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1 Introduction

PERWAPIis a component for reading and writilgET PEfiles. The name is a com-
pound acronym foProgram Executable — Reader/Writer — Application Programming
Interface The code was written by one of us (Diane Corney) with some contributions
from some of the early users of the tool.

PERWAPIis a managed component, written entirely in Saf& The design of the
writer part of the component is loosely based on Diane Corney’s prefAgdd| com-
ponent. Itis open source software, and is released under a “FreeBSD-like” license. The
source may be downloaded fromttp://plas.fit.qut.edu.au/perwapi/ "

As of the date of this document the code has facilities for reading and wRtig
files compatible with the latest (beta-2) release of Ménidbey version of .NET, that
is, the Visual Studio 2005 framework. An invocation option allows earlier versions of
the framework to be target{§d

1.1 Using PERWAPI

The PERWAPIinterface provides a number of calls that construct objects correspond-
ing to meaningful entities in &NET program. As will be seen later, there are object
types corresponding to types, fields, methods and instructions, to name just some of
the members of the object menagerie.

When thePERWAPIcomponent is used tarite a PE-file, the process begins by
creating an object that will represent tRe-file itself. Objects are created correspond-
ing to the various classes and other types that the file will declare, and these are linked
to the PE-file object. Other objects will be created corresponding to the methods of
each of these types. These method objects will be linked to the class objects that de-
clare them. Instruction objects are defined and linked to the method objects, defining
the code of the method. Finally, when all of the objects have been created and logically
linked together a single method calbéFile::WritePEFile() ", writes out thePE-
file. This step is often called “baking” the file (after the ingredients have been added
one by one and mixed together).

1Current users oPEAPI will eventually have to make the transition RERWAP] asPEAPI does not
support theVhidbeyframework and is no longer maintained.
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Internally PERWAPItakes the abstract representation of the program embodied in
the structure of linked objects, encodes this into the tables dPEéle format, and
writes the tables to the output stream. The output stream does not necessarily need to
be a file in the file system, but may be a memory stream ready to be loaded, as in the
case of dynamic code generation.

When thePERWAPIkomponent is used teada PE-file, one of three static method
calls is used, depending on the application.

The method PeFile::ReadPEFile( filename )", reads the specified file and
produces an abstract representation of the assemblp BR®WAPI.PEFil@bject. This
representation is isomorphic to the data structure from whicREéle was originally
baked. This is the call that would be used in an application that wished to red&tkn a
file, do some processing, then write out a rekfile.

The method PeFile::ReadPublicClasses( flename )", reads the specified
file and produces an abstract representation of the assembl\PERWAPI.PEFile
object. This representation only includes those type and member objects that corre-
spond to public (or at leastisible) entities of the targePE-file. This is the method
that would be used to browse the interface ®Eafile. However, this is not the ideal
method for a compiler to use to link to an exter®al-file. When a compiler needs to
referencea class that is defined in anotHe-file, it needs to create @lassRefobject
to do this. The structure created BgadPublicClassesill instead contairClassDef
objects corresponding to the classes thatafeedin the PE-file that it reads.

The method PeFile::ReadExportedinterface( filename )", reads the spec-
ified file and produces an abstract representation of the assemblPERWAPI.-
ResolutionScopebject. This representation only includes those type and member ob-
jects that correspond to public (or at leagible) entities of the targePE-file. The
result of this call differs from the result of a call to the previous method in that the
objects that are created are reference objects corresponding to the definitions in the
PE-file that was read. This method is thus the one that is most useful to a compiler
wishing to construct references to the facilities of otREkfiles.

1.2 Data Structure Overview

The data structures defined BERWAPIcorrespond to the various entities of tiNET
Common Type SystemT9. Although there are about 100 public classes defined
by the component, understanding the overall structure of the representation requires
familiarity with a rather smaller number.

First, however, it should be noted that some of the classes of the component are
artifacts of the particular way in whidPE-files represent metadata. The representation
is based on up to 44 tables, very much in the style of a data-base. These tables reference
each other, and also hold indexes into a “blob-heap” for unstructured data and a “string-
heap” for string datalUsersof PERWAPInever have to deal with either the tables or
the heaps, they only deal with the object types that correspond to the entries in the
tables. The best policy for a user is to note that almost all the interesting object types
derive, directly or indirectly, from an abstract class calléetaDataElementwhich in
turn derives fronfTableRow Having made this mental note, you may relax, since you
only have to deal with the concrete objects that inherit from these types.

Of the 19 public classes that derive frdietaDataElementhe most important and
interesting are —

* ResolutionScopérhis derives all of the objects that specify the outer level scope
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How gpcpusesPERWAPI

The Gardens Point Component Pasgglop compiler uses both the reading and
writing facilities of PERWAPI

The gpcpcompiler has an option to writeE-files directly, rather than emitting
textual assembly language and invoking theassembler. Early versions gpcp
usedPEAPI for this purpose, but current versions UBERWAPI The compile
is written in Component Pascabnd recompiles itself vikERWAPIas a test o
correctness. The direct-fE-file option is rather faster than compiling via textual
intermediate language.

Whenevegpcpcompiles a program it emits a metadasgrhbol fil€ which spec-
ifies the public interface of the compiled module. When a module is compiled that
uses the facilities of some separate module, the compiler reads the metadata of
the imported module so as to ensure type correctness. It follows that in order for
Component Pascalrograms to access the facilities of alNET base library it i
necessary to produce a symbol file corresponding to the public interface of that li-
brary. One of theypcptools, “PeToCpy performs this conversion. The program
uses thaeader part of PERWAPIto readPE-files. The program builds @ompo-
nent Pascahbstract syntax representation corresponding to the exported types of
the library. The standard symbol file emitterggcpthen emits the symbol file.

Of coursePERWAP] being written inC#, is itself is a foreign language library
so far aggpcpis concerned. Thus, in a conventional bootstrap manebiedCp
needed to be run ov@®ERWAPI.dII to produce a corresponding symbol file so that
gpcpcould compilePeToCps

within which names are qualified. These objects correspond to all the things that
appear within the square brackets at the start of fully qualiliedames such
as[mscorlib]System.ExceptionThe derived types includAssemblyModulg
AssemblyRe#fnd so on.

* Type This derives all of the objects that specify types in @ES The derived
types include reference classeslgss " in C#), value classes §truct " in
C#), arrays, primitive types, generic formal types, and so on. Separate object
types are used to represent classes thatlafieedin the assembly being con-
structed, and classes that are defined in external assembliesfarahcedoy
the assembly under construction.

Member This derives all of the object types that define and make reference to
the fields and methods &fTSclasses.

* Feature This derives all of the object types that represent properties and events.

The details of these type hierarchies will be considered in S¢gtion 2.

1.3 Performance

Compilers usingPERWAPIto write their output are fast. As a rough rule of thumb,
gpcpcan write out &PE-file usingPERWAPIIn the same time as it writes out a textual-

IL file. Compared to the conventional approach, this implies a time saving equal to the
entire time spent in creating a new processifism |, reading thdlL text and creating

the output file.
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Writing textual IL files 2.9
Writing IL, then invokingilasm 7.0
Writing PE files usingPERWAPI 3.0

Figure 1: Time in seconds to rdPMake /all ongpcpsource

Figure[] lists the time taken to compile the roughly 50k line€omponent Pas-
cal in the 46 files of thegpcpsource. The time in seconds is for a single processor
2004-vintage AMD Athlon 1800 machine with 256k of memory. The final row thus
corresponds to a compilation speed about one million lines per minute.

Figuref2 lists the compilation times for the three of the largest modulgpay In
each case the compilation time of each module compiled on it own is about 800mSec.
Most of this time is the JIT penalty. The times quoted in the Figure are the result of
a multi module compilation, with the measured module being third on the argument
list. In this way the module named in the first argument suffers the penalty, and the
measured module finds the code already JIT-ed.

Output Mod-1 | Mod-2 | Mod-3
Writing textuallL files 125 109 109
Writing IL, then invokingilasm 313 328 235
Writing PE-files usingPERWAPI 157 125 109

Figure 2: Time to compile each of three large modules, milli-seconds

1.4 Limitations

As of the current releas®ERWAPIdoes not emit program debuBDB) files. It is
expected that these facilities will be added in the next release, based on calls to the
Microsoft unmanaged code API.

Another caution that bears prominence is that the interfaPERWAPIis intended
to conform to the Common Language Specificati@h§. This is done so that tools
written in any language that is @LS consumer can access tA®l. However there
is a small paradox involved, since it is necessary to deal with (for example) methods
that return unsigned values that are not part of@Gh& This means that there is some
awkwardness in places. Consider, for example, the tJasgConst which constructs
and reads unsigned whole-number constants. As expected, there is a method to extract
the valuethat the constant represents. Here is the signature of the method: it returns
theunsignedvalue that the constant descriptor represents, busagmadiong —

public long GetULongAsLong()
The signature i€LScompliant, but requires the user to attach special semantics to any
return value that appears to be a negaliN€64.
2 Data Structure Details

The containment hierarchy of entities in an assembly is roughly thus —



2 DATA STRUCTURE DETAILS 5

* EachPE-file contains exactly onklodule

* PE-files that declare aAssemblyontain an assembly manifest
* Modules define zero or mor€lassDe6

* ClassDes containFieldDefs andMethodDe6

* MethodDes contain &ClLInstructionsbuffer

* ClLInstructionsreferenceMethodDet andMethodRe$

* ClLInstructionsreferencerieldDefs andFieldRefs

* MethodRe$ andFieldRefs are contained i€lassRe$

* ClassRe$ belong tcAssemblyRefandModuleRe$

It is the task oPERWAPIto allow for the definition of each of these kinds of entity,
and their association with their enclosing container.

2.1 Resolution Scope

Resolution scopes are used to define the context within which class names are bound. It
is useful to remember that within thET framework class names are “dotted names”.
Many languages treat the final identifier of the dotted namesithple class identifier

and the prefix, th@eame-spac@ame, as separate entities. However, within the frame-
work the name is the whole, qualified name. This complete name is resolved within a
particular resolution scope corresponding to an assembly or a module of the program.

ResolutionScopis an abstract class ®ERWAP] which derives two other abstract
classesDefiningScopand ReferenceScopelhe DefiningScopéype derives thé\s-
semblyandModuleclasses, with the very important claBEFile being derived from
Module A PEFile object is the root of every representation d?&file.

TheReferenceScopgpe derives thé&ssemblyRedindModuleRefclasses. Objects
of these classes are used to represent imported assemblies and modules that need to be
referenced by the module under construction.

The complete class hierarchy for these classes is shown in [figure 3. In all of these
class hierarchy diagrams black rectangles denote abstract classes. Extensible classes
are shown unshaded, while sealed classes are shown lightly shaded.

All resolution scopes contain a string name, and a list of classes belonging to that
scope. There are public methods for adding and deleting classes from the scope, and for
accessing the name. Thssemblylass is used fodefiningassemblies, and contains
a significant amount of additional information. The four-part version number, public
key, culture and hash algorithm may be specified at object creation time, or added later
with the methodAddAssemblylnfoDeclarative security information is also stored in
Assemblybijects.

PEFile objects

When aPEFile object is created, one of two constructors may be called. The first of
these specifies only the filename, and construd®ERile object with no associated
Assemblyobject. The second constructor takes two string arguments. The first is the
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Assembly

AssemblyRef

Defining—

ModuleRef

Figure 3: Class hierarchy for thesolution scopelescriptors

filename; the second is the assembly name. This constructor crelisSila object
with an optionalAssemblybject. This object is accessed by thetAssemblynethod.

public PEFile( string fileName)

public PEFile( string fileName, string assemblyName)

Many compilers by default use the same string for both filename prefix and assembly
name. Note that specifying a “filename” does not constrairPtadile to be emitted to
the file system, as both the output stream and the destination directory may be changed
with methods of the class. For both constructors the default value of¢b& " flag
is set depending on whether or not the filename argument ends in “.dll". If the flag is
false an “exe” file will be created.

There are a large number of methods to access the data of the object, to add and
delete classes and to change tleLL" flag. There are also the three static methods
used forreading PEfiles, mentioned in Sectign 1.1.

public static PEFile ReadPEFile(  string fileName)

public static PEFile ReadPublicClasses( string fileName)
public static ResolutionScope ReadExportedinterface( string fileName)

An important attribute of #E-file is set by theSetSubSystemethod ofPEFile.
The enumeration value in the argument to the call specifies wheth&gtfike (pre-
sumed to be an “exe” file) will be a console or GUI application on various platforms.
The default value is for a Windows, console application.

Assembly and Module refs

AssemblyRefind ModuleRefobjects derive fronReferenceScopeObijects of these
types are automatically created when the sRéadExportedinterfacaethod is called.
Alternatively, if there is an accessibkssemblyor Module object, a corresponding
reference object may be created by a call to the appropvlateeExternAssemblyr
MakeExternModulenethod.
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2.2 Type Descriptors

All CTStypes inPERWAPIare represented in the tree by objects that derive from
the abstract clasSype The rich hierarchy of derived classes is shown in Figure 4.
There are two concrete classes that directly derive ffgpe These ar&enericParam

ClassSpec

\

Nested-
ClassRef  |<— ClassDef

Nested—
ClassRef |< ClassRef

TypeSpec

ManagedPtr
Method-
PtrType
Unmanaged—
Ptr
GenericPar—
TypeSpec
ZeroBased—
Array
PrimitiveType
BoundArray

Figure 4: Class hierarchy for tRERWAPI Typelescriptors

andCustomModifiedTypé&enericParanmobjects represent the type-formal parameters
in generic types and methods. The ways in whRlEBRWAPIlaccesses the generic
facilities of theWhidbeyrelease are discussed in Secfiorj 2.6

Most of the objects derived frofiypeappear in the type hierarchy under the two
abstract subclasseGlassand TypeSpec

The Class subtree

Classis another abstract type, denoting any kind of class in the type system. In particu-
lar this base class has a field holding an array of generic parameter types. Conventional
classes will leave this array empty, while generic classes will have one or more array el-
ements. Abstract clagdlasshas three directly derived extensions. The first extension,
ClassDescis a abstract “convenience” class that acts as the base class @latgsbef
andClassRefclasses that define and reference classes, respectvialysDes@dds

no data, but holds the accessor methods for setting and getting the generic parameters
of the classes.

ClassSpewobjects denote instantiations of generic classes. They contain two rel-
evant pieces of information. ThgenClasdfield holds a reference to the (necessarily
generic) class that the object denotes an instantiation of. Thus, an object denoting, say,
Stackint> would hold a reference to a claSsackT> whereT is a type formal.

The fields thatClassSpednherits fromClasscontain information about the instance
itself. In particular, the generic parameter array holds an arragtofal types that are
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substituted for the generic parameter types listed in the referent geth€lasdield.
The class defines public methods to fetch the generic class, and to fetch the generic
(actual) arguments.

ClassDef and ClassRef

ClassDef are always associated with the curr@iiFile object or, in the case of a
NestedClassDefvith anotherClassDefwithin which that class is neste€lassRe$
are associated with akssemblyRebr with aModuleRefIn the case of &lestedClass-
Refthe object parent is anoth€tassRef

Class refs and defs each contain lists of methods and fields, but the information
known for aClassDefis necessarily greater. FoiGlassDefthere is a reference to the
super-class, a list of interfaces that the class implements, a list of security demands,
field layout declarations, andraethodIimplist. None of this information is needed, or
included in aClassRef For example, it is necessary folGlassDefto declare if the
field layout of the class is to be different from the default arrangement. However for
theuserof a class, the fields are always referred to by name, so the layout strategy is
neither needed nor available.

Both types of descriptors contain a list of generic parameters, usually empty, that
is inherited from theClassdescriptor parent.

The TypeSpec subtree

The TypeSpedescriptors denote all of the types that are not simple classes. The type
has three concrete subtypes, and two abstract subtypes.

Array is an abstract class, with two concrete subtypes. Zero-based arrays are the
array types that are built-in to the framework, while bound arrays are managed by the
System.Arrayacilities of mscorlih When array descriptor objects are created, the type
descriptor object for the element type is specified.

PtrTypeis an abstract class, with two concrete subtyp¢anagedPointersire the
pointers that occur transiently on the evaluation stack of BH€T abstract machine.

They are pointers to locations that may be data under the control of the garbage collec-
tor. Managed pointers are reported to 3hE so that if a memory datum is moved while

such a value is live the pointer value can be adjusted to point to the moved location.
Managed pointer objects are the type descriptors that are associated with parameter
values that are passed by reference.

UnmanagedPointersepresent address values that are not reported to the garbage
collector. Class fields may be declared to be of such a type, but the resulting code will
always be unverifiable when that is done. Such types are most usually needed when
managed code processes addresses of data allocated in unmanaged (native) code.

The three concrete classes that directly derive fiiypeSpea@re Primitive Type
MethPtrTypeandGenericParTypeSpe@rimitive types correspond to the types such as
int, double, stringandobjectthat are built-in to the Common Language Infrastructure
(CLI). These types have built-in type descriptors that are creatdREHRWAP] with
each built-in type corresponding to a named static constant value of the type.

MethPtrTypeis a type that corresponds to “function pointers”’ANSI C Such
values are used in programs that access native code. Objects of these types are most
usually needed when code performs “platform-invoke” calls to native code on the exe-
cution platform. In general the use of such types makes the resulting code unverifiable.
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2.3 Members and Features

Class objects havdemberandFeatureobjects associated with them. The class hierar-
chy for the various descriptor classes is shown in Figlire 5. Members include methods

M ethodSpec
MethodDef
Method |
/ \ MethodRef
Member
FieldDef
FiddRef

Property

\

Event

Figure 5: Class hierarchy for tidembersaandFeaturesof classes

and fields.MethodDefobjects are associated with class definitions, and in the case of
managedIL methods, will have instruction buffers added to them after their creation.
MethodRefobjects are associated with class references and have various associated
attributes, but no codéieldDef andFieldRefobjects are associated with class defini-
tions and class references respectively.

There are two kinds dfeature both of which are associated with class definitions
only. ClassDef may have event or property objects added to them. These features
associate particular specified methods with the semantics of the feature. In the case of
Eventfeatures, the conventional methods are dldel * andremove* methods. For
Propertyfeatures, the methods include the optional “getter” and “setter” methods.

Method structure

Methods have a variety of attributes associated with them. Rie-file readerappli-
cation PERWAPIwill produce the method descriptors fully attributed. However, in
a PE-file writer application, the application code will invoke one of the constructors.
The attributes may be attached at the time of object creation, or may be attached to the
method descriptorafter the descriptor has been created.

The relevant attributes are —

* CallConvattributes, such asistanceandVararg

* ImplAttr attributes, such as andSynchronis@

2As a kindness to speakers of American English, the enumeration meSyechronizethas the same
value.
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* MethAttr attributes, including the accessibility attributes suchPaisate and
Public, and other semantic markers suctsaatic, VirtualandFinal

All Method objects have associated call conventions. However the implementation
attributes and method attributes only applyMethodDe&.

When aMethodobject is created and added taCéass a minimum of three ar-
guments need to be supplied to the constructor call. These are the method name, the
return type descriptor, and formal argument information. In the caBtetdiodRes$ the
formal argument information is simply an array Bfpedescriptors. FoMethodDes,
by contrast, an array of objects Baramclass is passed. Each element of the formal
parameter descriptor array specifies the argument type, as is the cédetifimdRef
creation. However, in thBlethodDefcase thenameof the formal argument, and some
parameter attribute information needs to be included as well.

In the Whidbeyversion of theCLR methods may be generic, and all method de-
scriptors have an array of generic parameters. For non-generic methods this array will
be empty. Instantiations of generic methods are representétetyodSpeobjects.

As seen in Figurg]8lethodSpederives fromMethod Each such object contains an
array of the type arguments of the instantiation, as discussed further in Section 2.6.

2.4 MethodDefs and Code Buffers

If a MethodDefhas thedL attribute in its implementation attributes, and does not have
the Abstractattribute in its method attributes, then it requires a code buffer into which
instructions may be placed. The code buffer is of the t@belnstructions Instruc-

tions, labels and other markers are added to this buffer in sequence. The type that
represents instructions internally in the buffer is not exposed té ke

The instruction enumerations

Instructions are separated into a small number of categories, according to the argu-
ment types that the insertion method requires. Each instruction category defines an
enumeration for the permitted instruction codes.

Instructions without argument take their operands from the abstract machine eval-
uation stack. The instructions are defined by@menumeration. This includes by far
the largest number of instruction op-codes.

Instructions that take a label as argument take an operation code fr@rathehOp
enumeration, and include all of the branch operations. The label argument is supplied
as an object of the clasdlLLabel Example instructions arebéq”, “brfalse " and
“leave ”

Instructions that load and store fields and field addresses take an operation code
from theFieldOpenumeration. They take a second argument that is an objéatlaf
class. Referring to Figufg 5, it may be seen that this object may be eifieid®ef or
aFieldRef

Instructions that take an integer argument take an operation code fromt@e
enumeration. These instructions include constant loading, and the loading and storing
of formal arguments and locals. Example instructions d&ei4 ", “Idarg " and
“stloc "

Instructions that take lllethodobject as operand take their operation code from the
MethodOpenumeration. The operand may be either a method reference or definition.
These instructions include thedll ", “Idftn " and “newobj " instructions.
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Instructions that take @ypeobject as argument take an opcode from ThpeOp
enumeration. Examples of such instructions includsstclass  ”, and “newarr ”.

Finally, there are three special cases that do not fit into any of the previous cate-
gories. These are the instructions that load constaniengf, float anddouble type.
The instructions areldc.i8 ", “Idc.r4 " and “Idc.r8 ". Each takes an argument of
the specified type.

Labels and branches

Labels in the code buffer are represented by objects dfthkabelclass. The creation

of these labels, and the placing of the labels in the buffer are separate operations. In
the case of a forward branch the label object must be constructed first, and then passed
as the argument of BranchOpinstruction. At some later stage the label will be added

to the buffer to mark the target position.

For backward jumps the order is reversed. The newly constructed label object will
be placed in the buffer immediately following construction. The branch instructions
that reference the label will be added to the buffer at some later point.

In the CLR all branch instructions appear in two versions. One, with a short
displacement, may be used for branch offsets that fit in a single byte. The long-
displacement version takes up more space in the file. When te@tuak emitted,
it is not easily possible to determine whether the short or long version is required.
PERWAPIsolves this problem by defining only the long-displacement versions in the
enumeration. In the implementation it is always the short-displacement version that is
initially added to the buffer. During semantic processifieRWAPIcomputes the ac-
tual displacements. If a displacement is too large to fit in a single byte the short branch
instruction is replaced by the corresponding long version, and all displacements are
recomputed.

Note that the labels in the code buffers are an abstraction that is meaningful to
the program creating thE-file, but have no concrete existence in tP-file itself.
During the creation of the metadata tables, the label positions are transformed into
displacements from the locations of all the branch instructions that reference them.

Structured exception blocks

There are two mechanisms withRERWAPIto define structured exception handling
blocks. The start and end of the blocks may be marked in the instruction buffers. This
is probably the simpler mechanism to use, and corresponds to the preferred method of
marking such blocks in textu&iL. The alternative mechanism is to mark the begin-
ning and ending of each block with ordinary labels, and declare the boundaries to each
region by passing the boundary labels as arguments to the block constructors.
Becausdry andcatch blocks may be neste@ERWAPIkeeps a stack of blocks
that have been opened but not yet closed. When the end of a block is marked, the limits
of the block’s extent are finally known, and the block is popped from the stack. If the
completed block is declared to bérga block a reference to the popped block is returned
to the caller, so that later exception handling blocks may be logically associated with
the code region contained within the block.

2.5 Constants of Various Kinds

There are 14 different classes that represent constaRt&-files. These are —
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* BoolConst : BlobConstant true or false values

* CharConst : BlobConstant- a unicode character value

* NullRefConst : BlobConstart- the “null” value

* ClassTypeConst : BlobConstant a runtime type descriptor
* BoxedSimpleConst : BlobConstanta boxedSimpleConst
* AddressConstant : DataConstant an address constant

* ByteArrConst : DataConstanrt- an array of constant bytes
* RepeatedConst : DataConstant a repeatedataConstant
* StringConst : DataConstant a string value

* IntConst : SimpleConst- a signed integer value

* UlntConst : SimpleConst an unsigned integer value

* FloatConst : SimpleConst- a float value

* DoubleConst : SimpleConst a double value

All of these have the expected constructors and value-access meBual€onst
objects can be created with only two different values, whildNaHRefConsho value
is specified in the constructor since there is only one way of beini “’.

RepeatedConss interesting, since it provides a compact way of specifying multi-
ple occurrences of the same constant. Watch out however for usag§egiConst It
is possible to construct an object of this type by specifying eith@t astring, or an
array of bytes. If it is unknown which form a particular constant contains, then user

code may need to check so as to know whether to@aiStringor GetStringBytes

2.6 Representation of Generics

All type descriptors ilPERWAPIthat are derived fronClassare able to be declared
as generic. The super-tygaassdeclares arArrayList of generic parameters. This
means that both nested and non-neslabsDefandClassReftypes may be generic.
In the CTS*“classes” are a broader category than “classCith Reference classes,
value classes and delegates are all “classes” itCtHeand all may be declared to be
generic.

Similarly, all method descriptors are able to be declared as generic. The super-type
Methoddeclares arrrayList of generic parameters. BoMethodDefandMethodRef
objects may be generic.

The most obvious application of generics involves the use of generic classes. How-
ever, the use of generic delegates also provides a useful mechanism. For example, a
number of methods in namespaggstem.Collections.Genetake arguments that are
delegate values of type —

delegate boolPredicate<T>(T elem);

from the SystermamespacePredicatecT> is thus a generic delegate type. For a par-
ticular instantiation of the generic delegaledicatecFoo> say, a delegate object in-
stance may be created encapsulating any method talagand returning a Boolean.
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Generics at the IL-level

There are a few aspects of generic representatitintimat need to be understood. First,
internally all generic classes have their simple names “mangled” so that the names are
unique, even in the presence of overloading on arity. A class, known @#peogram-

mer as fComparable<T> " will have thelL-name ‘IComparable’l<T> ". The num-

ber at the end of the identifier, after the “back-tick” character encodes the generic arity.
Thus theinternal names of generic classes are not overloaded, &uahiparable ”

and 1Comparable’l " are immediately distinguished.

It is a matter of choice for each compiler writer whether the mangled names or the
simple names are used in the internal representation of that compiler. If the simple
names are used, then resolution of overloading on arity must be implemented, and the
names will need to be mangled when tARERWAPIobjects are constructed. If the
mangled names are used internally, then the names need to be “de-mangled” when
generating human-readable messages.

The other significant aspect @if representation is that references to type formals
use a positional notation. Thus references tattie generic formal type of the enclos-
ing class will use the notationN whereN is the index of the formal.

Code may occur inside a generic method that is nested inside a generic class. Thus
it is necessary to distinguish between thth class formal type and theth method
formal type. For method formal types, theth generic formal type of the enclosing
method uses the notatiotl “N” whereN is the index of the formal.

When generic nested classes are defined, the generic parameters of the enclosing
class are accessible. In this case the parameter indices of the nested class sequentially
follow those of the enclosing class. Here is an example —

classFoo<A,B> {
classBar<C,D> {
/I code from here will translate to IL with ...
II'A, B, C, D denotedD,!1,!2,!3 respectively
}
}

The GenericParam class

The generic parameters of methods and classes are represei@eddrycParanob-

jects. Generic parameters derive fr@ype as seen in Figuid 4. Each generic parame-
ter contains an index (a positional marker in the list), a set of constraint flags, and a list
of constraining types. For the generation of code, as noted above, the positional index
is the critical attribute. There is a subtle trap involved in carelessly trying to bind these
indices back to the parameter names, see the sidebox of gage 14.

The list of constraining types specifies the contracts that every instantiation of
the class or method must fulfill. This provides an important technique when writing
generic code. The only operations that may be applied to variables of the parametric
types are those that must be availabledeerypossible instantiation. Thus, constrain-
ing a generic parameter makes all of the operations of the constraining type applicable
to variables of the parametric type. Very often the constraining types are interface types
that every instantiation must implement.

Concrete constraints on the constraint-list will alwaysctesses However it is
also possible that a constraint might be another of the formal parameters. Thus the
methods for setting and getting elements from the constraint list deallyiterather
thanClass sinceTypeis the closest ancestor 6fassDef, ClassRefndGenericParam
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There are also non-class constraints on generic parameters that are specified in the
constraint flag value. This value is may specify one or momdafVariant, Covariant,
Contravariant, ReferenceType, ValueType, RequireDefaultGdary one of the first
three may be specified, and@# all generic parameters are non-variant. The final flag
specifies that every instantiation of the type must have a public no-arg constructor. All
value classes automatically have such a constructor, so WaheTypdlag is set, so
will be the RequireDefaultCtoflag.

Watch out for this trap!
WhenPERWAPIreads &PE-file most references to generic parameter types|will
be already resolved to the parameter definition. In such cases both the name and
the index of the parameter will be available. In other cases the reference will only
know the parameter index.
References to generic parameters always occur in some known context.| Thus,
when an application meets a reference in thie™form it can always use the con
text to bind the reference to some nant@ehericParanobject. However, if this is
done carelessly then there is a subtle trap.
ClassSpeobjects denote instantiations of generic types, and may contain used
occurrences of generic parameters as the instantiating type. Further, in some
PE-files references to sucllassSpembjects may be shared between occur-
rences in different contexts. For example, a reference to an instanti@tdiec-
tion<!0> may occur in the “implements” list of two class#ist<T> andDictio-
nary$KeyCollectiorK,V> . In one context f0 " binds to “T”, in the other to K".
It follows that for those (rare) applications in which the index-form of the generic
parameter needs to be bound to a named generic parameter object, it cannot be pre-
sumed that every reference to tBssSpeobject will occur in the same context.

3 The Call Interface

This Section discusses the call interfacePEERWAPI Many of the key methods of

the API are discussed here, but coverage is not complete. In order to use the inter-
face additional documentation is needed. This additional information may be found in
the source of the component, or in the hypertext documentation derived from it. The
relevant html files are part of the distribution package.

3.1 Reading PE-files

Used as a file-reader, the component begins by invoking one or other of the static
methods whose signatures were shown on page 6. One or other of these methods is
invoked, the choice depending on whether all metadata is heeded or just information
about the public metadata.

Having obtained a representation of the file, the methods oARlemay be used
to navigate the tree rooted in tiREFile object. For example, evelE-file has a list
of classes that it defines. A corresponding arraglaissDefobjects may be obtained
by a call to the instance method —

public ClassDef[] GetClasses()
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or theClassDefobject with a particular name is returned by the instance method —
public ClassDef GetClass(  stringclsNam)

In actual fact both of these methods are inherited fromMbeduleclass.
Similarly, given aClassDefobject all of the methods that it defines may be accessed
using methods such as —

public MethodDef[] GetMethods()
or to access all of the methods with a particular simple name —
public MethodDef[] GetMethods( stringmthNam)

If it is known that there is only a single method with a particular name, that is, there is
no overloading of method names, then the simple method selector —

public MethodDef GetMethod( stringmthNam)

may be used. There is yet another variant that takes both the name of the method and
the array of parameter types. All of these are instance methods that are dispatched on
the PEFile object.

Other methods of th€lassDeftype return the fields of the class, the events, the
super-type, the implemented interfaces, and so on. Similar methods MtthedDef
type return the attributes of the method, including the instruction lists.

3.2 Round-trip Example

WhenPERWAPIreads aPE-file, it represents the data of the file as a tree of objects
rooted in aPEFile object. WherPERWAPIis used as a file writer a tree is constructed
by the application program using exactly the same object types used by the reader.

It is thus possible to read RE-file using theReadPEFilemethod, perform some
kind of transformation on the resulting data structure, then write the tree out using the
WritePEFilemethod. This sequence is called “round-tripping Biefile”.

Optimizing branches

When a file is round-tripped throuddERWAP] the meaning of the program should be
the same, but the bytes of the file may not be identical. For starters, with the current
version of the component all debug data will be missing from the output file. More
positively, the output file will always have optimized branch instructi®i=files that

are assembled usinigsm , by constrast, will always contain the branch instructions
specified in the input text. Since it is difficult for a writer of textualto compute

the offset distancedL files generally use the long form for all branch instructions.
PERWAP] on the other hand, treats branch instructionlegeal branchescomputes

the offset in the code buffer, and emits the shortest legal branch instruction into the
output fil}

3You may wonder how the reader sideRERWAPIdeals with branch instructions, since fE-file does
not contain labels. During creation of the code buffers all branch destinations are flagge@duhalaelis
inserted at each such position in the buffer.
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Optimizing load-integer instructions

Most production-quality compilers will optimize the “load-constant-integer” family of
instructions to use the smallest instruction that will denote any particular value. Values
from —1 to 8 may be encoded in a single byte, values betweEI8 and 127 use a two
byte form, while all others use up five bytes in E-file. PERWAPIallow all of these
forms to be used, but also has a methBdshint that selects the shortest instruction
for a particular value (See discussion on ppge 24). Figlre 6 is a simple round-trip
program that reads BE-file and then writes it out with all instructions of th&l¢ ”

family optimized.

using System;
using PERWAPI;
public static void Process(string fileNm) { 1
PEFile peFl = PEFile.ReadPEFile(fileNm); 2
ClassDef[] clss = peFl.GetClasses(); 3
for (int ix = 0; ix < clss.Length; ix++) { 4
MethodDef[] mths = clss|ix].GetMethods(); 5
for (int jx = 0; jx < mths.Length; jx++) { 6
ClLInstructions code = mths[jx].GetCodeBuffer(); 7
ClLInstruction[] list = code.Getlnstructions(); 8
for (int kx = 0; kx < list.Length; kx++) { 9
ClLInstruction inst = list[kx]; 10
if (inst is Intinstr) { 11
Intinstr inx = (Intinstr)inst; 12
int iOp = (int)inx.GetOp(); 13
int val = inx.Getlnt(); 14
if (I0Op == (int)IntOp.ldc_i4 || 15
iOp == (int)IntOp.ldc_i4_s) { 16
code.Replacelnstruction(kx); // start insert at kx 17
code.Pushint(val); /linsert bestdc* instr 18
code.Endinsert(); // rebuild instr list 19
} 20
} 21
} 22
23
peFl.SetFileName("Mangle." + fileNm); 24
peFl.WritePEFile(false); 25
}
}

Figure 6: Optimizing thédc* instructions

The Procesamethod begins by reading tiRE-file the name of which came in as
the method argument (line 1). The code at line 2 fetches all of the class descriptors in
the PE-file, and processes them one by one infidreloop at line 4. The code at line 5
fetches all of the methods of the current class, and processes these one by one with the
for loop beginning at line 6.

For eachMethodDefthe instruction buffer is fetched (line 7), and the associated
array extracted (line 8). Each instruction in the buffer is tested to see if ilntrestr
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instruction, and if so it is tested further to see if it is either a short or long version
of the “ldc.i4 " familyﬂ All the integer constant load instructions that have been
detected are rewritten by the code at lines 17 — 19. Rbplacelnstructionmethod
deletes the instruction at the given buffer index, replacing it by all of the instructions
that are “inserted” between this call and the subsequent c&lhdfnsert In this case

a single instruction is inserted by tReishintmethod on line 18. The method is passed
the constant value that ti@@etintcall at line 14 extracts from the replaced instruction.
As described earlier, thBushintcall inserts the shortest legal instruction to load an
integer of the given value.

Finally, the modified data structure is “baked” and written out to a different file-
name. In this simple example the output name is formed by adding the pyefixgle. ”
to the original file name.

It should be emphasised that this code is fully functional, but has been stripped of all
of the necessary error checking code to handle such things as file-not-found exceptions.
There are also a number of other instruction groups for which short versions exist. It
would make sense to optimize all of these groups at once in the inner loop of a method
like Process

3.3  Writing PE-files

PERWAPIdefines a public interface that allows objects of the various classes to be
created and associated with each other. For the most part the object creation methods
return references to the newly created objects. This facilitates a style of use where the
client of theAPI takes responsibility for retaining some state information. An example
may make the pattern clearer.

When aMethodDefhas an instruction buffer added, it is sensible for the client to re-
tain a reference to the buffer. There is a methodréatethe buffer (ofCILInstructions
class) and attach it to the specifistethodDef However, it would be tedious and
inefficient to repeatedly calbetCodeBuffeon theMethodDefto regenerate a refer-
ence to the buffer. In practice clients hold a reference to the buffer, and dispatch their
instruction-insertion methods on this reference.

Creating a Root Object

The root object of the tree thRERWAPIbuilds is ofPEFile class. As noted on pafé 6
there are separate constructor methods that create these objects with or without an
associated assembly manifest axbsemblybject —

public PEFile( string fileName)

public PEFile( string fileName, string assemblyName)

The operations that add children to the root object are dispatched directly BEHie
object. In the event that the file defines Assemblyobject, this may be retrieved by
the call —

public Assembly GetThisAssembly()

“Note that for all instructions any embedded “dots” in the names are replaced by lowline characters in
the correspondin@# identifier.
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Declaring Resolution Scopes

The creation of #EFile object implicitly creates Moduleresolution scope, and per-
haps amrAssemblyesolution scope as well. These definingscopes. Other resolution
scopes need to be created in order to be able to refer to external modules or assemblies.
These will bereferencescopes.

External assemblies are attached to the root object by calls to the following instance
method —

public AssemblyRef MakeExternAssembly( string asmName)

The argument specifies the name of the external assePIBRWAPlalways creates an
assembly reference for the system assemiiycbdrlib  ”. The MakeExternAssembly
method checks for this particular string, so that explicit calls to get tieedriib ”
assembly do not create duplicate descriptors.

External modules are attached to the root object by calls to the following instance
method —

public ModuleRef MakeExternModule(  string modName)

The argument specifies the name of the external module.

If a module defines an assembly, and adds one or more external modules, then
there is the possibility of “exporting” any public classes that are defined in the external
modules. TheAddExternClassnethod called on &oduleRefobject adds a class, and
adds the nevClassRetto the export table of the current assembly.

Creating ClassDefand ClassRefObjects
Creating class definitions

New class descriptors are created by AtelClassmethods. Calls that are dispatched
on the root object, or on other class definition objects crétdesDefobjects.
The most frequently used methods to cre@tassDef are called on the root ob-
ject. These create class definition descriptors that are attached to the current resolution
scope. There are four such methods —

public ClassDef AddClass(TypeAttr at, string ns, string nm)

The arguments to this method specify the type attributes, the namespace name and the
class name. Classes defined by this method will implicitly derive feystem.Object
The second of the methods has the signature —

public ClassDef AddValueClass(TypeAttr at, string ns, string nm)

The arguments to this method specify the type attributes, the namespace name and
the class name. In this case the constructed method will implicitly derive 8gsa
tem.ValueType

The third method for creating an un-nested class definition takes a fourth argument
of Classtype. The actual argument is the expli€itassRefor ClassDefthat will be
the super-type of the class being defined —

public ClassDef AddClass(TypeAttr at, string ns, string nm, Class sp)
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Finally, there is a method that adds an existigssDefobject to the current defin-
ing scope.

The type-attribute value is a enumerated type that is partly exclusive values and
partly bit-values that may be combined by addition. The attributes declare the visibilty
of the class. They also declare whether the class is abstract, sealed, and so on, and the
layout kind.

If the AddNestedClasslass creation methods are called on existigssDefob-
jects then nested classes are defined. The semantics of these methods otherwise mirror
those that are called on the root object.

All of the methods that creat€lassDeg provide for an initial value for the type
attributes to be specified. There are a number of other methods that allow additional
information to be added to an existi@assDefobject. Methods allow the attributes
to be modified, or for layout information to be supplied in the case of explicit layout
being specified.

It will be noticed that a single super-type is able to be nominated at the time that a
ClassDefobject is created. If such a class implements interfaces, then these need to be
added later, using the following method —

public void Addimplementedinterface(Class iClass)

The argument specifies the interface that @assDefis to implement. The actual
parameter may be eitherGlassRefor a ClassDef but for semantic correctness must
correspond to an interface class.

Class definitions have any generic formal types added or fetched by calls to the
following methods —

public void SetGenericParams(GenericParam[] genPars)

public GenericParam[] GetGenericParams()
public GenericParam GetGenericParam( int index)

These methods are all defined on the clalsssDescand thus apply both theélassDef
andClassRefdescriptors.

Creating class references

Class references may be attachedssemblyRe&ndModuleRefobjects. The meth-
ods to create thegelassRefobjects are similar to those that cre@assDefobjects,
except that neither type attribute nor a super-type may be specified.

If a class reference from another module is exported from a module that defines
an assembly, then it is possible to export nested classes as well. An exported class
reference is created by a call of tAddExternClassnethod dispatched on an external
ModuleRef

cRef = modRef.AddExternClass(att,nsp,"Outer" fil,false);

A subsequent call ohddNestedClassill declare a nested class from the same module,
and add it to the export table of the current assembly.

nRef = cRef.AddNestedClass(att,"Inner");
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Creating descriptors for value classes

In order to create descriptors for value classes it is usual to call one éftitiéalue-
Classmethods, rather thafdddClass This is because the super-type is set at the time
of descriptor creation. However, it is also possible to useAtidClassmethod that
takes an explicit super class, and pass in the descript@ystem.ValueTypé&inally

the supertype value is a property that is accessible via the gstehdsetoperations.

Creating descriptors for other Types

As well as the types that are declaredCasSclasses, there are a number of other types
that need descriptors. Figure 4 on pape 7 represents the various possibilties.

Firstly, if the descriptor of a primitive type is needed no method call is necessary.
All of the primitive types have their descriptors exposed as static constantsifithe
itive Typeclass.

Managed and unmanaged pointer types are created by calls to the relevant construc-
tor method. In the managed case the constructor has the following signature —

public ManagedPointer(Type baseType)

WherebaseTypés the bound type of the pointer.

This constructor is frequently called, even when emitting verifiable code. For ex-
ample, theCTStype of a reference-mode formal parameter of tgmel pwill be “man-
aged pointer to typargTg', often denoted asargTp&”. The type descriptor of this
type would need to be constructed as part of the generation of formal argument type-
arrays. If this is the type of the-th argument of a method signature, then the formal
argument type descriptor would be constructed by a call such as —

arg[l nN] = new ManagedPointer(argTD);

whereargTD s the type descriptor of the ty@egTp.
Array type descriptors are constructed by calls to the appropriate constructor. For
example, the descriptor for a zero-based array ofrthé/pe would be returned by the
call —
new ZeroBasedArray(PrimitiveType.Int32)

Bound arrays are, as expected, more complicated. If all of the lower array bounds of a
multi-dimensional array are zero the following constructor method may be used —

public BoundArray(Type elTp, int dims, int[] size)

whereelTpis the type descriptor of the (ultimate) element tygiensis the number of
dimensions, andizeis the array of lengths of each dimension. Note that not all sizes
need be specified, in the event that an array is desired that is “ragged” in one or more
final dimensions. For example, an array declare@G#as —

new int[4,3,2]
would require a call to thBoundArrayconstructor with arguments —

new BoundArray(PrimitiveType.Int32, 3, lenA)
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wherelenAis the arrayint[] = {4,3,2 }. The bound array descriptor defines a three
dimensional array of siz¢ x 3 x 2. On the other hand, the array declarecithas —

new int[4,3,]
would require a call to thBoundArrayconstructor with arguments —
new BoundArray(PrimitiveType.Int32, 3, lenA)

where lenAis the arraint[] = {4,3 }. In this case the bound array descriptor defines
atwo dimensional array of siz¢ x 3 with elements of typént[] . This is a “ragged”
array, since the lengths in the final dimension may be different for each of the twelve
rank-2 elements.

There is a corresponding constructor that takes two integer arrays, specifying lower
and upper bounds in each dimension rather than size —

public BoundArray(Type elTp, int dims, int[] lolx, int[] hilx)

Adding fields

Fields are declared by means of a numbeAdtiField methods. Fields are normally
added to classes, but may also be declared outside of classes, as static fields of modules.

Fields are declared associated with a particular structure by callifgddRield
method on the containing object. Calls GtassDefor PEFile objects creat&ieldDef
objects. Calls orClassRefor ModuleRefobjects creat&ieldRefobjects.

Calls that creat€&ieldDef objects may either supply a string with the name of the
field and the type descriptor, or may supply a field attribute value fronfrigieAttr
enumeration as welFieldDef objects may have their initial attribute values modified
by use of theAddFieldAttrmethod.

Calls that creat&ieldRef objects need only supply the name and type of the field.
A typical method, that creates a né&ieldRefand adds it to an existinGlassRefhas
the signature —

public FieldRef AddField( string name, Type fdTp)

Adding features to ClassDebk

ClassDet may havd-eatures associated with them. There are two concrete subclasses
of the abstract feature clagsventandProperty.

Figure[T shows the correspondence between the definition of an event in textual-
CIL and thePERWAPIcalls that are made to generate the same effect EHRWAPI
In this figurepeFl is the root object of the compilation, arkt is the name of the
event class, assumed to be defined elsewhere. On the right-haritBidethe type
descriptor for theet type, andV is the type descriptdPrimitive Type.Void The details
of the code for the add and remove methods have been elided on both sides of the
Figure.

On the right of the figure, there are a number of local variables that hold refer-
ences to the variolBERWAPIobjects between their definitions and uses. Tiugs
the FieldDef of the private backing fielf, aD andrD are theMethodDefdescriptors
of the add and remove methods, and so on. In the interests of simplicity (and col-
umn width) it has been assumed that the class definition in the Figure is not within a
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ClassDef cD;
FieldDef fD;
MethodDef aD, rD;
Event eD;
.class publicCls { cD = peFl.AddClass(","Cls");
field private classkt 'f’ fD = cD.AddField("f",EtD);

/l define arg array for add/remove

Param[] arr = new Param[1];

arr[0] = new Param(0,",EtD);

string aS = "add _f*;

.method public void /I create ‘add’ MethodDef in ClassDef
add _f( classkt) { | aD = clsD.AddMethod(as,V,arr);

} 1/ end method

string rS = "remove _f";

.method public void /I create ‘remove’ MethodDef in Class
remove _f( classgt) { | rD = clsD.AddMethod(rS,V,arr);

1 // end method
/l create Event property

.eventkEt 'f’ { eD = cD.AddEvent("f",EtD);
.addon instance void /I attach AddOn method to Event
cls::add _f( classEt) eD.AddMethod(aD,MethodType.AddOn);
.removeon instance void /I attach RemoveOn method to Event

cls:remove  _f( classEt) eD.AddMethod(rD,MethodType.RemoveOn);
} I/ end event
} /Il end class

Figure 7: Defining an event in textu@li (left) andPERWAPI(right)

.namespaceadeclaration. This is the origin of the empty string as the first argument
in the AddClasscall. The calls ofAddMethoddispatched on the event descriptor ob-
ject in the right column of the figure take their second argument fronMigthod Type
enumeration. This type enumerates the fixed roles that feature methods have, such as
AddOn, RemoveOn, Getter, Set@d so on.

The definition ofPropertyfeatures is similar, witPERWAPImethods that add the
“getter”, “setter” and “other” methods to the property, analogous to the way that the
AddOnmethod is added to afvent

Creating MethodDefs and MethodRef
Method definitions

MethodDefsare created by invokingddMethodon an object ofClassDeftype, or
directly on the rooPEFile object. In the first case the method is defined as belonging
to the specified class, while in the second case the method will belong to the current
module, but be outside of any class definition.
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There is an option to either specify method attributes at the time of creation, or
to add them later. Creating a method with the default attributes requires only three
arguments —

public MethodDef AddMethod( string name, Type retType, Param[] pars)

The version with attributes allows the method attributes, belonging totaALttr
enumeration, and implementation attributes, belonging téntipbAttr enumeration, to
be specified.

As noted earliefParamobjects specify the name type and mode of the parameters.
These are usually created by use of the constructor —

public Param(ParamAttr mode,  string parName, Type parType)

The parameter attribute enumeration speciiefault, In, Out, Optwhere any combi-
nation of the last three may be specified.

Method references

MethodRefsre created by invokindddMethodon an object ofClassReftype, or on
an object ofModuleRefclass. In the first case the method is defined as belonging to
the specified class, while in the second case the method will belong to the specified
module, but be outside of any class definition.

The signature of thdddMethodmethod is the same in each case —

public MethodRef AddMethod( string name, Type retType, Type[] pars)

Note carefully that in this case only the parameter types are specified, so the names and
attributes of the parameters are unspecified.

For all methods, the calling conventions may be specified by a call to a method
AddCallConv However, in the case of “vararg” methods this is only part of the story.
As well as specifying that the method has Wegarg call convention it is necessary to
specifywhicharguments are optional. In the casevdthodDes, this is specified by
theOptvalue in the parameter mode declaration. HowevenfethodRe$ there is no
mode information associated with the parameters, so other means are required. In this
case a separate method is required, in which the types of the mandatory and optional
formal parameters are separately listed —

public MethodRef AddVarArgMethod
('string name, Type retType, Type[] pars, Type[] optPars)

Setting attributes

Attributes of methods may be added after Methodobject has been created. There
are three classes of attributes for methods, defined by separate enumerations in the
interface.

Method attributes, belonging to tiMethAttrenumeration specify the accessibility
of the method, that is whether the method is private, public, family and so on. This
attribute also specifies if the method is static, final or abstract, the overriding behaviour
of the method, and whether the method name has special significance to the runtime.
The MethAttrattributes may only be added kbethodDes.
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Implementation attributes, belonging to timeplAttr enumeration specify whether
the code is managed or unmanged, and if the method is synchronised. It is also possible
to mark a method asot available for inlining. ThemplAttr attributes may only be
added tdMethodDes.

Call convention attributes, take values defined in @a!Convenumeration. The
attribute value can specify any of a wide variety of native call conventions, as well
as theVararg case discussed earlier. This attribute is also used to specify that the
method is ainstancanethod (and hence expects to be pasdbisaeference), or is an
explicitinstance method in which tllis reference appears as “arg0” of a conventional
argument listCallConvattributes may be added to aklethod

Adding code toMethodDefs

Code is added tMethodDet by attaching a code-buffer to the descriptor. This is done
by the calling the following method —

public ClLInstructions CreateCodeBuffer()

on aMethodDefobject.

As noted previously, the method returns a reference to the code buffer, so that the
reference may be the receiver of the various calls that add instructions. The buffer is
implemented as an expansible array, so that the buffer length will adjust as required to
hold additional instructions.

Instructions are added by the various methods discussed in the Section “The in-
struction enumerations” on page| 10. Except for the branch instructions the instruction
opcode specifed in the method call will be precisely the instruction placed in the buffer.
In the case of the integer instructions, for example, the short or long form of the instruc-
tion must be precisely specified. In the case of the branch instructions, the short-branch
form of the instruction is always placed in the buffer initially, and is changed to the
long-branch form later, if necessary.

Saying what you mean

In the case of the integer instructions there is an alternative interface that off-loads
some processing from the caller. Some users may find these facilities convenient. All
of the following methods dispatch on an objecGif Instructionstype.
The method —
public void Pushint( int i)

loads the specified integer onto the evaluation stack. The method will choose whichever
legal instruction is shortest, whether it be one of the single-bgtei4.* " opcodes,
the two-byte dc.i4.s 7, or the five-byte fdc.i4 " instruction.
Similar methods that automatically choose the best integer instructidroact.o-
cal, LoadLocalAdr StoreLocal LoadArg LoadArgAdr andStoreArg

Branches and labels

Label objects, of clasSILLabelare allocated by a call to the method —

public ClLLabel NewLabel()
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This method returns a reference to the unique label, so that may be used in subsequent
branch instructions. The label is placed into the code buffer by a call to the method —

public void CodelLabel(CILLabel lab)

The label appears in the code buffer as a marker only, and does not take up any code
space in the subsequeriE-file.

In the event that a label needs to be allocated and then immediately placed in the
buffer at the current position, the two callsdéwLabelandCodeLabeimay be com-
bined into a single call of the method —

public ClLLabel NewCodedLabel()
Branch instructions are inserted into the table by means of the following method —
public void Branch(BranchOp inst, ClLLabel lab)

As mentioned above, the declaration of BBenchOpenumeration inPEAPI only
defines the names of the long-displacement branch instructions. Internally, the com-
ponent always places the corresponding short-displacement instructionRi-ile,
unless the displacement is computed as being outside the single-byte range.

Switch statements

The implementation of switch statements requireaemay of label objects to be allo-
cated, one for each separate branch of the switch, including a separate label for the
default branch. ThesWitch " of CIL takes an array of label objects as argument, in a
call to the method —

public void Switch(ClLLabel[] labs)

Thelabsarray has one element pesisein the switch. Thus, in general, the labels of
the allocated array may appear in multiple positions inldbsarray.
Consider the sample switch statement in Figdre 8. Encoding this statement will

switch (exp) {

case 3: case 6: case 9: Foo(); break;
case 4: case 7: case 10: Bar(); break;
case 5: case 8: case 11: Fzz(); break;

default : Bzz();

Figure 8: Example switch statement

require allocation of an array of four labels for the four branches, plus another label to
be used as the destination of the break statements. The array of labels that is passed
to the switch instruction, on the other hand, will have nine elements. This follows
from the fact that the ordinal of the smallest case is three, and of the largest case is
eleven. It is the responsibility of tHREAPI client to construct this array, presumably
by traversing théAST structure representing the switch statement.

Figureg[9 shows the textu&iL on the left, and the correspondiRERWAPImethod
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Idloc.1  // exp value
Idc.i4.3  // offset

call Cls::Foo()
br 1b05 // break

buf.LoadLocal(1);
buf.Pushint(3);

sub buf.Instr(Op.Sub);
switch ( buf.Switch(table);
Ib01, 1b02, 1b03,
Ib01, 1b02, 1b03,
Ib01, 1b02, Ib03)
br 1b04 // goto default
Ib01: buf.CodeLabel(lab[1]);

buf.MethInstr(MethOp.Call, fooD);
buf.Branch(BranchOp.Br, xLab);
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I1b02: buf.CodeLabel(lab[2]);

call Cls::Bar() buf.MethInstr(MethOp.Call, barD);

br 1b05 // break buf.Branch(BranchOp.Br, xLab);
Ib03: buf.CodeLabel(lab[3]);

call Cls::Fzz() buf.MethInstr(MethOp.Call, fzzD);

br 1b05 // break buf.Branch(BranchOp.Br, xLab);
1b04: // default buf.CodeLabel(lab[0]);

call Cls::Bzz() buf.Methinstr(MethOp.Call, bzzD);
Ib05: /I exit label buf.CodeLabel(xLab);

Figure 9: Example switch statement in text@l- (left) andPERWAPIcalls (right)

calls on the right. In the Figure it has been assumed that the array of four labels is
namedab, and the index-zero element is used as the default label. It is also assumed
that the table of labels is computed into the atayle Note in both cases that the table
dispatch indexes from zero, so the case value of the first case, three in the example, is
subtracted from the selector expressipbefore the dispatch.

3.4 Structured Exception Handling

Since structured exception handling blocks may be textually neBtEeRWAPImMain-

tains a stack of currently open exception handling blocks. At the time that a block is
entered it is not necessary to specify what kind of block it is to become. Markers for
the start of blocks are pushed on the stack by a call to a method —

public void StartBlock()

The receiver for this call is the current code buffer object.

When the end of a block is reached in the code buffer, the current position is
marked, and a handler block object is created. At this stage it is necessary to spec-
ify what kind of block is to be created. The methods to mark the block-ends are named
Endt Block These methods take different arguments, depending on the block type.

The end of a try block is marked by a call to the method —

public TryBlock EndTryBlock()

This method returns a reference to the try-block object associated with the created
handler-block object.



4 LINKING PERWAPITO A COMPILER 27

The end of a catch block is marked by a call to the method —
public void EndCatchBlock(Class exc, TryBlock blk)

The first argument is the class descriptor for the type that the block is intended to catch.
Of course this will normally represent a sub-typeSystem.ExceptionThe second
argument is the try-block with which this catch is to be associated. This reference
will have been returned by a previous callEadTryBlock Fault blocks have similar
behaviour to catch blocks, except that no filtering on exception type is performed. In
this case only the associated try-block is specified —

public void EndFaultBlock(TryBlock blk)
The end of a finally block is marked by a call to the method —
public void EndFinallyBlock(TryBlock blk)

In this case the only argument is the try-block with which the finally is to be associated.
The end of a filter block is marked by a call to the method —

public void EndFilterBlock(ClILLabel flt, TryBlock blk)

The code labeflt is the starting label of the predicate code that controls entry to the
handler block. As usual, the associated try-block needs to be specified. The predicate
code that starts at labélt is responsible for popping the exception object from the
evaluation stack, and computing the Boolean value. The predicate code must always
end with the ¢éndfilter " instruction, with the evaluation stack empty except for the
Boolean filter result value. Of course, as usual, the filter block itself must end with a
“leave " instruction.

4 Linking PERWAPIto a Compiler

The most important design decision, when udtERWAPIas a component in a com-
piler, is the relationship between the Abstract Syntax TAET] representation of the
compiler andPERWAPIclasses.

If the compiler will only ever use?ERWAPIto emit PE-files, then the design of
the AST nodes might provide attribute fields holding correspondtidRWAPIobject
references. If this is the case, then &&Tnhodes might also be designed to correspond
as closely as possible to tRERWAPItypes.

None of this is possible if thASTdesign is already fixed, as would be the case if an
existing compiler was being modified to UBERWAPI It is also a little more difficult
in the case that the compiler is intended to use several different output engines.

The first compiler to use the originBEAPI component was Gardens Point Com-
ponent Pascabfpcp. This compiler will usecPERWAPIin all future releases. Some of
the experience of usinBERWAPIin this application is discussed in the next section.
The section concentrates particularly on the lessons that seem generally applicable.

4.1 GPCP’'sPeUtil Tree-walker

There are, in effect, four backends fgocp The compiler can produce either textual
CIL or PE-files for the.NET platform. It can also produce either textdakminassem-
bler or directly create class files for td®M platform. The choice of output format is
determined from command-line options.
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The functionality of output file creation is factored betweenThee-walkermod-
ules and theFile-utility modules. The compiler driver code creates a target-specific
tree-walkerobject depending on the command line options, and &iét() on this
object. The target-specific tree-walker then creates a output format sfigeiémitter
object depending on other command line options. The output behaviour is thus spe-
cialized by dispatching virtual methods on the target emitter object, which in turn dis-
patches virtual methods on the file format object. Figuie 10 shows the class hierarchy
for the tree-walker modules.

MsilBase. MsilMaker.
ClassEmitter MsilEmitter

.NET target
ClassMaker . S
ClassEmitter
JVM target
JavaMaker.
/JavaWorinst
JavaBase. JavaMaker.

ClassEmitter /JavaModEmit
NEVEWEUGS
JavaEmitter

\ JavaMaker.

JavaRecEmit

Figure 10: Class hierarchy for tlieee-walkerclasses

In these class hierarchy diagrams, abstract classes are shown in black, while the
shaded boxes correspond to sealed classes.

The tree-walker for theNET target is of clasdsilMaker.MsilEmitter Only one
object of this class is created for each run of the compiler. The situation withviie
target is rather more complicated. An object of the climsmMaker.JavaWorkliss
created for each run of the compiler, once the target is known. However, separate
objects of clasSavaMaker.JavaModEmittexr JavaMaker.JavaRecEmittare created
for each of the multiple output files arising from each input source file. Our concern in
this appendix is only with theNET platform, of course.

The same tree-walker (in fildsilMaker.cp ) traverses th&STto produce either
CIL or aPE-file as output. All actual filéO is performed by one of two utility modules
llasmuUltil and PeUtil. The moduleMsilUtil defines an abstract clas4silFile with
a large number of abstract methods. The abstract class has two concrete extensions
llasmFile (in modulellasmUltil) andPeFile (in modulePeUtil). The compiler creates
a file-emitter object of one or other concrete class, depending on the command line
options. All of the calls to the abstract methods ofltilFile class are thus dispatched
to the code that emits the appropriate output file. Fijufe 11 shows this class hierarchy.

The methods of cladtasmFile emit textualCIL to a file. The corresponding meth-
ods of clas$’eFilecall methods oPERWAPI

A consequence of using the same tree-walker for @thandPE-files is that the
order in which nodes are visited is necessarily the same for each case. Si@ié the
emitter writes to the output file “on the fly” as the methods are called, this is the more
constrained version. The order in which objects are created by calERWAPIis
less constrained, since no output is actually produced untithtePEFilg) method
of classPEFileis called.
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IlasmUtil.
/ IlasmFile
MsilUtil.
MsilFile
\ PeUtil.
PeFile

Figure 11: Class hierarchy for tik#e-emitterclasses

There are a small number of other types that mirror the relationship between the
various*File types. For example, there is an abstriaabel class that is sometimes
held in objects of the prograAST. In modulePeUtil a concrete extensioBelLabis
defined. This new class holds a single field of tgideLabel In the moduldlasmuUtil
the corresponding concrete tyfieabel has a single field of integer type. This integer
determines the numeric suffix of the text@lL labels — b NNN".

4.2 PeFile Emitter State

The emitter object carries state information about the traversal.

Some nodes of the progra&ST need to hold references PERWAPIobjects.

For example, when the first reference to an imported class is made, a call to one of
the AddClassmethods ofPERWAPIcreates a class descriptor, and associates it with
the appropriatédssemblyRebbject. TheAddClassmethod returns a reference to the
newly createdClassRefobject. Other references to the same class must use the same
reference, either as thhis of a call, or as an argument. It is therefore necessary to
associate the returndedERWAPI ClassRefeference with thgpcps Typedescriptor
object in theAST.

The mechanism for associatiRERWAPIobject references witgpcps AST de-
scriptors is as follows. Everidnt descriptor object and eveflypedescriptor object
contains a target extension fielthXtn ”. These fields will be of different types, for
different target platforms, and will have different types for different concrete subtypes
of the abstractdnt andTypetypes. The extension field is declared to b®dfecttype
so every use of the field must use a narrowing cast. This design feature is necessary in
order to separate the specifics of each target from the shared type declarations of the
front-endAST.

The target extension fields &ST nodes holdalmostall the state that is needed
to call thePERWAPImethods. However, there are a small numbePBffile entities
that have no correspondifgsTdescriptor. References to runtime syst&i § helper
routines are of this kind. There are also some shared descriptors that are used so univer-
sally that it makes sense to hold them locally, rather than having to repeatedly navigate
through theASTobjects.

The state information held in the emitter object has fields that are inherited from
the abstracMsilFile parent class, and other fields that are specific tdtféleclass.

Inherited fields

Inherited fields hold the name of the module under compilation, and the name of the
output file. There is also a field d?rocInfo class that holds information about the
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current method being emitted.

TheProclinfoclass contains method state that is used in both tetilaandPE-file
formats. It is here that the current stack depth is tracked, and the state of the temporary
variable allocator is maintaingd

PE-specific fields

ThePE-file-specific fields of the emitter state, and their purpose is shown in Highre 12.
As described earlier, the elements of the state exist for two main purposes. There are

Field Type Purpose
peFl PERWAPI.PEFile Structure holds file information, and the
AssemblyDefor this assembly.

clsS PERWAPI.ClassDef | Dummy static class for this assembly.
clsD PERWAPI.ClassDef | Descriptor of class currently being emitted.

pePl PeUtil.PProcinfo PE-file-specific state for the method cur-
rently being emitted.
nmSp  System.String Name-string for current namespace.

rts PERWAPI. AssemblyRefReference to th&€€omponent Pascalun-
time system assemb[RTS] .

cprts PERWAPI.ClassRef | Reference to th&€omponent Pascalun-
time helper clasgRTS|CP _rts .

progArgs PERWAPI.ClassRef | Reference to th&€€omponent Pascgbro-
gram argument clagRTS]ProgArgs

Figure 12: Components of tieeFile state

fields that referencERWAPIobjects corresponding to runtime system classes that
have no correspondingSTobjects. Secondly, there are objects that ref@ERWAPI
descriptors that are used repeatedly. One example is thefi&dhat holds theClass-

Def object for the output class currently being emitted. Another is the field that holds a
reference to the “dummy static class” to which the static procedures &fdhrgponent
Pascalmodule are bound. This dummy static class has no concrete representation in
the AST. The existence of this dummy class in #E-file is an artifact of the mapping

from Component Pascab theCLR

The PeUtil.PProcinfoobject holds state information for the method definition cur-
rently being emitted. Of course, this field will mél throughout theAST traversal
except while a method definition is being emitted.

The information that needs to be persisted while a method definition is being emit-
ted is shown in Figurg 13. The fieldthD holds a reference to the curréviethodDef
descriptor. The field¢odeholds a reference to the instruction buffer of the definition.
Note that there is no way of extracting the buffer reference fronClassDefrefer-
ence, so it is necessary to hold this reference in the client.

The final field,tryB, holds a reference to the curréliyyBlock if the code emission
sequence is currently in a structured exception handling catch block. These blocks are
held on a stack withiPERWAP] to account for the possibility of nested blocks.

5 Recall that all uses of a particular local variable in @€ieR must be of the same type. The utility that
allocates temporary local variables therefore needs to track the currently allocated and free local variables,
and theCLRdata-types to which they have been bound.



4 LINKING PERWAPITO A COMPILER 31

Field Type Purpose
mthD PERWAPI.MethodDef The current method definition.
code PERWAPI.ClLInstructions Instruction buffer oimthD.

tryB  PERWAPI.TryBlock Current try block (omil ).

Figure 13: Components of thi&Procinfostate

4.3 Creating Descriptors

Descriptors must be generated by callPERWAPImethods for all of the assembilies,
classes and methods that need to appear iPEiéle. It is legal to create descriptors
for entities that are not referenced in the file. However, it is bad policy to do so, since
this practice needlessly expands the file size and slows down loading and JIT-ing.
Most compilers will have many descriptors in thABTrepresentation that are un-
referenced. This is almost inevitable, given the usual mechanisms for loading metadata
from symbol or header files. There are at least two ways to avoid passing on any such
unnecessary metadata to PE-file. Firstly, it is possible to mark the us&&T meta-
data during the semantic analysis phase of the compilation. Another possibility is to
create thPERWAPIdescriptors in a demand-driven manngpcpadopts the second
approach.

Example — creating descriptors for RTS routines

gpcpemits calls to about 30 different runtime helper routines known to the compiler
(as opposed to being explicitly imported by the source code). These include runtime
routines that convert between tl#R string type andComponent Pascal array of
CHARtype. There are four separate routines that concatenate the various combinations
of Stringand character arrays. There are also routines that generate runtime exception
messages for failechse(“switch”) andwith (“type-case”) statements.
It would be possible to generadMethodRefdescriptors for all of these methods
at initialization tim@}, but this would insert unneeded metadata inRiEefile. Thus a
demand driven approach is used. The various runtime helpers are accessed by means
of an index value known to the front-end. A call to the methetMethods passed the
index of the required method, and returns the correspondigthodRefdescriptor.
Generation of a case statementffaptextualCIL is shown in Figuré 14. The call

Idloc.1 /I Push index of erroneous case
call  string [RTS]CP_rts::caseMesg(int32)
newobj instance void
[mscorlib]System.Exception::.ctor(string)
throw I/l Throw the exception object

Figure 14: TextuaCIL for case trap generation

6 For an explanation of why it is necessary to repeat this initialization for every new output file, see the
sidebox on page $3.

7 In Component Pascat is a runtime error if no case of easestatement is selected, and there is no
explicit default case defined.
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to the runtime system helper methg@®TS]CP _rts::caseMesg " is the instruction

of interest here. The tree-walker will make a dispatched call to the abstract method
MsilFile.StaticCallwith the index ofcaseMes@s argument. In thkasmFile override

of this abstract method the index will select the text string shown in the second line of
the code fragment. ThieeFile override of the abstract method is shown in Fidurg 15.
The routine simply fetches the required method descriptor by cajjetlylethod It

PROCEDURE (os : PeFile)StaticCall(s : INTEGER);
VAR mth : PERWAPI.Method;

BEGIN
mth := os.getMethod(s);
os.pePl.code.Methinst(opc_call, mth);

END StaticCall;

Figure 15: ThePeFile version ofStaticCall

then passes the descriptor to PERWAPImethodMethinst This method appends a
new MethodOpinstruction to the current code buffer. The demand driven magic is all
in thegetMethodoutine.

The procedurgetMethods backed by an array of method descriptors. The array
initially holds nil  at each index value. The procedure begins with a simple fetch of
the selected array element. If the fetched array elemanilt isa casestatement selects
code that creates the required method descriptor, and stores it in the array. For all
subsequent references to the same array element the stored value is returned with no
further computation required.

The relevant branch of theasestatement for our example is shown in Figuré 16.

In this case the needed routine has a single argument, so it is necessary to create an

PROCEDURE (os : PeFile)getMethod(ix : INTEGER) : MethodRef;
(* “o0s”is the namedthis *)
VAR tArr : POINTER TO ARRAY OF PERWAPIL.Type;

mth := rHelper[ix]; * look up descriptor array)
IF mth = NIL THEN (* must create new MethodR&f
CASE ix OF
| caseMesg :
NEW(tArr, 1); * allocate length-one array)
tArr[0] := int32D; (* int32D is TypeRef for int32)

mth := os.cprts.AddMethod("caseMesg",strgD,tArr)
(*  strgD is TypeRef for Strin§
END; (* case*)
END; (* if *)
RETURN mth;
END getMethod;

Figure 16: Demand creation of RTS method descriptor

array of PERWAPI. Typef length one. The descriptor for the runtime system class is
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fetched from théPeFile state, as described in Figulrel 12. The new method descriptor is
added to this class with thekddMethodcall. The first argument is the string holding

the method name. The second argument is the descriptor of the method return type,
System.Strinin this case. The final argument is the array of parameter types.

The other branches of threasestatement irgetMethodare similar. As might be
expected, in the real code the creation and initialization of the parameter arrays is
abstracted away into another method, rather than being inline as shown in[Figure 16.

Finally, it should be noted that references to system routines, such as the construc-
tors for System.Excepticshould be created on demand in a similar way.

Avoid this Nasty Gotcha!

When the first version of theEAPI-based emitter fogpcpwas written the code
fell into a plausible but nasty tragpcpaccepts any number of source file names
on the command line, compiling each in turn. It seemed a plausible design decision
to persist references to the runtime system method and class descriptors bhetween
files. The idea was to not have to repeatedly éaltiClassand AddMethodfor
the same classes and methods for each source file compilation. Unfortunately this
plausible strategy does not work. Worse still, it leads to extremely non-intuitive
error behaviour.

The problem is that within thBE-file every reference is implemented by a table
index. Whenever a new output file descriptor is allocated the table index allocation
sequence is reset. It follows that descriptors that are persisted between files will
have indices that refer to their ordinal position in the previous file. The resulting
PE-files will almost certainly have totally nonsensical references.

4.4 ClassDefs and ClassRefs

Types that are explicitly referenced in the source code of the file being compiled are
represented by nodes in the progrA®T. In this case the nodes themselves are able to
hold references to theERWAPIdescriptor objects using their generic target extension
“tgXtn " fields.

As before, these type descriptors are best generated on demand. In the case of
gpcpthe importation of metadata from the symbol files of imported modules clutters
the ASTsymbol tables with unreferenced descriptors. Only the used types need have
target extension objects allocated to them by calBERWAPImethods.

There are two functions that do all of the work. A methgp(t), wheret is anAST
Typedescriptor, returns theERWAPItype descriptor of its argument. If necessary it
creates that descriptor. This method may be called oA&Ttype. The other method,
cls(t), returns thePERWAPIclass descriptor of its argument. In this caseust be an
ASTrecord type.

Target extensions forAST type descriptors

The “tgXtn " target extension fields for primitive types, arrays, pointers and enumer-
ations simply hold thERWAPI Typeeference. The state for record and procedure
types is more complicated, as multiple descriptors need to be created foA&3ch

type.
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ASTrecord types correspond RERWAPI Classypes. These are represented by
a structure with the fields shown in Figlirg 17. In this case, as well aSltssDefor

Field Type Purpose

clsD PERWAPI.Class | CLRclass representing this record.

newD PERWAPI.Method No-arg constructor for this class.

cpyD PERWAPI.Method Deep copy method for this class.

boxD PERWAPI.Class | Corresponding boxed class (value class only).
vDIr PERWAPI.Field Singleton field of boxed class (value class only).

Figure 17: Fields of th®ecXtnstructure for records

ClassRefit is necessary to hold references to the no-arg constructor, and to the field-
by-field copy method. These last two fields aik in the event that the semantics of
the type forbid these operations. Note that all other methods of these types are explicit
in the source code, and thus have their o&8iT descriptors to hold their own target
extensions. IlComponent Pascdhe no-arg constructor and the value-copy operations
are implicit, and do not have concrete representation i€

Procedure types in th&STcorrespond t€CLR delegate types. Delegates &ER-
WAPI Clasdypes, and have two runtime managed methods. The state for these types is
represented by a structure with the fields shown in Figufe 18. The first of the methods

Field Type Purpose

clsD PERWAPI.Class | CLRclass representing this delegate typ
newD PERWAPI.Method Constructor for this class.

invD PERWAPI.Method Invokemethod for this delegate.

®

Figure 18: Fields of th®elXtnstructure for procedure types

is the constructor method, which takes @hjectas its first argument. As its second
argument the constructor takes thative intreturned by the immediately preceeding
“Idftn " instruction. The second method is namiestoke and has a signature that
matches that of the procedure values that the delegate encapsulates.

Creating the descriptors

As described above, type descriptors are created on demand, as a side-effect of calling
thetyp() andcls() functions. The code of thigp method is shown in Figufe [L9. In this
code, if the target extension fieldn# theMkTyXtnmethod is invoked. This allocates
a type descriptor of whatev@ERWAPItype corresponds to the particulaET type.
Finally, a type-case statement returns the target extension field or the appropriate class
of the target extension object.

The code insid®kTyXtnis specialized according to tAeSTtype. Type descriptors
of Basetype correspond to primitive types of ti.R The target extension fields are
assigned by accessing the built-in type descriptoRERWAPI For example the field
for the ASThbase descriptor for theHARtype is assigned by —

t.tgXtn := PERWAPI.PrimitiveType.Char;

The other base types are similar.
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PROCEDURE (pf : PeFile)typ(tTy : Api.Type) : PERWAPI.Type;
(* Returns (and maybe creates) the PERWAPI.Type for the AST type tTy
VAR xtn : ANYPTR,; (* aka System.Objet}
BEGIN
IF tTy.tgXtn = NIL THEN (* create new descripto?)
pf.MkTyXtn(tTy) END;(* MKTyXtn selects on AST type

xtn = tTy.tgXtn; * fetch extension fielt)

WITH xtn : PERWAPL.Type DO (* Type-case statementt).
RETURN xtn; (* Base, Array, Pointer, Enurf)

| xtn : RecXtn DO (* “elsif xtnis RecXtndo .. *)
RETURN xtn.clsD; (* tTyis an AST Record typgé

| xtn : DelXtn DO (** “elsif xtnis DelXtndo ..” *)
RETURN xtn.clsD; (*  tTyis an AST Procedure tyfig

END;

END typ;

Figure 19: Demand creation of type descriptors

ASTtype descriptors cArray type creat®ERWAPLypes by calls to theERWAPI
ZeroBasedArragonstructor. In th&€# syntax the call would be —

t.tgXtn = new PERWAPI.ZeroBasedArray(this.typ(t.elemTp));

where the constructor argument is the type descriptor of the element type. Note the
recursive call of theyp method here.

The creation of the type descriptors for pointer types is slightly more complicated,
since it depends on certain artifacts of bemponent Pascab CLRmapping. It may
be helpful to review Chapter 4 &ompiling for the .NET Common Language Runtime
in this context.

If the bound type of the pointer type is an array type, then the target extension field
of the pointer type is simply copied from the target extension field of the bounﬁtype

If the bound type is a record type, then two different cases arise. If the bound type
is implemented by a reference surrogate, that is, Bferenceclass in theCLR then
the record and pointer type share the same runtime representation. In that case, the
target extension field of the pointer type is copied from ¢sb field of the RecXtn
reference of the record type. On the other hand, if the bound type is represented in the
CLRby avalueclass then the pointer type is represented by the corresponding named,
boxed type. The target extension field of the pointer type is therefore copied from the
boxDfield of theRecXtrreference of the record type.

The last of the type kinds with scalar target extension field, is the enumerations. If
an enumeration is defined in a different assemblypeRefmust be created. In order
to dothis itis first necessary to fetch the correspondisgemblyRediescriptor. This is
done by another methodsm which returns thédssemblyRefeference held in th&ST
module descriptor. In keeping with our demand-driven strategy, the function creates the
AssemblyReif necessary, by a call tAddExternAssemhlyThe target extension field
is finally created thus —

t.tgXtn = this.asm(mod).AddValueClass(nsNm, tyNm);

8 In verifiable codearray of T is implemented by a reference surrogate, and uses the GaRype as
pointer to array of T.
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In this assignmeniod is the AST module descriptor, andsNm tyNm are strings
respectively holding the namespace and typename of the enumeration type. If itis a
TypeDefthat is being created, rather thamypeRefa differentAddValueClassethod

is dispatched, this time on tiREFile object. Note carefully that enumerations asdue
classes, so it is convenient to use one of AlgelVValueClassnethods, rather than the
usual calls tAddClass

45 MethodDefs and MethodRefs

As code is generated for methods of a module, method references and method defi-
nitions need to be generated. Wibcp even in the case of method definitions it is
possible that a used occurrence of MethodDefobject might occur before the defi-
nition of the method. Therefore, as before, a demand-driven approach is used for the
creation ofMethoddescriptors.

During ASTtraversal definitions are emitted for every method defined in the source
of the module. If ndMethodDefobject has been created for (A8 Tprocedure descrip-
tor, then aMethodDefobject is allocated and stored in the target extension field of the
ASTobject. In any case, once tiethodDefobject has been retrieved tiMethAttr
andImplAttr attributes are added, and a code buffer allocated. Subsequent traveral of
the ASTfor the procedure body adds instructions to this buffer.

As instructions are added to the code buffer for the current method, references to
other methods are used as argumentdethodOpnstructions. Th€ ERWAPImethod
descriptor for the target method is extracted fromABa descriptor by a call to another
utility methodmth

For PE-files the Method descriptor objects are created in a demand-driven way.
In the case of textuaGIL output the text-strings that hold the signature information
of methods are created in a similar demand-driven way. A procddifeallAttr in
the MsilUtil module is called from the tree-walker. This procedure calls the abstract
procedurdNumberParamsin modulellasmuUtil the overriding procedure numbers the
formal parameters of the called method, and computes the signature string of the called
method. In moduléeUtil the overriding procedure numbers the formal parameters of
the called method, and createMathodDefor MethodRefobject, as appropriate.

PeUtil.NumberParamsetrieves theClassobject with which the called procedure
is associated. A type-case statement dispatches the appropriate factory procedure —

with clsD : PERWAPI.ClassDef do
methD := MkMethDef(...);
| clsD : PERWAPI.ClassRef do
methD := MkMethRef(...);
end,
If the target procedure is an instance method or a constructor, then the appropriate call
convention marker must be added —

if ... then methD.AddCallConv(PERWAPI.CallConv.Instance) end;

Within the MkMthDef andMkMthRefprocedures the formal parameter arrays are
created. These will be arrays Baramor Typeobjects respectively. In the case of
formal parameters that are passed by reference, it is at this point that the managed
pointer descriptofypeobjects are created from the type descriptors of the formal types
in the AST, as described on pafe]20.
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4.6 Notes

Details on the structure and formatRE-files may be found in Partition Il of thECMA
standard for theCLl. Serge Lidin’s excellent bookhe ILASM AssembleMicrosoft
Press, 2002, is another invaluable resource.

There is a useful trick to help with debugging compiler backends thaP&se-
WAPI. Given that the output files from the current version have no debug information,
it is sometimes difficult to find exactly where a problem originates. IfRiEefile is
“round-tripped” throughldasm andilasm then the graphical debugger of the Soft-
ware Development Kit will be able to step through Befile line-by-line, if necessary.

Of course, this will be line-by-line through the textu@lt. But that is usually all that
is needed to locate a problem. First, disassemble the file —

ildasm /out= file.out file.DLL
Then re-assemble the file, using the /debug command-line flag —
ilasm /DLL /debug file.out

Html documentation is supplied as part of the distributiolP&ERWAPI As well,
for those needing to access the component f@smponent Pascathe gpcpformat
symbol file is included in the curremgpcp distribution. This symbol file is named
“PERWAPILcps ". The symbol file was created by running tReToCpdool over the
“PERWAPLdII " file. A browsable html rendering of this symbol file has been created
using thegpcpstandardBrowsetool.
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