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Abstract plementation of generics for‘Gnd the .NET CLR [14]. The pri-
mary novelty of the design is the integration of parameterized types
We present a formalization of the implementation of generics in the and polymorphic methods into the type system of the intermediate
.NET Common Language Runtime (CLR), focusing on two novel language (IL) implemented by a virtual machine, or runtime. The
aspects of the implementation: mixed specialization and sharing, implementation techniques described there are novel in many ways:
and efficient support for run-time types. Some crucial constructs they include “just-in-time” specialization of classes and code, code-
used in the implementation are dictionaries and run-time type rep- sharing between distinct instantiations of generic classes, and the
resentations. We formalize these aspects type-theoretically in a wayefficient implementation of runtime types using dictionaries of type
that corresponds in spirit to the implementation techniques used representations and computations.

in practice. Both the techniques and the formalization also help

us understand the range of possible implementation techniques forThere has also been much recent work [1, 20, 22, 21, 3, 4, 27]
other languages, e.g., ML, especially when additional source lan- on adding generics to the Java programming language [8], most of
guage constructs such as run-time types are supported. A usefulwhich “compiles away” generics by translation into the JVM [17].
by-product of this study is a type system for a subset of the poly- The fact that type loopholes were identified [13] in Generic Java
morphic IL proposed for the .NET CLR. suggests we pay close attention not only to genericity itself as a
language feature [12], but also the underlying implementation tech-
niques. In particular, the generics implementation for the CLR is
of unique interest because better expressivity is achieved with ex-
tended support from the virtual machine, which contrasts with most
work on Java genericity whose design space is limited by targeting
the JVM.

Categories and Subject Descriptors:D.3.3 [Programming Lan-
guages]: Language Constructs and Featufeshmmorphism,
Classes and Objectd.3.1 [Programming Languages]: Formal
Definitions and Theory

General Terms: Languages In this paper we formalize the generics design of the CLR via a type

system and operational semantics for a subset of IL with generics,
and formalize two novel aspects of the implementation: specializa-
tion of generic code up to data representation, and efficient support
for run-time types. We do not attempt to formalize dynamic class
loading or just-in-time compilation (which is a challenging topic
on its own), instead presenting a static compilation scheme, thus
demonstrating that some of the techniques employed by the im-
plementation could be utilized by more conventional compilers for
polymorphic languages.

Keywords: Polymorphism, Generics, Run-time Types, CLR, .NET

1 Introduction

Parametric polymorphism, also known as “generics”, is an im-
portant new feature of Version 2.0 of thé @rogramming lan-
guage [10, 11] and also the .NET Common Language Runtime
(CLR) [18, 6] that underpins Cand other languages. In previous

work, two of the authors presented informally the design and im- As far as possible, the formalization is faithful to the implemen-

tation whose prototype was described in [14]; this contrasts with
other work on IL éansgenerics) [29] in which the target of a trans-
lation from IL is a foundational calculus based By. Our target
language corresponds (in spirit, at least) to the output of the first
stage of JIT-compilation. It does differ, however, in that the transla-
tion preserves static types, and at the same time the use of types as
runtime entities€.g.in checked casts) is separated off using type-
repsa la Craryet al.[5]. This lets us prove an erasure theorem for
the target (“static types do not affect evaluation”) and makes it a
good basis for further work on optimization. Indeed it could form
Permission to make digital or hard copies of all or part of this work for personal or  the core of a typed intermediate language used by an optimizing
classroom use is granted without fee provided that copies are not made or distributed J|T compiler for the CLR. We also discuss brieﬂy how an alterna-
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tive target language that is more foundational in flavaug.fwith
structural subtyping and recursive types) would offer both oppor-
tunities for expressing interesting optimizations and challenges for



(type) T.U:=X|int32|int64|| Field Lookup: fieldgl) =...

(insttype) | :=C<T> 7 o fieldgobject) — {}
(class) cd:=class C<X>: | {Tf; md} -~ -
(method) md:=static T mX>(TX) { e} D(C) = class C<X> : | {Uy f1; md}
| virtual T nkX>(TX) { €} fields([T/X]1) = Uz f2
(mdesc) M =T I::m<T>(U) field§C<T>) = Uz f, [T/X]U1 fi
(exp) e 1=1dc.i4i4|1dc.i8i8 | ldargX
| enewobj | | €1df1d T I::f Method Lookup: mtypél.m) = ...
|ecall M | eBcallvirt M mbodyl.m<T>) = ...
| eisinst 1 ore D(C) = class C<X> : | {Uf; md}
(value) vyw:=i4|i8|If—W) m not defined inmd
(typeenv) E =X x:T mtypd C<T1>.m) = mtypé[T1/X]I.m)

Figure 1. Syntax of BILG. mbodyC<T1>.m<T2>) = mbody([T1/X]I.m<T2>)

D(C) = class C<X> : | {Uf; md} o
static/virtual Up m<Y>(U1 X) { e} e md

efficient implementation in a virtual machine. mtypeC<T1>.m) = [T1/X](<Y>Uy — Uy)

mbodyC<T1>.m<T2>) = (X,[T1/X,T2/Y]e)
Figure 2. Macros on fields and methods look-up.

The paper is structured as follows. In Sections 2 and 3 we present
our source and target languages, and in Section 4 we formalize the
translation between them. To better demonstrate the key ideas for
supporting specialization and run-time types, we make simplifica-
tions with regard to the modelling of other features, such as shar-
ing and cycles in dictionaries of types, the possibility of an infinite
graph of dictionaries, and support for polymorphic virtual methods.
The handling of these features, together with other language con-

Z}L%cgsv&ﬂﬁlﬂgiggegawgrf Iasss:;,iolﬁ g'sccsrféﬁgég d?;?grgst?a ZC:EQ d?@nstantiation) or virtua}l (dynamica_llly dispatphed based on the ob-

ers are refered to our cémpanion technical repbrt [28] for a type- ject). A method descriptol) provides the signature of a method.

erasure semantics of the target language and the soundness proof '%S 'S the case of the |mp!ement<_3¢|on [14], we require that the type

the translation Mstantiation of the class is specified, and the signature must be ex-

) actly that of the definition. This is only to maintain the flavor of the

actual IL. For BILG, the argument and return types in the method

2 Source Language descriptors are of little importance due to the omission of overload-
ing. Method descriptors are used in method invocation expressions

Our formalization starts from a purely-functional core of the ver- (call andcallvirt).

ifiable IL with generics, which we call Baby IL with Generics

(BILG)!. Following Baby IL [7], BILG specifies the instruction  Field access expressionsd¢1d) refer to field descriptors which

set as tree-structured applicative expressions. In BILG, we sup-also specify the type instantiations of the classes. Since field de-

port primitive types of various sizes, parameterized reference typesscriptors are simpler constructs, we inline them in the correspond-

with general instantiations, polymorphic static and virtual methods, ing expressions.

and exact run-time types. The support for mutable fields, man-

aged pointers and value types (structs) is largely orthogonal from The actual IL accesses method arguments by specifying an offset

the translation’s point of view, hence it is omitted, although exten- (1darg j). In BILG we use argument namekdarg X) for ease of

sions for supporting value types will be discussed later. understanding (this syntax is also supported by the .NET IL assem-
bler).

is handled specially and referred todasject.

Methods are either static (statically dispatched based on the class

The syntax of BILG is shown in Figure 1. The typ&sdr U) in-

clude formal type parameterX (or Y), primitive types, and type The run-time type test isinst | or € returnseif eis an instance

instantiations of classes$)( The type arguments of class instantia- of I; otherwise it returng’, which is of typd . In contrast, the actual

tions are uncurried and denoted using veclars IL returnsnull when the test fails. We use the default brastcto
avoid introducingaull.

A class definition ¢d) contains the name of the class and its super-

class, a sequence of field declarations, and a sequence of metho@he remaining expressions are standard; they include loading of

declarations. FJ-like systems [12] usually define for every class a constants (thadc family) and object creatioméwobj). The val-

single constructor whose behavior is fixed. In BILG this behavior ues ¢ or w) are either integers or objects. Besides the labelled

is built-in, hence the constructor is omitted from the syntax. We fields, an object value contains also a hame of the class instanti-

take the liberty of using vector notation when there is no confusion. ation for dynamic dispatch.

For example, the list of field declarations is abbreviate®@ &sFor

simplicity we assume no field hidingg., all fields in a class are A typing environmen€g has the fornX,x: T where free type vari-

distinct from those in its superclass. The top of the class hierarchy ables inT are drawn fromX. Our semantics are in the style of

Featherweight GJ [12]. We use the following judgment forms to

1.9 define the static semantics:




Type Formation:

X,X: TF X ok E int32 ok E I int64 ok

D(C) =class C<X>: | {...} EFT ok
E I- C<T> ok

Subtyping: EFl <l
EFli<il, EFly<:lg

EFl<l EFlp <l

D(C) =class C<X>: | {...} E - C<T> ok

EF C<T> <: [T/X]I

Typing:

Ere:l E-l<I
Ere:l’

EF 1dc.i81i8: int64

field) =T f
E - enewobj |l : |

EF 1dc.i4i4:int32

X,...x:T...Fldarg x: T

EFIok Ere:T

Ere: [U/XT mtypél.m) = <X>T — T’
Ebecall T I::m<U>(T) : [U/X|T

Etep:l Ere: [UXT mtypél.m) = <X>T — T’
Ereecallvirt T |::nxU>(T) : [U/X]|T’
Ere:l fieldg)=Tf EFe:l’ EF€:l

EFeldfldTil::fi:T; Ereisinstlore |l

Method and Class Typing: Fmd ok in GX>
Fcd ok
D(C) = class C<X> : | {Uy f1; md}
XY, X:TFHe: T
Fstatic T m<Y>(T X) { e} ok in C<X>
D(C) = class C<X> : | {U; f1; md}
X,X:T,this:C<X>Fe: T
Fvirtual T nkY>(T X) { e} ok in C<X>
fieldgl)=Ug  f andg disjoint F md ok in GX>
F class C<X> : | {Tf; md} ok
Value Typing: Fv:T

Fi4:int32 Fi8:int64

fieldg1) =TT Fv:T
FIF—w:I
Figure 3. Typing rules of BILG.

Evaluation: frkelv

(frame) fr 1= =W

fri-1dc.i4 i4 | i4 fr-1dc.i8i8 | i8

(X=V) - 1darg X | Vi
fr-elv  field{l)=TFf
fr - enewobj | | I (F

— V)

mbodyl.m<U>) = (X, €) fr-e|v X=WHFev
frEecall T 1: :m<U>(T) | v

frcell’—wW)  mbodyl’.m<U>) = (x,&)
frke|v (this=l"(f —W),Xx=W) € | v

fr-ep€callvirt T |: :m<U>(T) v

frell/F—w)
fr-eldfld T I::fi v

fr-rell’fF—w 1<
fr-eisinstl or €  I'(f — W)

fr-ell’F—w {F1 £
fr-eisinstlor e |V
Figure 4. Evaluation rules of BILG.

free v

EFTok (T is well-formed in context E
EFl<I (1is subtype of’lin E)
Ete:T (ehastype Tin

Fmd okin GX> (md is well-formed in €X>)
Fcd ok (cd is well-formedl

Fv:T (vhastype T

The typing rules are largely standard and shown in Figure 3. Fig-
ure 2 defines some macros to help manipulate fields and methods.

In the interest of modelling the observable behaviours of BILG pro-
grams, as opposed to a particular implementation, we use a big-step
evaluation semantics as shown in Figure 4. The varieibie is re-
served for self pointers; it corresponds to argument 0 in the actual
IL. A single stack frame suffices in defining the evaluation (most
interestingly for the cases of method invocations) because of the
simplicity of BILG. A generalization using a full-fledged stack of
frames appeared in Gordon and Syme’s Baby IL [7].

All of the judgment forms and helper definitions assume a class
table®. When we wish to be more explicit, we annotate judgments

and helpers withD. We say thatD is a valid class table ¥2 cd ok
for each class definitioad in D.

Theorem 1 (BILG evaluation preserves typing) Suppose thaD
is a valid class table{,x: T +? e: T and-? v; : [U/X]T; holds
forallvi evandTi e T. If Xx=V) F? el wthen-? w: [U/X|T.

Proof sketchBy induction on the structure of the evaluation deriva-
tion. |



straintref used for all reference types, there are two “singleton

(type) TU:=X]|int32|int64 || constraints”i4 andis8, satisfied byint32 andint64 respectively.

(instty) | :=C<T>
(extty) T =T |Rep(T) |Rep(M) Type-reps To support exact run-time types without using a type-
(cnstrnt) s i=ref |i4]i8 passing interpretation, we represent run-time type information by

(class)  cd = class C<Xps> :1 {TT; md} with ordinary terms. These type-reps are analyzed by .those expressions
(meth)  md:= static T mXes (TR { €} with that require run-time type information, such as object creation and
= statilc N X wi type test. ValueRy is the type-rep fofl, for closedT. For a type
| virtual T nkX>s>(TX) { e} C<U> whereU are open, the type-rep can be constructed using
(mdesc) M :i=1::nxT> expressiomkrep-<y>€ Wheree are the type-reps df.
(desc)y D :=T|M
(exp) e ==i4|i8|x|I(e® |EcallM

-

We also introduce type-reps for method descriptbtk (They sim-
ply provide a means for referring to method descriptors at run-time.

|e8callvirt M| eldfld|::f Value Ry is the type-rep for closet, and the type-rep of open
| eisinst| eor €| Rr | Ry | mkrep@ method descriptors can be constructed usingmep expression.
| mkrepy (€,€) | objdictie|mdictie
(value) v :=i4|i8[1(v,¥) |Rr|Ru We use theRep type constructor to assign types to type-reps. A

(tyenv) E :=Xp5X:T type-rep ofT or M has the typ@&ep(T) or Rep(M) respectively.
Dictionaries  Type-reps are used by operations that require run-
time type information. Inside a piece of shared code, the type-reps
of open types cannot be determined statically — they can only be
constructed after the type arguments are given. To avoid costly rep-
etition of these constructions, the implementation uses dictionaries
3 Target Language to store type-reps for open types, which are pre-computed when a
generic class or method is instantiated.
What makes the implementation of generic IL unique is that it com-
bines exact run-time types, shared code and code specialization folSyntactically, a dictionary is simply a vector of values. In BILC,
non-uniform instantiations. To focus on these issues without be- dictionaries for classes and methods are accessed using expressions
ing distracted by the largely orthogonal handling of object-oriented objdict;e andmdictie respectively. Givere as an object of the
features [29], we designed our target language, Baby IL with Con- class instantiation or a type-rep of the method descriptor, the above
straints (BILC), to contain counterparts for all the expressions of two expressions fetch theh element out of the corresponding dic-
BILG. The novelty of BILC lies in its support foronstraints term tionary.
representations of types (type-repgor short), andlictionaries

Figure 5. Syntax of BILC.

The type of the dictionary elements are explicitly specified by the
The syntax of BILC is shown in Figure 5. Its type language is with clause in the class and method definitions. The type system al-
stratified into typesT or U), which consist of all BILG types, and  lows these definitions to specify arbitrary dictionary types, as long
extended typest], which support type-reps. Extended types oc- as the dictionary elements are type-rep values. A dictionary map
cur explicitly in the syntax of static method definition, because our & (mapping instantiated types and method descriptors to dictionar-
translation passes a type-rep as an extra argument in static methodes) contains all the dictionaries that the program may refer to, and
calls. Type environments map type variables to constraints, andtheir types match those specified by the corresponding class and
term variables to extended types. The remainder of BILC is best method definitions. Virtual methods do not take dictionaries, sim-
learnt by comparison with BILG, with an emphasis on the new fea- ply because we do not make use of dictionaries to translate virtual
tures. methods.

Constraints  The implementation handles specialization and The remainder of BILC is relatively easy to understand. The types

sharing based on compatibility of instantiations. Two instantia- of BILC do not affect evaluation, and run-time type information

tions arecompatible and their code can be shared, if for any pa- is acquired from type-reps. An object creation expressiene’)

rameterized class its compilation at these instantiations gives risecreates a new object whose typéas the type-rep. A type test

to identical code and other execution structureg.(field layout expressior isinstt € or €’ testseagainst the type-reg of type

and GC tables), except for the instantiation-specific dictionaries de- T. Types still occur inside this type test and some other expressions

scribed below. A piece of specialized code is generated for eachbut only to enable BILC to be statically typed. For conciseness, we

set of compatible instantiations reached in the program. To preventsafely omit the argument and return types from method descriptors

specialized code from being instantiated with improper type argu- since we do not support overloading. Field types are also omitted

ments, constraints on the representation of terms inhabited by typesfrom field access expressions. A new syntactic categodgsérip-

(not to be confused with type-reps) are introduced. For instance, atorsis introduced to cover both types and method descriptors.

natural choice is to let all reference types be compatible with each

other, because objects of reference types are represented as poins in BILG, the top of the class hierarclpject is handled spe-

ers, so no distinction is made for field layout or code generation; cially. We useRyp; as the type-rep afbject. Aside from the extra

hence a natural constrainéf for all (terms of) reference types is  handling of constraints, type-reps, and dictionaries, the semantics

useful. are still in the style of Featherweight GJ. We use the following judg-
ment forms to define the static semantics.

In BILC, type parameters in generic class and method definitions

are qualified with constraints)(to limit the type arguments with

which the class or method can be instantiated. Besides the con-



Field Lookup: fieldgl) = ... Constraint Satisfaction:

fieldgobject) = {}

><\

DEXITH XS EFl>ref

D(C) = class C<Xps> : | {Uy fi; md} with T EF int325i4 EF int64>i8
er|dS{[T/X}|) =Uy f2

field§C<T>) = U, T, [T/X]Us f;
q ) 2 f2,[T/XJU1 i Descriptor Formation: EFDok

Method Lookup: mtypél.m) — X>3,X:TH X ok E - int32 ok E I int64 ok
mbodyl.m<T>) =

D(C) = c_lass_CiX>§> 1{Uf; md} with T D(C) =class C<Xp> : 1 {...} with T

m not defined ilrmd EET ok E-Tos

mtypeC<T;>.m) = mtyp[Ty/X|l.m) E F C<T> ok
mbodyC<T1>.m<T2>) = mbody([T1/X]l.mkT2>)

D(C) = class C<Xp5p> : | {T'f; md} with U

D(C) = class C<Xp5p> : | {Uf; md} with T _ static/virtual U m<Yo5>(TX) { €} with 77 € md
static/virtual U nkYe5>(TX) {e} with 7/ emd E - C<T> ok E-U ok EFUsrs
mtypgC<Ty>.m) = [T1/X](<Y>5>T — U’) E C<T>::m<U> ok
mbodyC<T1>.m<T2>) = (X,[T1/X, T2/Y]e)
) - Class and Method Typing: Fcd ok
Dict Type: dictty(1) =T F md ok in GX>3>
dicttyM) =T _ _ - —
_ o X5k 1 ok fieldgl)=Ug f andg disjoint
D(C) = class C<Xp> : | {Uf; md} with T Fmd ok in GX>3> Ti =Rep (..
dictty(C<T>) = [T/X|t Fclass C<Xp : | {Tf; md} with Tok
D(C) = classﬁC<X>§> 2 {ﬁﬂ @W@ v D(C) =class C<XpS : | {...} with v
static U mxY>5>(TX) { e} with 17 emd X>s Yo X:The:T U =Rep(...)
dictty(C<T>: :m<U>) = [T/X,U/Y]T" - static T nKY>S>(TX) { e} with 17 ok in C<X>5>
Figure 6. Macros on fields and methods lookup.
D(C) =class C<Xp> : | {...} with T
X>5Y>9,X: T,this :C<X>Fe: T
Fvirtual T mkYe 8> (T X kin &Xp>3>
EFTes (T satisfies constraint s in)E virhe ) >$> (T { e} okin > i
E - D ok (D well-formed in B Figure 7. Class and method typing.
EFl<I (1is subtype of’lin E)
Ete:T (ehastype Tin
Fmd okin GX>3>  (md well-formed in @X>3>)
Fcd ok (cd well-formed dicitionary access is straightforward given the madiaity. As in

the implementation, dictionaries of objects are accessed through the
Macros for manipulating fields and methods (Figure 6) are formu- object record. Hence we choose todetjdict;e obtain the dictio-
lated in largely the same way as those of BILG. The definitions are nary through the objed, instead of directly taking the correspond-
based on substitutions of types. Since types do not affect evalua-ing type-rep.
tion, these substitutions can be viewed as no-ops at run-time. The
macrodictty simply collects the types of the dictionary elementsto To obtain a modelling closer to the implementation and achieve
help ease the presentation of the typing rules. more appealing erasure properties, we give a small-step reduction
semantics for BILC in Figure 9. The judgmedt- e — € means
The typing rules are shown in Figure 7 and Figure 8. Atype is well- “under dictionary ma the expressior reduces to expressi@’.
formed in an environment only if the environment contains all the Substitutions of terms should be viewed as local bindings in an im-
type variables used in the type. An instantiated type or method de- plementation. We omit the usual congruence rules due to space
scriptor is well-formed if the type arguments satisfy the constraints constraints.
as specified by the judgment of constraint satisfaction. Class typ-
ing makes sure that any type argument of a class which satisfies theA well-formed dictionary map is required for the safe execution of
constraints can be safely used to instantiate the superclass; it als@BILC programs. A dictionary map is well-formed, written 8,
enforces that dictionaries only contain type-reps. Method typings if it maps every closed descriptdrto a vector of value$(D) =v
are straightforward extensions of those of BILG. such that{} - v: dictty(D). In practice, of course, one cannot im-
plement such an infinite map directly; but observe that any partic-
The expression typing takes into account the constraint satisfactionular terminating program execution will only touch a finite number
for method instantitations. Types of type-reps are checked to en- of entries in the map. This can be implemented by lazy lookup and
sure that they indeed represent the types of interest. Typing thecreation of dictionaries, as is the case in the CLR.



Subtyping:

- EFI <l EFI < 1"

D(C) = class C<Xp> : | {...} E - C<T> ok
EFC<T> < [T/X]I

Expression Typing:

Ere:l E-l<:I
Ere:l’

EFi4:int32

Eri8:int64 X>§,. . XIT...FX:T

EFlok Ere:Rep(l)
fieldg1) =T f E-e:T
E-l(eé):!l

mtypeél.m) =<Xp>>T—T  EFUpS
Ele: [U/X]T
EFecalll::mU>: [U/X]T

mtypgl.m) =<Xp>T—-T  EFUb»S
Elep:l EFe:[U/XT
Eteyecallvirt |::mxU>: [U/X]T’

Ere:l fieldgl)=Tf
Ereldfldl::fi:T;

Ee:l Er € :Rep(l) Ee ]
EFeisinst; € oré :|

EFTok EF M ok
E F Rr:Rep(T) EF Ry :Rep(M)

E F C<T> ok EF®:Rep(T)
EF mkrepc«7>€: Rep (C<T>)

EFC<T>::m<U>o0k _
E Fe:Rep(T) EF € :Rep(U)

E - mkrepcers : : <> (6 €) i Rep(C<T>: :nkU>)

EFe:l dictty(l) =T
EF objdictie: T

E+e:Rep(M) dictty(M) =T
E Fmdictje:T;
Figure 8. Expression typing.

Reflected Subtyping:

{Fr<l
R <Ry

Reduction: (congruence rules omitted)

mbodyl.m<T>) = (X, €)
dFvcalll::m<T> s [V/X€

vo=1"(V,v") mbodyl’.mT>) = (X, €)
dFVoVcallvirt | : :m<T>— [Vo/this,V/X|€

v=1"(V,v) fieldg1) =TT
Ok vildfldl::fi—v;

vy =1(v,V) V<Vo
Ok vy isinstT Vo or V3 — Vg

vi =1 (v,V) v+ Vo
OF vi isinstT Vo or V3 V3

Vi = RTi
O F mkrepcotsVi— Roers
vi=Rr, VvV I=Ry

o+ MKTePEeT> : : m<U> (V,V) = R(:<T>: T m<U>

v=C<T>(R-¢>,W) O(C<T>) =V
OF objdict;V—V;

V=Reet>: .mecg>  O(C<T>::m<U>) =v
Ok mdictjVi Vv

Figure 9. Reduction rules of BILC.

The most interesting reduction rules are those for type test; they
show that type-reps are inspected at run-time. We use a rule for
“reflected subtyping” to handle these cases, lifting the static subtype
relation over closed types to a relation over type-reps.

The reduction rule for object dictionary lookuphjdict;V) in-
spects the type-rep stored in the object for fetching a dictionary
out of . Although the class instantiation also appears as the type
tag of the object, it is not accessible at run-time when all types are
erased. The reduction rule for method dictionary lookiui € t;v),

in contrast, directly inspects the type-rep argument.

An inspection of the reduction rules shows that types are irrelevant
for the evaluation. A type-erasure semantics [5], in which all type-
related operations and parameters are erased, is presented in the
companion technical report [28].

As in BILG, we annotate judgments and helpers with the class table
D when we wish to be more explicit. We say thats a valid class

table if-2 cd okfor each class definitiond in D.



Lemma 1 (BILC substitution) Suppose thaD is a valid class
table. IfXpsx: 7 F2e:1, FTes and -2 v: [T/X]T then

F? /%, T/Xe: [T/X]t.

Proof sketch. By induction on the structure of the derivation

Xp5x:TFPe: 1. o

Theorem 2 (BILC progress) Suppose thaD is a valid class
table. If-?  and{} F? e: T then eithereis a value or there exists
¢ suchthad+? e €.

Proof sketchBy induction on the structure of the typing derivation.
|

Theorem 3 (BILC evaluation preserves typing) Suppose thaD
is a valid class tabl&>5,x: TF? e: 1, -2 v; : [U/X]1; holds for
allv; e vandt; €T, and-? 8. If 57 [v/%,U/X]e € then
Xe5x:THP € 1.

Proof sketchBy induction on the structure of the evaluation deriva-
tion. a

4 Translation

4.1 Overview

BILC as introduced in the previous section is expressive enough
to demonstrate most of the key ideas used in the implementation
of generic IL. Run-time type information is captured using type-

reps. Objects contain the type-reps of their class instantiations; thus
the class type-parameters can be accessed at run-time. To shal
code as much as possible and at the same time efficiently suppo
exact run-time types, type-reps of open types are pre-computed an
stored in dictionaries, which are passed in as an extra paramete
for static methods, and accessed through the self pointer for non-
generic virtual methods. For generic virtual methods, type-reps for
open types can be constructed at run-time. All these features are

studied in our formal translation.

Based on the type arguments, every generic class or method is tran
lated into several specialized versions, with some of them shared by
different instantiations. Following the current implementation, we
use a global policy, generating unshared code for primitive instan-
tiations and shared code for the rest. One can think of this policy as

apartition {ref,i4,i8} of all closed types, with every type satis-
fying exactly one constraint.

4.2 Example

We first give an example to illustrate the idea of static method trans-

r

r

S-

class C<X> : C'<X>{
Xf;
static int32 MKY>(Xx Y y) {
€] newobj C1<>
& isinst Cp<X> or €,

e-3 call int32 C3<X>::me<Y>(int32)

Figure 10. Example source program.

To access open descriptors inside static method bodies whose code
is shared between different instantiations, we let static methods take
an extra argument as the type-rep of its own instantiation. The
callers of the method must provide the actual type-rep given the
instantiation information.

The type-rep of a static method instantiation contains enough infor-
mation about the type arguments, which is sufficient in constructing
the type-reps of open descriptors. However, if the construction hap-
pens repetitively, extra overhead is incurred. We apply a “lifting”
optimization where all the type-reps of open descriptors form a dic-
tionary which is constructed only once on the caller’s side.

Dictionary constructions are abstracted using the dictionary B)ap (

in our formalization. For any particular BILG method, all the sites
where open types will be needed can be determined statically, and
furthermore these type expressions are fully known statically with
spect to the type parameters in scope. Our translation puts the

r(iypes of the dictionary elements in the class or method definition

or static type-checking. Based on these types and the fact that ev-
ery representation type is inhabited by exactly one type-rep values,
the dictionary map simply maps any given class instantiations or

method descriptors to their dictionaries.

The statically determined dictionary layout indicates that one can
access the dictionary for open descriptors by specifying fixed off-
sets. This is a much cheaper operation than the run-time construc-
tion of type-reps.

Based on this scheme, a translation of the above €assshown

in Figure 11, where we usig| to stand for the translation .
ClassC is specialized into three different classe®@r, C@i4 and
C@i8. As indicated by therith clauses of the class definitions,
the dictionaries of these specialized classes are empty. This is be-
cause our translation makes use of dictionaries of classes for virtual
methods only.

lation. The source program that we are compiling, as shown in Take the definition oC@r as an example, the super cl&S'sis

Figure 10, is a simple generic cla8sX> which defines a generic

specialized based on the type argument. In correspondence with

static methodn<Y>. The body of the method refers to an opentype the methodn in the source program, we now define three special-

Co<X> and an open method descript@s<X>: : mg<Y>.

The translation specializes the cla@snd its methodn into sev-

ized versions. Methoth@r suffices in explaining the idea of static
method translation. Assumir@<X> andC3<X>: :mg<Y> are the
only open descriptors in the source program, the dictionary type is

eral versions in the target language, one for each constraint in theas shown in th&rith clause. We let the method definition take an
partition, based on their type arguments. Given the above partition extra parametexy, whose type dictates that only the actual type-

{ref,i4,i8}, we useC@r as the class name for the specialized
version ofC where the type argument satisfiesf, andC@i4 and
C@is for those where the type argument satisfiasand i8 re-
spectively. Similar mangling applies to the method name

rep of the method can be passed in. Inside the method body, we
use the dictionary lookup expressiadictixy to access for open

type-reps. For the closed tyg@a <> in the source program, the cor-

responding type-rep is statically knownRg <>.



Specializing atref

class C@r<Xpref> : C'@r<X> {
;(tfaitic int32 m@r<Yprref>
(Rep(C@r<X>: :m@r<Y>) X4, X XY ) {
éi<>(Rc1<>, ler))
|e2\ isinstc,@r<x> (mdictiXq) or |%}

(mdictaXg) |eg|
call C3@r<X>: :mz@r<Y>

} ;,;i-th (Rep (Co@r<X>),Rep(C3@r<X>: : mg@r<Y>))

static int32 m@i4<>
(Rep (C@r<X>: :m@1i4<>) Xg,X X, int32y) {

Ci<>(Re<>, e1])
|&o| isinstc,@r<x> (mdictiXq) or |dz}

(mdictoXq) |es|
call C3@r<X>: :mp@i4<>

} ;J':i:th (Rep (Co@r<X>),Rep (C3@r<X>: : mMz@i4<>))

...code for n@i8 omitted ..
b with ()

’ Specializing ati4 ‘

class C@i4<> : C'@i4<> {
int32f;
static int32 m@r<Yp>ref>
(Rep (C@1i4<>: :m@r<Y>) Xg,int32X, Y y) {

C1<>(Re <>, &)
|e2| isinstc,@ia<> Ro,@ia<> or |6
(mdictiXy) |es3| call C3@id<>: :me@r<Y>

} with (Rep(C3@i4<>: :mg@r<X>))

...code for n®@i4 and n@i8 omitted ..
} with O

’ Specializing ati8 | Omitted.

Figure 11. Translation of the example source program.

The remainder of the code is generated following similar ideas.
In relation with an actual implementation, the argument passed to
static methods ag can be understood as a pointer to the method'’s
dictionary. The dictionary lookup operati@dict consists of de-
referencing the dictionary pointer and fetching an element based on
a fixed offset. The potentially infinite nature of the dictionary map
is handled by constructing dictionaries on-demand.

4.3 Formal Translation

The above example illustrates the translation of static methods,
which makes use of a dictionary for each method instantiation. Al-
though non-generic virtual methods could use the same scheme, its
non-generic nature allows optimizations. We let the dictionary of a
class instantiation be a combined dictionary for all its non-generic
virtual methods. Inside a virtual method body, this dictionary can
be accessed through the self pointer; thus there is no need to carry
an extra argument.

Generic virtual methods are altogether more challenging. The dic-
tionary map cannot generate an appropriate dictionary from the
caller’s side, because it is unknown statically which method body
will be called. In our formalization, we fall back to construct type-
reps of open descriptors at run-time. This provides a good compari-
son with, and demonstrates the advantage of, the dictionary-passing
scheme used for static methods. We will discuss more efficient im-
plementations for generic virtual methods in section 5.

For simplicity, we omit the special treatment of non-generic classes,
for which optimizations are straightforward.

The formal translation roughly consists of expression translation,
method translation, and class translation.

Expression translation Expression translation is shown in Fig-
ure 12. It is parameterized ondgscriptor lookugfunction ¢ and

a specialization environmend. The functiony returns type-reps
for all descriptors (D) : Rep(D)). The environmenp maps type
variables to their constraintp (:= X +— ). These are both provided
by the method translation.

Most parts of the expression translation simply propagate the trans-
lation to sub-components. The only interesting cases are object cre-
ation, run-time type test, and method invocation. Object creation
and run-time type test obtain type-reps usingStatic calls obtain

the type-reps of the method descriptors and use them as an extra
argument. There is nothing special about the translation of non-
generic virtual calls, because the implicit self pointer suffices in lo-
cating the dictionary. On contrast, generic virtual calls require pass-
ing in the type-reps of the type arguments to the generic method, so
that type-reps of open types inside the target virtual method can be
constructed.

We define a few helpers to abstract operations used in the transla-
tion. Some target class or method may expect less type arguments
due to specialization. This is capturedaagument specializatign
which performs a target-to-target transformation on vector of types
by throwing away anthing that is specialized for a singleton con-
straint. Type specializatiotells us which constraint a type belongs

to; it refers top for the specialization choices of type variables.

Type translation is mostly straightforward. To translate an instanti-
ated type, we first translate the type arguments recursively. A spe-
cialized version of the class is then chosen, based on the constraints



Exp Translation: lel¥ =¢

P
|ldc.i4i4|¥ = i4
|ldc.i8 i8\ﬁJ = i8
|Ldarg X\% = X
[enewobj I|5 = |[l],(er, \é\g)
whereer = (]1|,;)
[ecall M|} = e [g} call |M],
ande; — W(|M|,)
|ep € callvirt M\g = |eo\gJ |7e|gJ callvirt [M|,
if M non-generic
|ep € callvirt M\g = |eo\gJ &R |é|gJ callvirt [MJ,
where|M|; = C<T>: :mxU>
andeg = Y(TU)
le1df1d T I::f\é e 1a£1d I, :f
leisinstlor ey = |eg isinst) eRor \eﬂg’

whereer = Y(]1|,)

Arguments Specialization:

[19] ]

= ~ T,T%S if s=ref
0 — 77
(T.T)%(s5) = { T%3 otherwise
Type Specialization: speg(T) =s
speg(int32) = i4
speg(int64) = i8
speg(X) = p(X)
Speg(C<T>) = ref
Type Translation: Tlp=T
lint32|, = int32
|int64\p = int64
X if p(X) =ref
Xlp = int32 if p(X) =i4
int64 if p(X) = i8
\C<T>}p = C@§<|ﬂp%§> wheres = speg,(T)

Method Descriptor Translation:

|M|p:Ml

|UT::m<T>(U) ’p = lfp: :m@§<}ﬂp%§>
wheres = speg,(T)

Value Translation: Mo =V
lial, = i4
ligl, = i8
=W, = LINGIINL

Figure 12. Expression translation.

Object dictionary lookup: objdictt.. (D) =e

LT | Ro if D closed
Ode'CtXZT(D)_{ objdict;X if T =Rep(D)

T | Rp if D closed
mdict (D) = { mdictix if Ty =Rep(D)

Method dictionary lookup:

mkreg; (D) = e

Run-time lookup:

mkre;iff(xi) = X
mkreg+(D) = Ro, if D closed
mkreg, (C<T>) mkrepccrs> (€)
whereg = mkre }(Ti)
mkreﬁzf(C<T>: :mcU>) = mkrepects. . meU> (6€)
whereg = mkreyj?fTTi
e = mkreg Ui

Figure 14. Descriptor lookup.

of these type arguments. Furthermore, argument specialization fil-
ters out types that are fully-specialized. Method descriptor transla-
tion is defined similarly.

Class translation  As shown in Figure 13 (where the trivial trans-
lation of object is omitted), a BILG class is translated into a set
of classes in BILC, based on the constraints of the type arguments
X. These constraints form a specialization environnperithe set

of all possible specialization environments Péris abstracted as
SEnyX). A target class is generated for egeh SEnyX).

For a specialization environmemp{ the translation mangles the
class name with the constraints of the type arguments. The argu-
ments are specialized properly, and the super class instantiation and
field types are translated using type translation.

Given a BILG class definition, the dictionary typ&$ ¢f the trans-
lated BILC classes can be determined by walking through all non-
generic virtual method bodies in the source and collecting all open
descriptors. Straightforward recursion over the program structure
suffices in defining this operation, whose lengthy definition is omit-
ted due to space constraints.

Based on the dictionary type, the dictionary ndagan easily gener-
ate the actual dictionary for any given class instantiation. For simi-
lar space concerns, we also omit a formal definition of this map.

Once the dictionary layout of a class is determined, the descriptor
lookup functiony can be defined by applying tlobject dictionary
lookupfunction (objdict) on the dictionary type and the self pointer.
As shown in Figure 14, for a closed descriptoljdict returns its
type-rep directly; for an open descriptobjdict returns an expres-
sion which queries the proper dictionary slot for its type-rep.

Given the descriptor lookup functiap, the specialization environ-
mentp, and the class instantiation itself, every method in the source
class is translated into a set of methods, and all these sets are com-
bined to form the methods of the target class.



Method Translation: |md|g“ —md

|virtual U me>(TX) { e}’gl

{virtual U, m<>(‘ﬂp x) { |e|gj}}

|static Um<Y>(TX) {e}|g”I {static |U|pup M@3<Y'>ref> (T Xg, |ﬂpup, X { |e|g’,up,} with T}

o p'eSEnVY)
wherep(Y) =sandY%s= Y andtq = Rep(l : : m@s<Y'>)
andT is the dictionary type and’ = mdicﬁdzTd

virtualUr’rKV>(TX){e}}g’c<x> - {virtual|U|pUp/ m@s<Y' o ref> (T2, [T| x){\e\gfup,}}

wherep(Y) =sandY%s=Y andXY' =Z,...,Z,
andy’ = mkre;%T andtj =Rep(Z;) and length ofY is greater than 0

Class Translation: |cd| = cd

ﬁlwc@:«”} with T}

p'eSENVY)

|c1ass C<X> | {Tf; m}| = {class C@<X'>ref> : |I|p {!ﬂp f;
— _ _ PESENYX)

wherep(X) =sandX%35= X’
- o s
andT is the dictionary type ang) = Objd'Ctthis:C@§<f>

Figure 13. Class and method translation.

Method translation  Similar to classes, methods are translated efficient than building type-reps at run-time (which involves the
into sets of specialized methods. For simplicity, we assume implicit mkrep operation). In the actual implementation of generic IL, a
convertion between our set and vector notations. scheme based on run-time lookup is typically slower by at least an
order of magnitude than one based on dictionary-passing [14].
The translation of a non-generic virtual method is simply performed
by translating the signature and method body, passing on the de-Soundness of translation We first define a translation of a type
scriptor lookup functionp and specialization environmept environmentE given a dictionary environmenp and amatching
specialization environmemtthat covers all type variables B. In
A static method is translated into multiple versions based on all pos- the case wher# is an object dictionary lookup function, the type
sible specialization environmenté of the method type arguments.  translation ofE is undefined if the binding for the self pointer argu-
Aside from mangling method names, specializing type arguments, ment & : T) does not occur ifE. This is merely used to simply the
and deciding dictionary types, the interesting part of this transla- soundness proof.
tion is that an extra parameter is introduced. The type of this extra
parameter dictates that the actual argument passed in can only be a
type-rep of the method instantiation. For the method body to be able

o _ Yo o.
to look up open descriptors using the extra argument, the descrip- ]X,x T‘P = X%p(X)pref X: mp
tor lookup functiony’ is defined usingnethod dictionary lookup bidicit
(mdict as shown in Figure 14), which returns type-reps for closed ]XX:ﬂg JiCtc }Y,X:T\p (ifx:te \Y,X:T\p)
descriptors, and dictionary lookup expressions for open descriptors o o . = mdicf, o = .
based on the dictionary layout. X% 7| o [XX:T|gx:T
X% T mkreg P X Tl 2T
The remainder of static method translation involves translating the ’ X ‘D o ‘ X ‘p’z' E
signature and method body, and passing on the appropriate descrip-
tor lookup functiony’ and specialization environmept) p’ to ex- Based on our formal translation, a valid class tablef BILG is
pression translation. translated into a valid class tabf¢’ of BILC. The following type-

] o preservation theorem on the translation of expressions can be used
In contrast, the translation of generic virtual methods takes the type- g derive the preservation of well-formedness on that of methods
reps of the type arguments themselves as extra parameters. Th@nd classes, and hence the above preservation of valid class tables.
descriptor lookup function)’ is defined using “run-time lookup”  Note that although expression typing assumes a class table, it only
(mkrep), which returns expressions that construct type-reps at run- yses it in syntactic ways. Thus our type-preservation theorem of
time when necessary. expression translation does not reply on the preservation theorem

of valid class tables.

By comparing method dictionary lookupmlic) and run-time

lookup (mkrep, it is clear that the dictionary-passing scheme Theorem 4 (Type preservation) If 9 is a valid class table and
(which involves only de-referencing and numeric indexing) is more .ol aiacty EFPe: T o is a matching specialization



environment o, andy satisfies thatE|gJ 2 Y(D) : Rep(D) relying on the dictionary mapdf to provide a level of indirec-
YD V- tion to connect related dictionaries. This avoids the direct tackling
holds for amyD € dom(y), then|E|g = lelg : [Tlp- of recursion and sharing in dictionaries. The dictionary map also
. . . . helps to abstract away from the potential infinite nature of dictio-
Proof sketch.The proof is done straightforwardly by induction on naries due to polymorphic recursion. An implementation can pro-
the structure of the derivatidBi-" e: T, after factoring outlemmas  vide a map which builds these dictionaries on demand. In contrast,
on field and method lookup macros and subtyping. The key point 3 model that makes explicit all these features appears to require

is that these lemmas only refer to the class table in syntactic ways. higher-kinded recursive types, whose formalization is conceivable,
Expressions of BILG are all translated into their counterparts in pyt certainly less accessible (see later).

BILC. Although some of them refer to BILC expression on type-

reps and dictionaries, they only do so through the descriptor lookup Name-based type-reps may also be an appropriate model for other
functiony, whose result types are the desired ones by assumption.features that demand name equivalence, such as reflection and seri-
u alization. For example, the CLR claSgstem. Type (equivalently,

o . . . . java.lang.Class in Java) could be modelled by the existential
Our translation is also semantics-preserving. This theorem is for- 3x pep (X).

malized by assuming a correct descriptor lookup functiomhich

yields expressions that reduce to the correct type-rep. Value classes Our formalization can be extended to support pa-
rameterized value classes (calkdlictsin Ct), a distinctive feature

Theorem 5 (Semantics preservation)SupposeD is a valid class of which is that runtime types are not carried by values, since sub-

table and translates ', -2 5. Suppos&,X: T2 e: T’ typing on value types is not supported. Hence to support sharing of

method code in value classedl, methods must be passed an extra

Deo. 1T /71T sva T — A/(Y) _ =
FT VA [U/XIT, p € SEnUX), speg(U) = p(X) =, andy method-rep argument providing access to a dictionary.

satisfies thafX, X : T|:)ll 2" (D) : Rep(D) for anyD € dom(y).

LetX'>ref,X: T,X : U = |X,X: T‘UJ andU’ = |U| %s. If Constraints on type parameters can be extended to support sharing
R - i’. — P of generic classes across distinct value class instantiations, for ex-
®=wF" [U/X]ei}iw,iamil— v [U/XU, then ample using the same code ¥t <Point> andSet<Size> where

3F? W /X, |\7|p/>*<}|[U/X]e|p =" W, Point andSize are both value classes with twiat fields. The

grammar of constraints would be extended with syrsjxdenot-

Proof sketch.The proof is done straightforwardly by induction on  ing a ‘field layout’; a value class would satisfy such a constraint if
the structure of the derivatiofk = v) -2 e |} w, after factoring out its constituent fields satisfied the constragt®mponent-wise.

lemmas on field and method lookup macros. Translations of BILG . oo o
expressions do not directly refer & because they do not refer to Such constraints lead to infinitary class specialization; the transla-
BILC expressions on type-reps and dictionaries directly. They are tion Of classes and methods as shown in Figure 13 then truly ab-
abstracted away by the descriptor lookup functigrwhose result ~ Stracts away from the implementation, which clearly cannot be re-
types are the desired representation types by assumption. Thes&'iZ€d by static compilation!

result expressions reduce to the desired type-reps, because repre- . = . .
sentation types are singleton types. o. Specialization policies We make the observation that the spe-

cialization policy need not be fixed in the implementation, and fur-
. . thermore other interesting policies exist, such as generating spe-
5 Discussion and Related Work cialized code for type arguments that arering. In fact, our for-
malization can be customized using different partitionings of the
Type-reps BILC makes use of term-level type-reps for opera- set of all closed types. For a partitioning to be valid regarding the
tions that require exact run-time types, avoiding a type-passing in- translation, obvious requirements include that it must be complete
terpretation (that is, one in which type parameters are interpreted (covering all closed types) and disjoint (no type belongs to more
both staticallyand as values passed at runtime). In spirit our type- than one partitions). It must also provide constraint satisfaction,
reps are similar to those of intensional type analysis (ITA) [5] in argument specialization, and type specialization judgments. Keen
that every representation type (thep construct of BILC) is in- readers may have noticed that we explicitly specify constraints in
habited by exactly one type-rep value, hence type-reps faithfully BILC even though all type arguments have the same constraint
reflect type information at run-time. However, the handling of type- This allows us to accomodate easily other specialization policies.
reps in BILC is quite different from that of ITA. Most importantly,
our type-reps are based mamesof types, instead o$tructures A less obvious necessary condition is that it must be congru-
In particular, BILC does not provide a structural way of construct- ent with respect to the structure of the types. For example, for
ing and deconstructing type-reps. Instead, type-rep construction isthe actual implementation we considered generating specialized
abstracted using a primitivekrep, and the type-rep valuef) code forall value classes, thus avoiding any dictionary lookups at
are inspected by expressions that require types at run-time. For in-runtime, but this does breaks congruence: for exampieing
stance, the type test expressiasinst) inspects type-reps based shares the same constraintagect butPair<string,string>
on a reflected subtyping relation. (It is interesting to note that the andPair<object,object> would be distinct, ifPair is a two-
efficient implementation of reflected subtyping tests are the subject parameter value class. Then a generic metixo¢h that references
of much recent research [23]). Pair<X,X> cannot be specialized under the constrXintref be-
cause no appropriate specializatiorpafir exists.
We also extended the idea of name-based type-reps to method de-
scriptors. This greatly simplifies the handling of dictionaries. In Moving in the other direction, towards less specialization and more
the actual implementation of IL generics, a dictionary may contain sharing, it is worth noting that types with different constraints can
both type-reps and pointers to other dictionaries, exhibiting a graph be shared if coercion operations such as boxing are employed.
structure. OuRep andR constructs are simply based on names,



Generic virtual methods  Virtual methods which are themselves  boxing for primitive types such aimt andfloat, and a great deal
generic introduces a new level of expressivity in the system of poly- of research involves cunning ways of alleviating this cost by reposi-
morphism that supports a kind of “first-class” polymorphism [15]. tioning or removing altogether the box and unbox operations [16].
The implementation of this in the presence of infinitary code-

specialization requires JIT compilation, and when combined with Furthermore, most research has concentrated on ML-like languages
dictionaries requires some new implementation techniques. In with purely static type systems in which source types do not affect
particular an appropriate dictionary cannot be generated from the evaluation. Interestingly, much recent work on the implementa-
caller’s side. Our formal translation constructs type-reps of open tion of polymorphism has reintroduced types into evaluation (“in-
descriptors inside generic virtual methods at run-time, to demon- tensional type analysis”) so that polymorphic code can switch on
strate the advantage of dictionary passing. Nonetheless, there ar¢he type at which it is used [9, 25]. The manipulation of types
more efficient schemes for implementing generic virtual methods, at runtime can be expensive, particularly the construction of types
e.g.,one may arrange to let the callee construct the dictionary and from type parameters that are not known statically. It is possible to
reuse it inside the method body. Although different method calls of avoid all runtime type construction by lifting type applications to
the same instantiation would repeat the dictionary construction, the top-level, which can be considered ‘link-time’ [24]. This technique
cost is still amortized inside a single method call. is similar to our use of dictionaries which can be created just once.

Structural typing  Our target language BILC essentially embeds Similar type dictionary techniques are employed by Viroli and Na-

in its type system the source types of BILG. This simplifies the for- tali [27] in their implementation of generics for Java. In their

mal type system and semantics, and abstracts away the complexitiesource-to-source translation, a single non-generic class in the tar-

of inheritance and virtual method dispatch. get is used for all instantiations of a generic class in the source
(only reference instantiations are permitted). Dictionaries (which

An alternative approach is to encode source types in a lower-level they call ‘friend’ types) are manipulated using reflection features of

language possessing structural type equivalence; typically this lan-Java.

guage is based on a foundational calculus suck,asOf course,

modelling inheritance and virtual methods is not trivial, for exam- Code specialization (monomorphization) is rarely used as an imple-

ple involving existentials and recursive types, features that would mentation technique. The idea of specializing by representation (in-

not be considered lightly by an implementer. stead of source type) as used in the implementation of CLR generics
has also been applied to whole program compilation for Standard

But dispensing with nominal typing brings benefits: more optimiza- ML [2].

tions can be expressed, and choices of representation made more

explicit. For example, given a generic cla@sX> and an instanti-

ation C<string> we might specialize the code to produce aclass 6 Conclusion and Future Work

C@string, but also generate code f@@ref<X>ref> that can

be used for any reference type instantiation. Polymorphic contexts We have presented a formalization of the generics implementation

would use the latter code, whilst the specialized code would be usedfor the .NET Common Language Runtime, combining code shar-

when the instantiation is known to k&ring. This requires that ing, code specialization and efficient support for run-time types,

C@ref<string> be type-equivalent t€@string. using dictionaries. In particular, we presented a type-preserving
and semantics-preserving translation from BILG, which is a minia-

Type-theoretic constructs such asandp make it possible to de-  ture formalization of Generic IL, to BILC, which abstracts the ex-

scribe the types of dictionaries without the use of names for method tended Common Language Runtime for generics. This work not

dictionaries. For example: only serves as an application of advanced type theories to a widely
. used industrial product and helps understanding possible imple-
* Suppose a generic methaex> uses the open typéec<x> mentation techniques, but also yields interesting research results,
and invokes two methods<X> and p<X> which both in such as name-based type-reps.
turn invoke g<X> which uses the typset<X>. Then the
type of the dictionary passed te<string> can be ex-  potential future work includes extensions on other language fea-
pressed askep(Vec<string>) x (Rep(Set<string>) x tures €.g.,value types), further translation down to lower-level lan-
Rep(Set<string>)). guages€.g., TAL [19]), a separate modelling of the generics imple-
e Cycles in dictionary types can be expressed using recur- mentation in alower-level calculus with structural equivalerecg. (
sive types. For example, suppaseX> uses typeVec<X> FLINT [26]), and formalizing Just-In-Time compilation to support
and invokesn<X> which in turn usesSet<x> and invokes  laziness.

m<X>. The type of the dictionary passed t@string> is
UD.Rep (Vec<string>) X (Rep(Set<string>) x D).

e Polymorphic recursion requires the use of higher-kinded re- 7 References

cursive types. For example, suppas€X> usesVec<X>

and then invokesm<Set<X>>. The type of the dic-
tionary passed tan<string> is (UD.AX.Rep(Vec<X>) x

D(Set<X>)) string.
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