runtime Test Debugger Shell Version 2.0.508 26.0  

 Copyright (c) Microsoft Corporation.  All rights reserved.  

 

 (cordbg) run main.exe  

 Process 440/0x1b8 created.  

 [thread 0xce0] Thread created.  

 

 004:       public static void Main() {     

 (cordbg)  

The debugger loaded main.exe and automatically ran until the first line of code in Main . Note that to get to 

this point, the CLI has fired up three managed threads (of which much more will be said in later chapters). 

The debugger prints out the current line, and then waits patiently for instructions. To see command options, 

you can type: 

 

    (cordbg) ? 
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This will give you a list of all possible debugger commands. Typing show (sh ) will display the source code 

for the current method: 

 

    (cordbg) sh 

 001: using System;  

 002:  

 003:     public class MainApp {  

 004:*      public static void Main() {  

 005:         Echo e = new Echo();  

 006:         e.EchoString = "Echo THIS!";  

 007:         System.Console.WriteLine("First echo is: {0}", e.DoEcho());  

 008:         e.EchoStrin g = null;  

 009:         System.Console.WriteLine("Second echo is: {0}", e.DoEcho());  

The asterisk indicates current position. By typing continue (cont ), you can watch the exception happen: 

 

    (cordbg) cont  

    001: using System;  

 002:  

 003:     public cl ass MainApp {  

 004:*      public static void Main() {  

 005:         Echo e = new Echo();  

 006:         e.EchoString = "Echo THIS!";  

 007:         System.Console.WriteLine("First echo is: {0}", e.DoEcho());  

 008:         e.EchoString = null;  

 009:         S ystem.Console.WriteLine("Second echo is: {0}", e.DoEcho());  

 (cordbg) cont  

 First echo is: Echo THIS!  

 First chance exception generated: (0x00cd6688) <System.Exception>  

 Unhandled exception generated: (0x00cd6688) <System.Exception>  

   _className=<null>  

   _exceptionMethod=<null>  

   _exceptionMethodString=<null>  

   _message=(0x00cd2110) "Alas, there is nothing to echo!"  

   _data=<null>  

   _innerException=<null>  

   _helpURL=<null>  

   _stackTrace=(0x00cd66f4) array with dims=[48]  

   _stackTraceString=<null>  

   _remoteStackTraceString=<null>  

   _remoteStackIndex=0x00000000  

   _dynamicMethods=<null>  

   _HResult=0x80131500  

   _source=<null>  

   _xptrs=0x00000000  

   _xcode=0xe0524f54  

  

 017:   }  

Using where (wh) to view a trace of the execution stack and print (p) to examine the state of the instance of 

Echo , you can see that the null  string field is causing the problem: 

 

    (cordbg) wh 

 Thread 0xce0 Current State:GCUnsafe spot  

 0)* echo!Echo::DoEcho +00c2 in C: \ sscli20 \ echo.cs:17  

 1)  main!MainApp::Main +00ba in C : \ sscli20 \ main.cs:9  

 ---  Managed transition ---  

Although the commands might be foreign, this debugger interaction should be familiar to any programmer. 

Based on the information discovered, you could correct Main  by adding a try  block around calls to the 

Echo  component, which would give the program a chance to recover from runtime exceptions. 
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Bootstrapping the Loading Process 

To bootstrap the loading process, the clix application launcher receives the name of a managed executable 

and runs that executable by loading the CLI execution engine, loading the executable file, and putting them 

to work. We will take clix apart in much more detail in Chapter 4, but the executive summary goes 

something like this: 

1. clix loads the execution engine into its process space by dynamically loading the sscoree.dll module.  

2. clix then finds the file named in its command-line argument and loads it into memory. 

3. Finally, clix feeds the loaded file to a function exposed by the sscoree module named 

_CorExeMain2 . When the function returns, the managed executable has exited, and itôs time to shut 

off the lights and go home. 

Once the file is passed to the execution engine, the CLI begins the business of loading and JIT-compiling 

assemblies as they are needed. 

Debugging the Rotor Execution Engine 

If you run clix itself under a debugger, rather than running the managed executable under a managed 

debugger, you can see the workings of the execution engine in great detail. The cdb.exe Windows debugger 

from the Debugging Tools for Windows package 

(http://www.microsoft.com/whdc/devtools/debugging/default.mspx) allows you to poke around the 

execution engine: 

 

    C: \ sscli20> cdb  ïlines clix  main.exe  

    

 Microsoft (R) Windows Debugger  Version 6.7.0005.0  

 Copyright (c) Microsoft Corporation. All rights reserved.  

  

 CommandLine: clix  

 Symbol search path is: C: \ sscli20 \ binaries.x86chk.rotor \ Symbols;C: \ sscli20 \ binar  

 ies.x86chk.rotor  

 Executable search path is:  

 ModLoad: 00400000 00405000   clix.exe  

 ModLoad: 7c900000 7c9b0000   ntdll.dll  

 ModLoad: 7c800000 7c8f5000   C: \ WINDOWS\ system32 \ kernel32.dll  

 ModLoad: 79e80000 79e9b000   C: \ sscli20 \ binaries.x86chk.rotor \ rotor_pal.dll  

 ModLoad: 10200000 10321000   C: \ WINDOWS\ WinSxS\ x86_Microsoft.VC80.DebugCRT_1fc8b  

 3b9a1e18e3b_8.0.50727.762_x - ww_5490cd9f \ MSVCR80D.dll  

 ModLoad: 77c10000 77c68000   C: \ WINDOWS\ system32 \ msvcrt.dll  

 ModLoad: 71ab0000 71ac7000   C: \ WINDOWS\ system32 \ WS2_32.dll  

 ModLoad: 71aa0000 71aa8000   C: \ WINDOWS\ system32 \ WS2HELP.dll  

 ModLoad: 77dd0000 77e6b000   C: \ WINDOWS\ system32 \ ADVAPI32.dll  

 ModLoad: 77e70000 77f01000   C: \ WINDOWS\ system32 \ RPCRT4.dll  

 ModLoad: 7e410000 7e4a0000   C: \ WINDOWS\ system32 \ USER32.dll  

 ModLoad: 77f10000 77f57000   C: \ WINDOWS\ sy stem32 \ GDI32.dll  

 ModLoad: 79ec0000 79edf000   C: \ sscli20 \ binaries.x86chk.rotor \ rotor_palrt.dll  

 ModLoad: 79e00000 79e08000   C: \ sscli20 \ binaries.x86chk.rotor \ sscoree.dll  

 (11c8.1404): Break instruction exception -  code 80000003 (first chance)  

 eax=002d1eb 4 ebx=7ffdf000 ecx=00000006 edx=00000040 esi=002d1f48 edi=002d1eb4  

 eip=7c901230 esp=001afb20 ebp=001afc94 iopl=0         nv up ei pl nz na po nc  

 cs=001b  ss=0023  ds=0023  es=0023  fs=003b  gs=0000             efl=00000202  

 *** ERROR: Symbol file could n ot be found.  Defaulted to export symbols for ntdl  

 l.dll -  

 ntdll!DbgBreakPoint:  

 7c901230 cc              int     3  

 0:000> bp main  

 0:000> l+t  

 Source options are 1:  

http://www.microsoft.com/whdc/devtools/debugging/default.mspx
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      1/t -  Step/trace by source line  

 0:000> l+s  

 0: 000> lsp 2 8  

 At the prompt, display 2 source lines before and 8  after   

 0:000> g  

 Breakpoint 0 hit  

 eax=003d3bd0 ebx=7ffde000 ecx=003d6fc8 edx=00000002 esi=7c9118f1 edi=00011970  

 eip=004018b3 esp=001aff6c ebp=001affb8 iopl=0         nv up ei pl nz na po nc 

 cs=001b  ss=0023  ds=0023  es=0023  fs=003b  gs=0000             efl=00000202  

     47: extern "C"  

     48: #endif  

 >   49: int __cdecl main(int argc, char **argv) {  

     50:     struct _mainargs mainargs;  

     51:  

     52: #ifdef _MSC_VER  

     53:     if (PAL_Initialize(0, NULL)) {  

     54:         return 1;  

     55:     }  

     56: #else  

 clix!main:  

 004018b3 55              push    ebp   

This looks promising. Rather than C# code, we have now paused execution in the obviously C-language 

main()  method. This code, of course, is the Rotor implementation for clix, which will launch and run 

main.exe. Using cdbôs go  command, you can cause this to happen: 

 

    0:000> g  

 First echo is: Echo THIS!  

 (11e4.1730): Unknown exception -  code e0524f54 (first chance)  

  

 Loading C: \ sscli20 \ binaries.x86chk.rotor \ mscorrc.satellite to load strings.  

 Unhandled Exception: ModLoad: 51800000 5182a000   C: \ sscli20 \ binaries.x86chk.rot  

 or \ ildbsymbols.dll  

 System.Exception: Alas, there is nothing to echo!  

    at Echo.DoEcho() in C: \ sscli20 \ echo.cs:line 15  

    at MainApp.Main() in C: \ sscli20 \ main.cs:line 9  

 eax=77c3f88a ebx=00000000 ecx=77c3e9f9 edx=77c61a70 esi=7c90e88e edi=e0524f54  

 eip=7c90eb94 esp=001ae0ec ebp=001ae1e8 iopl=0         nv up ei pl zr na pe nc  

 cs=001b  ss=0023  ds= 0023  es=0023  fs=003b  gs=0000             efl=00000246  

 ntdll!KiFastSystemCallRet:  

 7c90eb94 c3              ret  

 0:000>     

Hmm, the debugger didnôt catch the exception in this case but just bailed out. Why? 

The unfortunate truth is that managed code and unmanaged code cannot easily be debugged from within 

the same debugger. (We will see ways to examine JIT-compiled code and execution engine structures in 

Chapter 5, but using these facilities with native debugging facilities is not easy.) Of course, this lack of 

symbolic information for managed code doesnôt stop us from listing and running the unmanaged code for 

the execution engine under the debugger! 

 

    0:000> lsa Launch  

     93:     }  

     94: }  

     95:  

     96: DWORD Launch(WCHAR* pFileName, WCHAR*  pCmdLine)  

 >   97: {  

     98:     WCHAR exeFileName[MAX_PATH + 1];  

     99:     DWORD dwAttrs;  

    100:     DWORD dwError;  

    101:     DWORD nExitCode;  

    102:   
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The clix application contains a function named Launch , from which the CLI execution engine is 

dynamically loaded and called. To run the C# code for Main , clix maps the main.exe into memory and then 

hands the image to a function named _CorExeMain2 , which will load and run the code. By placing a 

breakpoint at this point, you can actually trace through this transition into managed code, but from the 

perspective of the CLI implementer rather than the perspective of the C# programmer: 

 

    0:000> ls 147   

    147:     nExitCode = _CorExeMain2(NULL, 0, pFileName, NULL, pCmdLine);  

    148:  

    149:     //  _CorExeMain2 never returns with success  

    150:     _ASSERTE(nExitCode != 0);  

    151:  

    152:     DisplayMessageFromSystem(::GetLastError());  

    153:  

    154:     return nExitCode;  

    155: }  

    156:     

 

 0:000> bp ̀ clix.cpp:147`  

    0:000> g  

At this point, put a breakpoint in RaiseException , which you know will be called when the Echo  

component uses the throw  statement from within DoEcho. Continuing, hit this breakpoint: 

 

    0:000> bp kernel32! RaiseException  

 0:000> g 

  

    First echo is: Echo THI S!  

 Breakpoint 2 hit  

 eax=00000000 ebx=003de5c8 ecx=003de450 edx=00000007 esi=00000000 edi=003de450  

 eip=7c812a09 esp=001ae668 ebp=001ae67c iopl=0         nv up ei pl nz na po nc  

 cs=001b  ss=0023  ds=0023  es=0023  fs=003b  gs=0000             efl=0000020 2 

 kernel32!RaiseException:  

 7c812a09 8bff            mov     edi,edi   

The first "Echo THIS!"  output is among cdbôs output; now you know that you are at the same exact 

spot that you were in cordbg: the Echo  component is raising an exception, because its field has a null 

value. Examining a slightly cleaned up version of the stack trace, letôs look for the nested calls to Main  and 

DoEcho: 

 

     0:000> k  

 ChildEBP RetAddr  

 WARNING: Stack unwind information not available. Following frames may be wrong.  

 001ae66 4 79e8ec82 kernel32!RaiseException  

 001ae67c 7934dae9 rotor_pal!PAL_RaiseException+0x2e 

[c: \ sscli20 \ pal \ win32 \ win32pal.c @ 5614]  

 001ae764 793abc99 mscorwks!RaiseTheExceptionInternalOnly+0x27d 

[c: \ sscli20 \ clr \ src \ vm\ excep.cpp @ 2648]  

 001ae8ac 0375c54a msc orwks!JIT_Throw+0x1a8 [c: \ sscli20 \ clr \ src \ vm\ jithelpers.cpp 

@ 4670]  

 001ae8f4 792e3ec5 0x375c54a  

 001ae8f8 793a0914 mscorwks!CallDescrWorkerInternal+0x33  

 001ae904 7932d3f6 mscorwks!GCSafeMemCpy+0xa4 [c: \ sscli20 \ clr \ src \ vm\ object.cpp @ 

1848]  

 792e3ec5 7404 f983 mscorwks!CallDescrWorker+0xa0 [c: \ sscli20 \ clr \ src \ vm\ class.cpp 

@ 11285]  

 792e3ec5 00000000 0x7404f983  

 0:000>   
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Looking at this stack trace in some detail, notice that at the point that the exception is being raised, you are  

deep in the CLI execution engine. Not all frames are available for cdb to display, but the initial frames not 

shown are actually the calls to the JIT compiled versions of DoEcho and Main . (In Chapter 5, we will 

examine debugging techniques that can be used to verify this). The JIT-compiled code for DoEcho calls 

the JIT_Throw  helper function to actually raise its managed exception.  

Donôt worry if this doesnôt make a lot of sense yet. It will, shortly. The Rotor implementation of the CLI 

runtime is composed of large quantities of C, C#, and C++ code, mixed together in complex ways. 

Wringing order from this apparently chaotic mass of code is the mission that this book sets out to complete. 

Observing Managed Execution 

Because so much of whatôs happening in the execution engine is low-level, self-modifying code, trying to 

keep track of whatôs going on can be awkward. Rather than constantly walk through code in a debugger, 

readers can take advantage of a number of tracing and diagnostic facilities that exist in Rotor. 

To demonstrate the use of tracing, we will use it to observe the JIT compiler in action. First, modify 

main.exe to contain a try block, as follows: 

 

 using System;     

 public class MainApp {  

      public static void Mai n() {  

        try {  

          Echo e = new Echo();  

          e.EchoString = "Echo THIS!";  

          System.Console.WriteLine("First echo is: {0}", e.DoEcho());  

          e.EchoString = null;  

          System.Console.WriteLine("Second echo is: {0}", e.DoEch o());  

        } catch {  

          System.Console.WriteLine("Caught and recovered from bad Echo.");  

        }  

      }  

    }  

When you run this program, you will see: 

 

    C: \ sscli20> csc /target:exe /reference:echo.dll /debug main2.cs  

 Microsoft (R) Shared S ource CLI C# Compiler version 2.0.0001  

 for Microsoft (R) Shared Source CLI version 2.0.0  

 Copyright (C) Microsoft Corporation. All rights reserved.  

 

    C: \ sscli20> clix main2.exe  

    First echo is: Echo THIS!  

    Caught and recovered from bad Echo.  

Scattered throughout the code that implements the CLI execution engine are thousands of calls to chunks of 

code such as the following that are conditionally compiled for logging and debugging: 

 

    #if defined(_DEBUG) || defined(LOGGING)  

      const char *szDeb ugMethodName = NULL;  

      const char *szDebugClassName =  NULL;  

      szDebugMethodName = compHnd - >getMethodName(info - >ftn, &szDebugClassName );  

    #endif  

    #ifdef _DEBUG  

     static ConfigMethodSet fJitBreak;  

     fJitBreak.ensureInit(L"JitBreak");  

     if (fJitBreak.contains(szDebugMethodName, szDebugClassName,  

                         PCCOR_SIGNATURE(info- >args.sig)))  

        _ASSERTE(!"JITBreak");  
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     // Check if need to print the trace  

     static ConfigDWORD fJitTrace;  

     if ( fJitTrace.val(L" JitTrace") )  

       printf( "Method %s Class %s \ n",szDebugMethodName, szDebugClassName );  

    #endif  

In fact, this code snippet was taken directly from sscli20/clr/src/fjit/fjitcompiler.cpp, which is where the 

implementation of Rotorôs JIT compiler can be found. Whenever a new method is compiled in a build in 

which _DEBUG and LOGGING are defined (such as checked and fastchecked), the JIT compiler executes 

this #ifdef  code. To see it in action, create an environment variable named COMPlus_JitTrace , and 

set its value to 1. You should then see the following when you run main2.exe: 

 

    C: \ sscli20> set COMPlus_JitTrace =1 

    C: \ sscli20> clix main2.exe  

    Method SetupDomain Class AppDomain  

 Method .cctor Class PermissionSet  

 Method .ctor Class PermissionSet  

 Method .ctor Class PermissionSet  

 Method .ctor Class Object  

 Method Reset Class PermissionSet  

 Method SetUnrestricted Class PermissionSet  

 Method .ctor Class AppDomainSetup  

 Method set_Di sallowBindingRedirects Class AppDomainSetup  

 Method get_Value Class AppDomainSetup  

 Method SetupFusionStore Class AppDomain  

 Method SetupDefaultApplicationBase Class AppDomainSetup  

 Method .cctor Class String  

 

   (Many more messages follow)  

 

    Method Mai n Class MainApp  

    Method .ctor Class Echo      

 Method set_EchoString Class Echo      

 Method DoEcho Class Echo  

    Method WriteLine Class Console  

 

    (Many more messages follow)  

 

    Method .ctor Class SyncTextWriter  

 Method get_FormatProvider Class T extWriter  

 Method WriteLine Class SyncTextWriter    

 First echo is: Echo THIS!      

 Caught and recovered from dysfunctional Echo .  

 

    (Many more messages follow)  

 

 Method op_Explicit Class IntPtr  

 Method WriteLine Class Console  

 Method WriteLine Class S yncTextWriter  

The very first method to be JIT-compiled when main2.exe is run is AppDomain::SetupDomain . Is this 

surprising? Not really. Remember that much of the Rotor CLI implementation is written in C#. To run any 

program, some of this C# code will be loaded and executed. As part of that execution sequence, it will be 

JIT-compiled from the CIL in its assembly, just like any other managed code. This is what happens in this 

trace. 

The entire trace is actually quite enlightening, but we wonôt print all 1300-plus lines here. Instead, we 

included only a few of the important parts in the previous listing, including the lines in which the 

MainApp  and Echo  types are compiled, as well as the point at which their output is emitted to the 
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console. Note how many methods are compiled between the time that DoEcho is run and the time the 

characters emerge on the console! 

There is actually a vast diagnostic logging subsystem in Rotor with a number of different facilities defined, 

each of which can be enabled for logging. The diagnostic variable named LogFacility  is a bitmasked 

field mapping to 32 different logging categories, defined in sscli20/clr/src/inc/loglf.h. These flags can be 

combined to trace very specific parts of the execution engine. The LogLevel  diagnostic variable is used 

in conjunction with LogFacility  to indicate the level of detail which the execution engine should 

provide. Both LogLevel  and LogFacility  have default behavior that results in maximum logging. 

One approach to setting these variables is to use environment variables, as you did with the JIT trace. First, 

turn off the JIT trace: 

 

    C: \ sscli20> set COMPlus_JitTrace=0  

Then, to turn on allocation tracing in the garbage collector, which by looking at the header file you know 

has a flag value of 0x100 , type the following: 

 

    C: \ sscli20> set COMPlus_LogEnable =1 

    C: \ sscli20> set COMPlus_LogToConsole =1 

    C: \ sscli20> set  COMPlus_LogFacility =0x100  

    C: \ sscli20> clix main2.exe  

 TID 12a4: Executing program with command line 'main2.exe '  

 TID 12a4: Allocated  4096 bytes for REF_TYPE 01c00018 System.Object[]  

 TID 12a4: Allocated     72 bytes for REF_TYPE 00ccf8a4 

System.OutOfMemoryException[C: \ sscli20 \ binaries.x86chk.rotor \ mscorlib.dll]  

 TID 12a4: Allocated    72 bytes for REF_TYPE 00ccf8ec 

System.StackOverflowException[C: \ sscli20 \ binaries.x86chk.rotor \ mscorlib.dll]  

 TID 12a4: All ocated    72 bytes for REF_TYPE 00ccf934 

System.ExecutionEngineException[C: \ sscli20 \ binaries.x86chk.rotor \ mscorlib.dll]  

 TID 12a4: Allocated    72 bytes for REF_TYPE 00ccf97c 

System.Threading.ThreadAbortException[C: \ sscli20 \ binaries.x86chk.rotor \ mscorlib.d ll]  

 TID 12a4: Allocated    72 bytes for REF_TYPE 00ccf9c4 

System.Threading.ThreadAbortException[C: \ sscli20 \ binaries.x86chk.rotor \ mscorlib.dll]  

 TID 12a4: Allocated    12 bytes for REF_TYPE 00ccfa0c 

System.Object[C: \ sscli20 \ binaries.x86chk.rotor \ mscorlib.d ll]  

    (and on and on...)  

An interesting thing to notice in this example is that allocation order is quite different from JIT compilation 

order. In fact, the first thing to be allocated is the Exception  object for out-of-memory errors! Many 

delightful factoids can be gleaned by examining execution traces. 

 Log settings can also be made by using a configuration file that is tied to the build of the CLI being used, 

such as sscli20/binaries.<arch><buildmode>.rotor/rotor/rotor.ini. For example, to watch every log 

message available, with output going to both the console and a file named my.log, the rotor.ini file in the 

rotor subdirectory of the appropriate binaries directory (binaries.x86chk.rotor for the fastchecked build on 

x86) would look like this: 

 

    [Ro tor]  

    LogEnable=1  

    LogLevel=10  

 

    LogToConsole=1  

    LogToFile=1  

    LogFile=C: \ sscli20 \ rotor.log  

Be warned that running with extremely high log levels generates copious amounts of output during 

execution. Running at LogLevel=10, main2.exe generates many megabytes of text. As a result, not only 

will a log file fill extremely quickly (or scroll by in the console window far too quickly to read), but 

execution will slow down due to the amount of console I/O taking place. There are more instructions and a 
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number of logging examples in the file docs/techinfo/logging.html that will help you navigate and use this 

facility efficiently. 

Looking Ahead 

Within the rest of the book, we will focus in detail on each of the elements we have already touched on: 

types, assemblies and metadata, JIT compilation, managed execution, automatic memory management, and 

the platform adaptation layer. In the next chapter, we begin by examining the notion of type within the CLI 

and the execution engine, and how the CLI guarantees typesafety within the managed environment.




