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Abstract

We motivate the design of a statically typed assembly language (TAL) and present a type-
preserving translation from System F to TAL. The TAL we present is based on a conventional
RISC assembly language, but its static type system provides support for enforcing high-level
language abstractions, such as closures, tuples, and objects, as well as user-defined abstract data
types. The type system ensures that well-typed programs cannot violate these abstractions. In
addition, the typing constructs place almost no restrictions on low-level optimizations such as
register allocation, instruction selection, or instruction scheduling.

Our translation to TAL is specified as a sequence of type-preserving transformations, includ-
ing CPS and closure conversion phases; type-correct source programs are mapped to type-correct
assembly language. A key contribution is an approach to polymorphic closure conversion that is
considerably simpler than previous work. The compiler and typed assembly language provide a
fully automatic way to produce proof carrying code, suitable for use in systems where untrusted
and potentially malicious code must be checked for safety before execution.

1 Introduction

Compiling a source language to a statically typed intermediate language has compelling advantages
over a conventional untyped compiler. An optimizing compiler for a high-level language such as
ML may make as many as 20 passes over a single program, performing sophisticated analyses and
transformations such as CPS conversion [15, 35, 3, 13, 19], closure conversion [21, 40, 20, 4, 27],
unboxing [23, 31, 39], subsumption elimination [10, 12], or region inference [8]. Many of these
optimizations require type information in order to succeed, and even those that do not often benefit
from the additional structure supplied by a typing discipline [23, 19, 31, 37]. Furthermore, the ability
to typecheck intermediate code provides an invaluable tool for debugging new transformations and
optimizations [41, 29].

Today a small number of compilers work with typed intermediate languages in order to realize
some or all of these benefits [23, 34, 7, 41, 25, 38, 14]. However, in all of these compilers, there is a
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conceptual line where types are lost. For instance, the TIL/ML compiler preserves type information
through approximately 80% of compilation, but the remaining 20% is untyped.

We show how to eliminate the untyped portions of a compiler and by so doing, extend the approach
of compiling with typed intermediate languages to typed target languages. The target language
in this paper is a strongly typed assembly language (TAL) based on a generic RISC instruction
set. The type system for the language is surprisingly standard, supporting tuples, polymorphism,
existentials, and a very restricted form of function pointer, yet it is sufficiently powerful that
we can automatically generate well-typed and efficient code from high-level ML-like languages.
Furthermore, we claim that the type system does not seriously hinder low-level optimizations such
as register allocation, instruction selection, instruction scheduling, and copy propagation.

TAL not only allows us to reap the benefits of types throughout a compiler, but it also enables a
practical system for executing untrusted code both safely and efficiently. For example, as suggested
by the SPIN project [6], operating systems could allow users to download TAL extensions into
the kernel. The kernel could typecheck the TAL code to ensure that the code never accesses
hidden resources within the kernel, always calls kernel routines with the right number and types
of arguments, etc., and then assemble and dynamically link the code into the kernel.! However,
SPIN currently requires the user to write the extension in a single high-level language (Modula-
3) and use a single trusted compiler (along with cryptographic signatures) in order to ensure the
safety of the extension. In contrast, a kernel based on a typed assembly language could support
extensions written in a variety of high-level languages using a variety of untrusted compilers, as
the safety of the resulting assembly code can be checked independently of the source code or
the compiler. Furthermore, critical inner-loops could be hand-written in assembly language in
order to achieve optimal performance. TAL could also be used to support extensible web-browsers,
extensible servers, active networks, or any other “kernel” where security, performance, and language
independence are desired.

Software Fault Isolation (SFI) [47] also provides memory safety and language independence. How-
ever, SFI requires the insertion of extra “sandboxing” code, corresponding to dynamic type tests,
to ensure that the extension is safe. In contrast, TAL does not have the overhead of the additional
sandboxing code, as typechecking is performed offline.

With regard to these security properties, TAL is an instance of Necula and Lee’s proof carrying code
(PCC) [33, 32]. Necula suggests that the relevant operational content of simple type systems may
be encoded using extensions to first-order predicate logic, and proofs of relevant security properties
such as memory safety may be automatically verified [32]. In addition, Necula’s approach places no
restrictions on code sequences or instruction scheduling, whereas TAL has a small number of such
restrictions (see Section 6.2). However, in general there is no complete algorithm for constructing
the proof that the code satisfies the desired security properties. In contrast, we provide a fully
automatic procedure for generating typed assembly language from a well-formed source term.

1Of course, while type safety implies many important security properties such as memory safety, there are a variety
of other important security properties, such as termination, that do not follow from type safety.



1.1 Overview

In order to motivate the typing constructs in TAL and to justify our claims about its expressiveness,
we spend much of this paper sketching a compiler from a variant of the polymorphic A-calculus to
TAL. The eager reader may wish to glance at Figure 26 for a sample TAL program.

Our compiler is structured as five translations between six typed calculi:

\F CPS-conversion \K Closure conversion \C Hoisting \H Allocation \A Code generation TAL

Each of these calculi is used as a first-class programming calculus in the sense that each translation
accepts any well-typed program of its input calculus; it does not assume that the input is the
output from the preceding translation. This allows the compiler to aggressively optimize code
between any of the translation steps. The inspiration for the phases and their ordering is derived
from SML/NJ [5, 3] (which is in turn based on the Rabbit [40] and Orbit compilers [20]) except
that types are used throughout compilation.

The rest of this paper proceeds by describing each of the languages and translations in our compiler
in full detail. We give the syntax and static semantics of each language as well as type-directed and
type-preserving translations between them. Section 2 presents AF, the compiler’s source language.
Section 3 presents the first intermediate language, A*, and gives a typed CPS translation to it based
on Danvy and Filinski [13] and Harper and Lillibridge [19]. Section 4 presents the next intermediate
language, A, and gives a typed closure translation based on, but considerably simpler than, the
presentation of Minamide, Morrisett, and Harper [27]. Section 5 presents the A* intermediate
language and a translation that makes allocation and initialization of data structures explicit. At
this point in compilation, the intermediate code is essentially in a A-calculus syntax for assembly
language, following the ideas of Wand [48]. Finally, Section 6 presents our typed assembly language
and defines a translation from A* to TAL. In Section 7 we show the type correctness of the compiler
and in Section 8 we discuss extensions to TAL to support language constructs not considered here.

2 System F

The source language for our compiler, A¥, is a call-by-value variant of System F [16, 17, 36] (the
polymorphic A-calculus) augmented with products and recursion on terms. The syntax for A"
appears below:

types T ou= alint|n = Yo | (r,..., )

terms e = z|i|fixa(zymy)ime.e| ereg | Aae | e[T] |
(e1,...,6n) | mi(€) | €1 pea | if0(er,ez,€3)

primitives p = 4| —|x

type contexts A = ag,...,q

value contexts ' = 2y, 2,7,

In order to simplify the presentation, A" has only integers as a base type (ranged over by the
metavariable 7). We use X to denote a vector of syntactic objects drawn from X. For instance,



FTV(r)CA
AbpT

A;FI—FJC:T(F(:U):T) AT Fpe:int
Abprm AFpr AjT{zrm —m,zim)lre:n (2,21 &)
AT by fizz(zyim )impe s 1 — 7o i
AT krper i1 —1 AjlFrpey:n

AT Fperes T

A{a};Thre:T Abrpr Ajl'Fpe:Vaur
(o g A) ;
AT by Aae :Vaur A;T g oe[r] : T'[T/a]
: T AT kpe: e Th
AT hpe 7 ; p€: (T, .y Th) (1<i<n)
AT Fp (e, e oyen) i {1, oy Th) AT Fpomie) o7
A;TFperint AT bFpoey:int AT kFreriint A;TFrpey:7 AjbFpes:T
A;TFperpey:int A;T Fpoif0(er,eg,e3) 7

Figure 1: Static Semantics of A"

(7) is shorthand for a product type (71,...,7,). The term fiz 2(z1:71):7;.€ represents a recursively-
defined function z with argument 2, of type 7 and body e. Hence, both z and z; are bound within
e. Similarly, a is bound in e for Aa.e and bound in 7 for Ya.7. As usual, we consider syntactic
objects to be equivalent up to alpha-conversion of bound variables.

We interpret A" with a conventional call-by-value operational semantics (not presented here). The
static semantics (given in Figure 1) is specified as a set of inference rules for concluding judgments
of the form A;T' Fy e : 7 where A is a context containing the free type variables of I', e, and 7; I is
a context that assigns types to the free variables of e; and 7 is the type of e. A judgment A Fy 7
asserts that type 7 is well-formed under type context A.

As a running example, we will consider the compilation of the following computation of 6 factorial:

(fiz f(nuint):int.if0(n,1,n x f(n —1)))6.

3 CPS Conversion

The first compilation stage is conversion to continuation-passing style (CPS). This stage names all
intermediate computations and eliminates the need for a control stack. All unconditional control
transfers, including function invocation and return, are achieved via function call. The target



calculus for this phase is \¥:

types T u= alint | VY[a].(T) — void | (T)

terms e u= o[f|(¥)] if0(v,e1,e3) | halt[r]v | let z = v ine
letz =mi(v)ine|letz =vipvyine

values v ou= x| | (D) ] fixz[d)(z1iTa, ., 0T )€

primitives p = 4| —|x

type contexts A = ap,...,aq

value contexts I : LTy ey TyiTy

Code in A* is nearly linear: it consists of a series of let bindings followed by a function call. The
exception to this is the if0 construct, which is still a tree containing two expressions.

In A¥ there is only one abstraction mechanism (fiz), which abstracts both type and value variables,
thereby simplifying the rest of the compiler. The corresponding ¥V and — types are also combined.
However, we abbreviate V[].(7) — void as (7) — void.

Unlike in AT, functions in A¥ do not return values; instead, they invoke continuations. The function
notation “— void” is intended to suggest this fact. Execution is completed by the construct halt[r]v,
which accepts a result value v of type 7 and terminates the computation. Typically, this construct
is used by the top-level continuation. Since expressions never return values, typing judgments for
expressions do not state types. Instead, the judgment A; T ¢ e indicates that the expression e is
well-formed under type and value contexts A and I'. Aside from these issues, the static semantics
for A¥ is completely standard and appears in Figure 2.

3.1 Translating \" to A\¥

The implementation of CPS-conversion follows Danvy and Filinski [13] and Harper and Lillib-
ridge [19]. Danvy and Filinski give a CPS translation with a two-level type system that distin-
guishes between static (or “administrative”) f-redices and dynamic ones. They use this in a one-
pass translation that produces an efficient CPS value and prove the resulting value 3n-equivalent to
a standard CPS translation (as given by Fischer and Plotkin [15, 35]) They also show how to modify
their translation so that it is “properly tail-recursive” (i.e., so that the unnecessary n-expansions
of tail-recursive functions are eliminated). Our translation uses both the two-level system and the
tail-recursion optimizations. Harper and Lillibridge discuss the typing properties of CPS conversion
of F, augmented with callcc and abort primitives. We used their call-by-value translation to guide
our translation. Note that a real implementation would uncurry a type abstraction followed by a
value abstraction during the translation, creating a single polymorphic function.

The type translation K[ -] mapping A* types to A¥ types is given in Figure 3. For any A" type
7, N[7] represents the A\* type for a 7-continuation, which is (K[r]) — void. The translation of
terms (Figures 4 and 5) is given by three judgments. Full programs are translated by the judgment
Fpep:T~8 €cps, Which asserts that eqps is a correct CPS conversion of the program er. Most of the
work is done by two other judgments: one for terms in tailcall positions and another for all other
positions.

The non-tailcall translation is given by the judgment A;T by ep : 7 % €cps- The tesult, eqpq, is a
static function that takes a static continuation representing the rest of the program and invokes it



FTV(r)CA
AbgT

A;FI—K.r:T(F(:C):T) AT Fyt:int
AT g v
AT by (01,00, 00) 1 (T1y ey Th)
A{d} Fx i A{a}; I{a:V[a|(T) — void, z1:711,. .., x0Ty} Fi € (2,21 € Ty & A)
AT by fiz z[d)(z1:m1, - oy TpiTh).€ 2 V][@](T) — void T T
Abgo; ANTEgv:Viog,...,on](1,. .., 7) —void AT b v 15[6/a]
AT Fy o, .., 00)(01, 000y Um)
AT Fgoviint AT Feer AT Fxes AT Few:T
A;T By if0(v, e, e2) A; T by halt[r]v
AT hgov:ir AjT{ar}hge
AT kgletz=vine (¢ 1)
AT g v (m,...,m) AT{zim}tge
AT by let z = mi(v) ine
AsT g vy rint AT g vg tint AsT{ziint} F¢ e
AT kg letz =vipovgine

(z¢g1,1<i<n)

(z¢T)

Figure 2: Static Semantics of A¥

Kla] LN
K[int] e it
K[r1 — 7] def (K[r], Nr2]) — void
K[Va.r] def Via].(N]7]) — void
K75 oma)] € (K, Kl

NIl & (K[r]) = void

Figure 3: Type Translation from AF to A®




X
0;0Fpe:7C ¢

Fpe:m 5 @Ay halt[K[7]]y)

(I'(z) =)

AT hp 7% MekQz AT by int 2 e k@i
Aberm Aber AT{zim — m,zimllbre:n !

AT by fizz(zyim )impe s 7 — 7o vy Ak EQ(fiz 2[|(21:K[], e:N[r2]).€'Qc)

(z,z1 ¢ 1)

K S*
AiThperim =15 e A;Thpey:m %5 6

AT Fpoereg 11y yey Ak Q(Ayr.ebQ(Ay2.u1[1(y2, fix [](2:K[2]).kQ2)))

Afa};Thpe:r Ee
AT by Aace s Vaur & Ak kQ(fiz [a](e:Nr]).€'Qc)

(a g A)

*

Aber AT Fpe:Var % ¢
A;T bgoe[r] : 7'[7/a] Eoy Ak Q(Ay.y[K[7])(fiz []1(z:K[7'[7/a]])-kQz))

.
. . cps /
AT Fre i~ e

A;Tbp (€1, en) i (T, 0y Th) cps’
Ak @(Ay1.e3@ - €, @Ay kA (Y1, ., yn)) - )

AT Fpe:(r,...,7n) 2 o
AT Fpomi(e) 7 poy Ak.e'Q(Ay.let z = m;(y) in kQz)

(1<i<n)

¥ s*
AT ke iint s ef AT Fpeg:int X €

A;T Fpeg peg :int ped Ak.elQ(Ay1.eb@Q(Ayq.let z = y1 pyp in kQz))

Al Feen int % er AjlFp e L ey A;l kg3 B €3
AT e if0(er, ez,e3) 0 7 Eoy
Me.ey@(Ay.let ¢ = fizx [](2: K[r]).kQz in
if0(y, e,Qc, efQc))

Figure 4: Term Translation from A" to A* (except tailcalls)




- (@) = 7) —
AT kg 2078 dee[](2) AT Fypdcint 5 de.c[](1)

.t
Abpr Abpr AT{zim —m,opnfrre:n S €

AT by fizz(zyim )imo.e t T — To s Ac.e[](fizz[(z1:K[m], "N r2]).€'@c")

(‘rv‘rl ¢ F)

K S*
AiThpep:m—=1 % e AjThpey:m % €

AT Fyoereg 1 7 5 Ae.el @(Ayp.e5Q(Ayz.41[ (92, €)))

Afa};Thpe:r o
AT g Aae : Vaur 2 Ac.e[](fiz [a](e:N]7]).€'@Qc)

Aber AT Fpe:Var % ¢
AT by e[r] s 7'[7/a] 2y Ac.e'Q(Ay.y[K[r]](c))

(a g A)

.
. R S
ATFre i~ el

AT e (e1,...,e,) <7'1,...,7'n>cflfi‘t
Ac.ef@(Ayy.e5Q - el ANy e[ 1((Y15- -3 Yn))) )

AT hpe:(m,...,m)) % €
A;T Fpomie) 7 2 Ac.e'@(Ay.let z = mi(y) in c[](2))

(1<i<n)

¥ s*
AT hperiint s ef AT Fpeg:int X €

o6
AT Fpoeg peg s int S Ae.el@(Ayp.eb@Q(Ayg.let 2 = y1 pyz in c[](2)))
Al Feen int % er AjTFp ey L eg A;l kg3 L7 €3

AT by if0(eq,eq,e3) 0 T ol Ac.efQ(Ay.if0(y, e4Qc, efQc))

Figure 5: Tailcall Term Translation from AF to A®




b
with the result of computing ep. The tailcall translation is given by the judgment A; T bp ep : 725

€cps- Its result, ecpg, is similar except that it is a static function taking a dynamic continuation
(that is, a continuation coded in A%).

Throughout the translation, static functions and applications are denoted by Az.e and e;@Qey, and
dynamic functions and applications are written in A¥ syntax. The static variables k, vy and y; and
the dynamic variables ¢, ¢ and z, which are used internally by the translation, are always assumed
fresh. An underscore is used in place of unreferenced variables.

Lemma 3.1 0;0 . e : 7 if and only if there exists €' such that Fn e : 17~ €.

Lemma 3.2 (CPS Conversion Type Correctness) If Fre: 75 ¢ then 0;0 by €.

These lemmas and the others like it are proved by induction on the source derivations.

When applied to the factorial example, this translation yields the following A¥ term:

(fix f [] (n:int, k:(int) — void).
if0(n, k[](1),
letz=n—-11n
f(z, fiz -] (y:int).
letz=nxy

in k[](2))))
[] (6, fix -] (n:int). halt[int]n)

4 Simplified Polymorphic Closure Conversion

The second compilation stage is closure conversion, which separates program code from data. This
is done in two steps. Most of the work is done in the first step, closure conversion proper, which
rewrites all functions so that they are closed. In order to do this, any variables from the context
that are used in the function must be taken as additional arguments. These additional arguments
are collected in an environment, which is paired with the (now closed) code to make a closure. In
the second step, hoisting, closed function code is lifted to the top of the program, achieving the
desired separation between code and data. We begin with closure conversion proper; the hoisting
step is considered in Section 4.1.

Our approach to typed closure conversion is based on that of Minamide et al. [27]: If two functions
with the same type but different free variables (and therefore different environment types) were
naively closure converted, the types of their closures would not be the same. To prevent this,
closures are given existential types [28] where the type of the environment is held abstract.

However, we propose an approach to polymorphic closure conversion that is considerably simpler
than that of Minamide et al. which requires both abstract kinds and translucent types. Both of
these mechanisms arise because Minamide et al. desire a type-passing interpretation of polymor-
phism where types are constructed and passed to polymorphic functions at run-time. Under a



types T u= aliint|VY[a@].(T) = void | (T) | Ja.T

terms e (V) | if0(v,e1,e2) | halt[T|v | let zx =vine|let 2 = mi(v) in e |
let z = vy puyin e let [, z] = unpack v in e
values v x| | (B) | v[r] | pack [T,v] as Ja.T" | fizcode x[@)(z1:T1, . . ., TniTy )€
primitives p = +|—-|x
type contexts A = ag,...,q
value contexts ' = zym,.. ., 2,7,

Figure 6: Syntax of A

type-passing interpretation, polymorphic instantiation cannot be treated via substitution, as this
requires making a copy of the code at run-time. Instead, a closure is constructed that consists of
closed code, a value environment mapping variables to values, and a type environment mapping
type variables to types.

In our approach, we assume a type-erasure interpretation of polymorphism as in The Definition
of Standard ML [26], and polymorphic instantiation is semantically handled via substitution (i.e.,
making a copy of the code with the types substituted for the type variables). As types will ul-
timately be erased from terms for execution, the “copies” can (and will) be represented by the
same term. This avoids the need for abstract kinds (since there are no type environments), as
well as translucent types. A type-erasure interpretation is not without its costs: It precludes some
advanced implementation techniques [31, 43, 1, 30] and has subtle interactions with side-effects.
We address the latter concern by forcing polymorphic abstractions to be values [42, 49] (i.e., they
must be syntactically attached to value abstractions).

To support this interpretation, we consider the partial application of functions to type arguments
to be values. For example, suppose v has the type V[, ﬁ](?) — void where the type variables
@ are intended for the type environment and the type variables ﬁ are intended for the function’s
type arguments. If & is a vector of types to be used for the type environment, then the partial
instantiation v[&] is still treated as a value and has type V[3].(7]5/@d]) — void. The syntax of A is
otherwise similar to A¥ and appears in Figure 6. The static semantics of A° appears in Figure 7.
Notice in particular that the body e of a function expression fizcode z[@](z1:71,. .., %s:T,).€ Must
typecheck given only the type and value contexts @ and {z:(71,...,7,) — void,z1:T1,. .., 20 Tn },

which result from the fizcode abstraction. In other words, code must be closed.

The closure conversion algorithm is formalized as a type-directed translation in Figures 8 and 9.
The translation of A¥ types is denoted by C[-]. Terms are translated by the judgment A;T

clos

€cps ~ €clos, Which asserts that eqqs is a correct closure conversion of the term e.ps, and values are

clos

translated by the judgment A;I' by veps 1 T ~3 Valos, Which asserts that vees is a correct closure
conversion of the value vqps. The variables 2z, #ood4e and Zeny, which are used internally by the
translation, are always assumed fresh.

The key to the translation is the treatment of function types:
CIV[&].(r1, . . ., ™) — void] ¥ 38.(V[a].(8,C[r], - . .,C[ra]) — void, B)

The existentially-quantified variable § is the type of the value environment for the closure. The

10



FTV(r)CA
AbeT

KTrear VW=D KRTRCm
AT ko vy
AT R (o1, vn) 0 (1, oy Th)
AbFco AT ke w:Ve,fl.(7) — void
AT ke [o] : V[B].(Flo /a]) — void
Aber AThov:7[1/a]
A;T ¢ pack [7,v] as Ja.7’ : Ja 7’

ater @ {zV[a].(T) — void, z1:m1, ..., 2 Tp} Fe €
A; T b fizcode z[@](z1:m1, . . ., TpiTh).€ : V[@].(T) — void
AT ke v Y[](m,y..oymn) —void AT Fc v m
AT R o(vg, ..., 0)
AT hFewviint AT Fcer AT Fceg
A;T Fe if0(v, eq,€2)
AT hewv:r
A;T ¢ halt[T]v
= FA'_;CFUI—‘chetA;i{f;}e'_C : (= ¢T)
AT kevi(m,...,m) AN T{am}lce
AT ke let z =m(v) ine
AT koo sint AT Fe vy iint AjT{ziint} Fcee
AT ke letx =vipogine
AT ko v dar Aayl{zit}bce

let o, 2] = unpack v in e

(zgl,1<i<n)

(zg1)

(zgl,agA)

Figure 7: Static Semantics of A©

11



Cla] = «a
C[int] L int
CIV[&].(T1, ..., 7)) — void] %' 38.(9[a].(8,C[r], - ..,Clra]) — void, 3)

Clim,...,m)] ¥ €lnl,....clm)

Figure 8: Type Translation from A to A°

closure itself is a pair consisting of a piece of code that is instantiated with the type environment,
and the value environment. The instantiated code takes as arguments the type arguments and
value arguments of the original abstraction, as well as the value environment of the closure.

Lemma 4.1 0;0 by e if and only if there exists €' such that 0; 0 Fy e 2% ¢’

Lemma 4.2 (Closure Conversion Type Correctness) If 0;0 by e %% ¢’ then 0;0 Fc €.

4.1 Hoisting

After closure conversion, all functions are closed and may be hoisted out to the top-level without
difficulty. In a real compiler, these two phases would be combined but we have separated them
here for simplicity. After hoisting, programs belong to a calculus, A", that is similar to A\° except
that fizcode is no longer a value. Instead, code blocks are defined at the top-level by a letrec prefix,
which is called a heap in anticipation of A* and TAL. A new value form, labels (£), is used to refer
to those code blocks. The syntax of A" appears in Figure 10.

These changes require a small change to the typing system. In addition to typing values, we also
must assign heap types (ranged over by ¥) to heaps. These heap types are added to value and term
typing judgments as an additional context and are passed unmodified through each typing rule.
There are also two new judgments: the judgment -y P indicates that the program P is well-formed,
and the judgment ¥ 4 b : £ — 7 indicates that the block b gives the label £ type T assuming the
heap has type ¥. The static semantics of A™ appear in Figure 11; rules that appear identically
(except for the addition of heap types) in the static semantics of A° are omitted for brevity.

The translation of full programs from A° to A" is given by the judgment k¢ eos B €nst, Which
states that epg is the hoisted version of the program e.,s. No translation is required for types. The
translation rules are exactly as expected and are omitted in the interest of brevity.

hst

Lemma 4.3 0;0 . e if and only if there exists P such that ¢ e ~ P.

hst

Lemma 4.4 (Hoisting Type Correctness) If - e~ P then by P.

In Figure 12 appears the factorial example after the closure conversion and hoisting translations
are applied and some simple optimizations are performed (beta reduction and copy propagation).

12



Al_K T I'= {yl:Tll7"'7ym:T7/n} A:ﬁ
AG; T[T Toodes T1T1, -+« Tn1Tn] by € 25 €
_ ) [ codes ’ ’ Zosn] K ($7$i grvai Q(A)
A7 T l_K .ﬁx ;ﬁ[@](;ﬁlﬂ], .. '7$n:7—n)‘e * Tecode ™~

-

pa‘Ck [Tenvv <vcode[ﬁ]7 'venv>] as C|I7—code]]

where  Teode = V[@].(T1,...,Tn) — void
Tenv = <C|IT{]]7 o 7C|IT'rIn]]>
Venv = <y17"'7ym> .
Vcode = ﬁ$00d€ xcode[ﬁv &](menvn—envv $1:C |I7—1]]7 ceey iCn:C HTn]])

let x = pack [Teny, <xcode[ﬁ], Teny)] a8 C[Teode] in
let y1 = T1(Teny) in

let Y = T (Teny) in €
AT by v Vo, .. an](m, ..., T) — void L Abgor AT g 7;[&/d] € ]

AT by o, .. om)(v1,..0,00) e

where e = let [aeny, 2] = unpack v' in
let Teode = m1(2) in
let Zeny = T2(2) in

Teode[Clo1]] - - [Clom]l(Zeny, v1, - - -, vy,)

Uy

(I'(z) =)

los . . los .
ATk : 7~ 82 A;T by dint <510

los
AT by v S5 0!

AT by (v, 00) s (T, ) S5 (0,0l

" vn

. los los los
AThgov:iint S5 v AT e "5 e AT by eg 55 €
. ; clos Pl
AT by if0(v, e1,e3) ~ if0(v', €], €})
los
AT kg v "3 0

AT by halt[r]v 28 halt[Cr]]

AT b o:r 80 AjT{zr} e eSS e

. los .
AT hyletz =vine~E letz =0 iné

(zg1)

A7]:"_K IU:<T17-..,Tn>EiS;’U/ A7F{$TZ} '_Kefifsel

AT by let z = m5(v) in e °F let z = m4(v') in €

(z¢g1,1<i<n)

A;T by vy cint 8% vy AT g vgtint Y vy AjT{zuint} by e e

(zg1)

. los .
A;T kg letxr = vy pogine =S let x = vi povhin e

Figure 9: Term Translation from A¥ to A
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types
terms

values

blocks
programs
primitives
type contexts
value contexts
heap types

3\

e =P Y -

a | int | Y[@].(T) — void | (T) | Ja.T

v(¥) | if0(v,er,eq) | halt[r]v | let . = vine| let z = m;(v) in e |
let x = vy povy in e let [, 2] = unpack v in e

x| L] 1| ()| v[r]]| pack [T, v] as Ja.T’

£ code[@](z1:T1, ..., TniTy).€

letrec b in e

+ =X
Ay...,0p
T1iTly e ey TpiTh
Lrmy, oy by

Figure 10: Syntax of A"

=7)

U AT kgl (¥(0)

Ve d;{zy:m, .. x0T} b €

VU by £ — codeld](z1:71, . .

QH_H T

Uiy b ily—T;

e TnTy).€ b= YA (T, ..., T) — void

Fu letrec by, ..

U:0:0bge [ O ="tim,... 0T,
by ine l; #  when j # k

Figure 11: New Rules in the Static Semantics of A"
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letrec Ly4 +— (* main factorial code block *)
code[|(env:(), n:int, k7).
if0(n, (* true branch: continue with 1 *)
let (B, kunpack] = unpack k in
let keoqe = To(Kunpack ) in
let kem} = '/Tl(kunpack)
in
kcode(kenva 1)7
(* false branch: recurse with n — 1 %)
letz =n—11in
(* compute factorial of n — 1 and continue to k' *)
Lact(env, z, pack [(int, ), (Leont, (1, k)] as 7))
Leont — (* code block for continuation after factorial computation *)
code[|(env:(int, Ty), y:int).
(* open the environment *)
let n = mo(env) in
let k = mi(env) in
(* continue with n x y *)
letz=mnXyin
let [B, kunpack] = unpack k in
let keoqe = To(Kunpack ) in
let kem} = '/Tl(kunpack)
in
keode(Kenys 2)
Lhanr — (* code block for top-level continuation *)
code[|(env:(), n:int). halt[int](n)
in

Lract((}; 6, pack [}, (Chati; ()] as 7x)

where 11 is Ja.((a, int) — void, o)

Figure 12: Factorial in A"
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types T = aliint|V[@].(F)— void | (77", ...,7¢) | JauT

initialization flags p == 0|1

terms e u= letdinv(%)| let d in if0(v,e1,eq) | let d in halt|t]v

declarations d == z=v|z=mn(v)|z=vpve|[e,z] = unpack v |
z = malloc[7] | z = v[i] « o'

values v u= x| L|i]|v[r]]| pack [T,v] as Ja.T’

blocks b = [ code[d](z1:T1,...,TpiTn).€

programs P u= letrechine

primitives p = +|—|x

type contexts A = ag,...,aq

value contexts T = T1iT1,..., Ty Ty

heap types v o I ST L

Figure 13: Syntax of A*

5 Explicit Allocation

The AP intermediate language still has an atomic constructor for forming tuples, but machines
must allocate space for a tuple and fill it out field by field; the allocation stage makes this process
explicit. The syntax of A*, the target calculus of this stage, is similar to that of A", and appears
in Figure 13. Note that there is no longer a value form for tuples. The creation of an n-element
tuple becomes a computation that is separated into an allocation step and = initialization steps.
For example, if vg and vy are integers, the pair (vg, v1) is created as follows (where types have been
added for clarity):
let xq:(int®, int®) = malloc[int, int]
zy:{int!, int®) = 20[0] — vg
z :(int!)intl) = 24[1] — v

The “z¢ = malloc[int, int]” step allocates an uninitialized tuple and binds the address (i.e., label)
of the tuple to zq. The “0” superscripts on the types of the fields indicate that the fields are
uninitialized, and hence no projection may be performed on those fields. The “z; = z¢[0] — vg”
step updates the first field of the tuple with the value vy and binds the address of the tuple to z.
Note that zq is assigned a type where the first field has a “1” superscript, indicating that this field
is initialized. Finally, the “z = 21[1] — v,” step initializes the second field of the tuple with »; and
binds the address of the tuple to z, which is assigned the fully initialized type (int!,int'). Hence,
both 7y and 7 are allowed on x.

Like all the intermediate languages of the compiler, this code sequence need not be atomic; it
may be rearranged or optimized in any well-typed manner. The initialization flags on the types
ensure that a field cannot be projected unless it has been initialized. Furthermore, the syntactic
value restriction ensures there is no unsoundness in the presence of polymorphism. However, it is
important to note that z[i] — v is interpreted as an imperative operation, and thus at the end of
the sequence, zq, 21, and z are all aliases for the same location, even though they have different
(but compatible) types. Consequently, the initialization flags do not prevent a field from being
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initialized twice. It is possible to use monads [44, 22] or linear types [18, 45, 46] to ensure that a
tuple is initialized exactly once, but we have avoided these approaches in the interest of a simpler
type system.

The static semantics for A* are given in Figure 14. Figure 15 presents the type translation from
AT to A%, All that happens is that initialization flags are added to each field of tuple types:

Al(r1, )] AR - Al

The term translation appears in Figure 16. In this translation, values are translated to both a
value and a series of declarations that are used to construct that value. For non-tuple values, that
series of declarations will be null (denoted by €). The variables y;, which are used internally by
the translation, are always assumed fresh. When e is let d in FE, we write let d' in e to mean
let d_; d in E.

Lemma 5.1 by P if and only if there evists P such that by P* P,

Lemma 5.2 (Allocation Type Correctness) If by P 2 P’ then t, P'.

The factorial example after application of the explicit allocation translation appears in Figure 17.

6 Typed Assembly Language

The final compilation stage, code generation, converts A* to TAL. All of the major typing constructs
in TAL are present in A* and, indeed, code generation is largely syntactic. To summarize the type
structure at this point, there is a combined abstraction mechanism that may simultaneously abstract
a type environment, a set of type arguments, and a set of value arguments. Values of these types
may be partially applied to type environments and remain values. There are existential types to
support closures and other data abstractions. Finally, there are n-tuples with flags on the fields
indicating whether the field has been initialized.

A key technical distinction between A* and TAL is that A* uses alpha-varying variables, whereas
TAL uses register names, which like labels on rtecords, do not alpha-vary.? Following standard
practice, we assume an infinite supply of registers. Mapping to a language with a finite number of
registers may be performed by spilling registers into a tuple, and reloading values from this tuple
when necessary.

One of the consequences of this aspect of TAL is that a register calling convention must be used
in code generation, and that calling convention must be made explicit in the types. Hence TAL
includes the type V[@|{r1:7y,...,rn:7,}, which is used to describe entry points of code blocks (i.e.,
code labels) and is the TAL analog of the A* function type, V[@].(T1,...,7,) — void. The key
difference is that we assign fixed registers to the arguments of the code. Intuitively, to jump to
a block of code of this type, the type variables & must be suitably instantiated, and registers r1
through rn must contain values of type 7 through 7,, respectively.

?Indeed, the register file may be viewed as a record, and register names as field labels for this record.
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FTV(r)CA
Ab, T

\IJ;A;FI—A;r:T(F(x):T) \IJ;A;FI—Aﬁ:T(\IJ(ﬁ):T) U AT, icint
Abyo WA TEHLw: V[a,ﬁ].(?) — void
U; AT+, v[o] : V[B].(Flo/a]) — void
Ayt YA T R, v:7[1/a]
U: AT B, pack [7,0] as a7’ : Ja. 7’
VAT Ey v V] (71, .oy mn) —void W AT R, 007
U AT Ry et inv(vr,...,0,)
VA TR voint U, A TRy e U AT H, 9
U ATy let in if0(v,eq, e2)
U: AT Fyw:T
U:A; T, let in halt[T]v
VAT Ry v WA T{air) by let dine
VAT F, let;r:'v,(iz'ne
VAT Ey o (7 18y U A T{air ) By let d in e
U, AT H, letz = ﬂi('v),Jin e
VAT Fy vy tint W AT By vgtint W Ay T{aint} B, let din e
U AT, letx = 'vlp'vg,aTz'n €
VAT Fy v dar W Aa; T{z:im} B, let dine
U ATk, let [o, 2] = unpack v,d in e
Abam U A;T{z:(rd, .., 7O} b letd i
AT VAN REHE I e Ae_).me(xgr)
U ATy let © = malloc[ry, ..., 7], d ine
VAT Ey v (7,78 U AT R, 0 oy
U AT (L T r A ) s et dine

U AT F, letz =[] — ', dine

(z ¢ 1)

(pi=1,2¢1,1<i<n)

(z¢T)

(zgT,agA)

(z¢g1,1<i<n)

abym Via;{em,.. ., xTh ) Fa e
U b, £ — codeld|(z1:T1, ..., ZTn:Ty).€ : L= V][A].(T1,...,T,) — void
Obam UE bl U00F e [ O ="tym,... 0T,
Fa letrecby,...,b, ine l; #  when j #k

Figure 14: Static Semantics of A*
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Ale] &«
Alint] L int
A[V]E](F) — void] % V[@).(A[F]) — void
Allr, )] % (AR - Al
A[3a.7] def Ja. A[7]

Figure 15: Type Translation from A" to A*

Another technical point is that registers may contain only word values, which are integers, pointers
into the heap (i.e., labels), and instantiated or packed word values. Tuples and code blocks are
large values and must be heap allocated. In this manner, TAL makes the layout of data in memory
explicit.

In the remainder of this section, we present the syntax of TAL (Section 6.1), its dynamic semantics
(Section 6.2), and its full static semantics (Section 6.3). Finally, we sketch the translation from A*
to TAL (Section 6.4).

6.1 TAL Syntax

We present the full syntax of TAL in Figure 18. A TAL abstract machine or program consists of
a heap, a register file and a sequence of instructions. The heap is a mapping of labels to heap
values, which are tuples and code. The register file is a mapping of registers (ranged over by the
metavariable r) to word values. Heaps, register files, and their respective types are not considered
syntactically correct if they repeat labels or registers. When r appears in R, the notation R{r — w}
represents the register file R with the r binding replaced with w, and a similar notation is used for
register file types; if r does not appear in R, the indicated binding is merely added, as usual.

Although heap values are not word values, the labels that point to them are. The other word values
are integers, instantiations of word values, existential packages, and junk values (77), which are
used by the operational semantics to represent uninitialized data. A small value is either a word
value, a register, or an instantiated or packed small value. The distinction between word and small
values is drawn because a register must contain a word, not another register. Code blocks are linear
sequences of instructions that abstract a set of type variables, and state their register assumptions.
The sequence of instructions is always terminated by a jmp or halt instruction. FExpressions that
differ only by alpha-variation (of type variables) are considered identical, as are programs that
differ only in the order of fields in a heap or register file.

6.2 TAL Operational Semantics

The operational semantics of TAL is presented in Figure 19 as a deterministic rewriting system
P —— P’ that maps programs to programs. Although, as discussed above, we ultimately intend
a type-erasure interpretation, we do not erase the types from the operational semantics presented
here, so that we may more easily state and prove a subject reduction theorem (Lemma 6.1). The
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7)

(I'(z) (Y (£)
\IJ;A;FI—H$:T@1\13630,€ \IJ;A;Fl—HﬁlTa’I\IS‘?C£7€

UAT by i:int % 4.¢
U AT by o0 2 0l d
"7’vn> . <T17"'7Tn> a,l\l/o;: yn?(é?"'?d)ﬂ/7
yo = malloc[A[], ..., Alm.]],
y1 = yo[1] < 21,

U AT By (01,

Yn = Yn-1[n] < vy,)

Abgo U;A Ty v:VYa,B)(F) — void 2 o', d

U; AT by oo] : V[B)(Flo/a]) — void ~ v'[A[o]],d

Aty U A THyv:7[r/a] ™% o/, d

U: AT by pack [7,0] as a7’ : Ja.r! 2

N

pack [A[7],v"] as A[Fa.7],d
U AT by v V] (71,

. 11 7 11 7
ey o) = void S50 d VAT by v N 0l d;
) . alloc 7T 7 7. T, ’
VAT by o(v,...,0,) ~ letd,dy,....d, ino'(v],...,v])

BN el WA Ty e R e
U AT by if0(v, €1, e9) “5 let d in ifo(v', €}, eh)

WA T Fyv:int 2 0,d Ui AT by e

11 7
VAT hgov:r =30, d

U AT by halt[T]o ~ let d in halt[A[7]]v’
VA Ty 07250, d U A; T{z:r} Fye™X ¢

~ e
. alloc T . (.rgr)
U A;Thgletz=vine~4 letd,z=v iné€
WA Ty v (..., 7)) ™

v d U A T{zim) by e R ¢
vau 7_)7 {'rT} He’\ée(wgrylgign)
U AT by let z = mi(v) ine ™5 let dyz = m(v') in €

U AT by vy :int 2 'v{,afl U AT by vy :int 2 ‘?Jé,(fg Ui A;T{zzint} by e 25 ¢ (2 &T)
— T
WA T by letz = vy pog in e ™5 let dy,dy,x = v} pvly in €

VAT by v Jar 2 v’,{ \IJ;%OL;F{;Z’:T} Fye =X e (x ¢ T adA)
V: let [a, x] = unpack v in e =3 let d, [a, x] = unpack v’ in €

VU by £ — code[d](z1:71,

.= . . alloc 4
U@ {zy:m, .., 2Ty br e~ e

i) s L= Y[E](T, ..., ) — void R

{1 code[d@](z1:A[T1], ...,z AlTn]) €
Obuari Whabiilim 7 "0 W00k, e ™2 ¢

Fu letrec by,

U =Ly, 4T,

b ine (ﬁj#ﬁk when j # k )

Figure 16: Term Translation from A" to A*

. 11
ooy by in e R letrec b,
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letrec 41 — codel](env:(), n:int, k:my).
let in if0(n,
let [B, kunpack] = unpack k
kcode = '/TO(kunpack)
kem} = '/Tl(kunpack)
in keode(Keny, 1),
letx =n—1
ys = malloclint, Tx)
Yo = ys[1] — n
yr = ys[2] — k
ys = malloc[({int', T}, int) — void, (int", 7}),]
Yo = yS[l] = gcom‘
Y10 = Yo[2] < yr
in Liueir(env, z, pack [(int', L), y10] as 71))
Leont — code[](env:(int', 7}, yrint).
let n = mo(env)
k = m1(env)
z=nXy
[ﬁa kunpack] = unpaCk k
kcods = '/TO(kunpack)
kem} = '/Tl(kunpack)
in keode(Kenyy 2)
Lhaie +— code[](env:(), nuint). let in halt[int](n)
in
let yo = malloc| ]
y1 = malloc| ]
y2 = malloc|((), int) — void, ()]
y3 = y2[1] — Lhai
Y4 = y3[2] = m
in Laet (Yo, 6, pack [(), ya] as 1)

where 73, is 3a.((a, int) — void", al)

Figure 17: Factorial in A*
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types T u= alnt|V[@L.l| (", ..,72) | Jar

initialization flags w = 0|1

heap types U= {lymy, . b}

register file types I' == {rim,..oraint

type contexts A a

registers r o= rl|r2|r3|---

word values w n= L|i] | w[r]| pack [T, w] as T’

small values v u= r|wlo[r]| pack [r,v] as T’

heap values h == (wq,...,w,) | code[@]l'.S

heaps H == {{1—hy,....0,— h,}

register files R {ri—=wy,....,1p — wy}

instructions ¢t u= addrg,rs,v|bnzr,v|1drg, rsi] | mallocry[7] | movry, v |
mul 74,75, v | st ry[i], s | subry, s, v | unpack[a, rg], v

instruction sequences S ;S | jmpv | halt[7]

programs P (H,R,S)

Figure 18: Syntax of TAL

well-formed terminal configurations of the rewriting system have the form (H, R{r1 — w}, halt[r]).
This corresponds to a machine state where the register r1 contains the value computed by the
computation. All other terminal configurations are considered to be “stuck” programs.

If we erase the types from the instructions, then their meaning is intuitively clear and there is a
one-to-one correspondence with conventional assembly language instructions. The two exceptions
to this are the unpack and malloc instructions, which are discussed below.

Intuitively, the 1d rq, 7,[i] instruction loads the i** component (counting from 0) of the tuple bound
to the label in 74, and places this word value in r4. Conversely, st r4[i], 75 places the word value in
7, at the i? position of the tuple bound to the label in 74. The instruction jmp », where v is a value
of the form {[7], transfers control to the code bound to the label ¢, instantiating the abstracted
type variables of £ with 7. The bnzr, v instruction tests the value in r to see if it is zero. If so,
then control continues with the next instruction. Otherwise control is transferred to » as with the
jmp instruction.

The instruction unpack|a, r4], v, where v is a value of the form pack [7',v'] as T, is evaluated by
substituting 7’ for a in the remainder of the sequence of instructions currently being executed,
and by binding the register r; to the value »'. If types are erased, the unpack instruction can be
implemented with a mov instruction.

As at the A\* level, malloc ry4[7y,. .., 7] allocates a fresh, uninitialized tuple in the heap and binds
the address of this tuple to r4. Of course, real machines do not provide a primitive malloc in-
struction. Our intention is that, as types are erased, malloc is expanded into a fixed instruction
sequence that allocates a tuple of the appropriate size. Because this instruction sequence is ab-
stract, it prevents optimization from re-ordering and interleaving these underlying instructions with
the surrounding TAL code. However, this is the only instruction sequence that is abstract in TAL.

22



(H,R,S)— P where

it §=

then P =

addry, 7, v; 5’

(H,R{rq— R(r,) + R(v)},S")

and similarly for mul and sub

when R(r)=tand ¢ # 0

bnzr, v; 5’ (H,R,S")
when R(r) =0
bnzr, v; S’ (H,R,S5"[T/d])

where R(v) = ([7]
and H({) = code[a]l'.5”

jmpv

(7, . ST7/a)
where R(v) = {[T]
and H({) = code[a]l'.5’

1drg, rs[i]; S

(H7 R{rq — w;}, Sl)
where R(rg) =1(

and H({) = (wg,...,w,—1) with 0 <i<n

mallocry[ry,...,7]; 8" | (H{{— (?11,....7T0)}, R{ra— €}, 5")
where { & H

mov 74, v; 5’ (H,R{rq— R(v)},5")

st ryli], rs; 97 (H{l — (wo,...,wi—1, R(rs), wit1,...,wp_1)}, R, 5")
where R(rq) =(
and H({) = (wg,...,w,—1) with0 <i<n

unpack|a, rg], v; S’

(H7 R{Cd = 'w}a S/[T/a])

where R(v) = pack [T, w] as 7/

Where R(v) =

R(r) when v =r

w when v = w

R(v")[7] when v = v'[7]

pack [, R(v")] as 7' when v = pack [r,v'] as T’

Figure 19: Operational Semantics of TAL

Real machines also have a finite amount of heap space. It is straightforward to link our TAL to a

conservative garbage collector [9]

collector would require introducing tags so that we may distinguish pointers from integers, or else
require a type-passing interpretation [43, 30]. The tagging approach is readily accomplished in our

framework.

6.3 TAL Static Semantics

The static semantics for TAL appears in Figures 21 and 22 and consists of thirteen judgments,
summarized in Figure 20 and elaborated briefly below. The static semantics is inspired by and

in order to reclaim unused heap values. Support for an accurate

follows the conventions of Morrisett and Harper’s /\g_c’v [30].
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Judgment Meaning

A braL T type 7 is a well-formed type
Frar, ¥ htype V¥ is a well-formed heap type
A b T orftype I’ is a well-formed register file type

A bpa, 11 < 1y type 71 is a subtype of
A Frap Iy < Ty rftype | Iy is register file subtype of 'y

Frarp, H : U heap H is a well-formed heap of heap type ¥
U oy R T regfile R is a well-formed register file of register file type I'
U brarn b7 hval h is a well-formed heap value of type 7
WA Fopap w: T wval w is a well-formed word value of type 7

Ui Abpap w9 fwval | w is a well-formed word value of flagged type 7%
(i.e., w has type 7 or w is 77 and ¢ is 0)

VA D bpan v 7 v is a well-formed small value of type 7
U AT Foa S S is a well-formed instruction sequence
Fran P P is a well-formed program

Figure 20: TAL Static Semantic Judgments

The first five judgments state well-formedness and subtyping of various sorts of types. Each of
these judgments are relative to a type context except the heap type well-formedness judgment;
heaps and heap types are required to be closed, so no type context is used. Next are two judgments
for assigning types to heaps and to register files; neither heaps nor register files may contain free
type variables, but register files may contain references to the heap.

The next four judgments are for assigning types to values. In addition to one rule for each sort
of value, there is a rule for assigning flagged types to word values: the junk value 77 may not
be assigned any regular type, but it may be assigned the flagged type 79. Each value sort may
contain references to the heap, all but heap values may contain free type variables, but (as discussed
above) only small values may contain registers. The final two judgments assert well-formedness of
instruction sequences and programs.

A few additional words are merited on the two subtyping judgments. Neither of these are intended
to support subtyping in the usual sense, although they could be expanded to do so. Instead, they
are used to allow the forgetting of information in particular places where necessary. The subtyping
judgment makes it possible to forget that a field of a tuple has been initialized. This is used in
the subject reduction argument (Lemma 6.1) where it is sometimes necessary that references to an
initialized tuple be given the old uninitialized type. The register file subtyping judgment makes it
possible to forget the types of some registers. This makes it possible to jump to a code block when
“too many” registers are defined.

The following two lemmas and their corollary establish type safety for TAL. Their proofs appear
in Appendix A.

Lemma 6.1 (Subject Reduction) If br,, P and P +—— P’ then b, P'.
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Abqa T type  Foan ¥ htype Abp T rftype‘

(type) FTV(r)C A (heap-type) 0 Fran 7 type
A Fran T type Foran {£1:71, -, £n s} htype
(reg-type) A Fopan 7 type

Aboan {rim, .. e} rftype
Al 7 < 7 type AN o Y <Ty rftype‘

(reflex) A Frar 7 type
Al 7 < 7 type

(trans) Albpa 1 <75 type Al 72 < 73 type

Abra 71 < 73 type

(0-1) A boraL 7 type
Abpa (7m0 T Tiﬁ_l_fl, conTEy <P 0 D Tiﬁffl, .., T8 type
(weaken) A b 7 type  (for 1 < i< m) (m > )
Foan {71571, o Pm T} < {r1 o7, ., rn T} rftype

Foar P Foap H W heap Wk, R:T regﬁle‘

(prog) Fraw H : W heap W hop. R:T regfile U;0;T by S
Forar (H, R, S)

Frar O htype U Fpap h; o 7 hval
heap) = e W= (Lo, i
( p) '_TAL {El’_)hlvuwgn'_’hn}Z\I’heap ( { 171, ) T})

U0 bpar wi o1 wyval  (for 1 <4< m)
(reg)
U {1 = wi, .o P = w b {r — 7

~—

>
.oy Ty — Ty} regfile (m2n
‘\III—TALh:Thval U Al w:Twval U AR w: ¥ fwval U AT Foa v T‘

\I’;@ Fran w; 7 fwval
(tuple) J
U bopar, (w1, .. wy) o (77, ..., 72") hval

(code) & Foan T rftype ;05T Fopyy, S
U o,y code[@]T.S @ V[@].T hval

Abpa 7 < 7 type .
label TAL @ — — nt
( ) U A boa, £ 7 wval (¥ () = 7') (int)

W A bFoqap 1 :int wval

AN P type \IJ; Abqa, w ZV[OZ,ﬁ].F wval
(tapp-word)

U; A Forar w[T] : V[E]F[T/a] wval
(pack—word) A b 7type WA b, wm'[7/a] wval

U; A boray pack [7,w] as Ja.7’ : a7’ wval

(init) U Abqa, w: T wval
U Abqa, w: ¥ fwval

(uninit) A Fra 7 type
U A Foa 727 0 70 fwval

(reg-val)

U: A+ w: 7 wval
- word-val ) TAL
WA T b7 (F(T)—T) ( ) U AT ko, w:r

Aboa 7 type U AT bFopr v Ve, ﬁ].F’
U AT by, v[7] V[ﬂ.F’[T/a]
. . P
(pack-val) Abqan 7 type U AT Foa v T'[7/a]
U AT brar, pack [1,v] as Ja.7’ : Ja 7’

(tapp-val)

Figure 21: Static Semantics of TAL (except instructions)
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‘\II;A;FI—TAL S‘

W AT bpan 75 0 int WAL Frag v :int
U AT {rgiint} Foap S
Ui As T Foap arith rg, rg, v 59
U AT bpap 7 int U AT Fppg, v V[T
A Frap I < T rftype U AT Frgr S
Ui As T Fopyap bnzr, v S

WA T baay s 0 (700 oo, 7T s AT {rgim} Frar, S

(s-arith) (arith € {add,mul, sub})

(s-bnz)

s-1d 2 onl oi =1,0<1
(s-1d) U AT Fopag 1drg, 7gt]; S (i 0<i<n)

(s-malloc) Abpan o type U A; T{rg(rP, .79} Fran S

U AT Frap mallocry[ry, ..., 7al; S
(s-mov) VAT v U A T {rg: 7} bpaL S
WA Frag movrg, vy 8
U AT B 7‘5 : <7'5’°,;77 1, Tfli‘sz \IJ;A&F FoasL Ts & T
U AT {rge(ry®, .. or 2T b n T o 2T  boan S
(s-sto) {ra:(rg 1 +1 1)} Foan (0<i<n)

U AT Forag strgli],rs S

U AT Fpap v dar W Aa; T{rgr} boan S

(s-unpack)
Ui AT by, unpack[a, 4], ;9

(a g A)

U AT Fpap v V[T Al T < TV rftype

s-jm
( ! P) Ui A;T Frag, jmp o

WA Dbl 7

(s-halt)
U AT B haltr]

Figure 22: Static Semantics of TAL instructions
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T[] ef o
T [int] et int
TIv[a) (71, ..., Tn) — void] Vial{r1: T[], ..., e T[]}
TLrer, .8 ¥ (T m]”, .. TTm]7)
T[E3a.r] = 3Fa.7[7]

Tlz1:m, . yzpimn] = A{r1:T[n],....,cne7[7]}

Figure 23: Type Translation from A* to TAL

Lemma 6.2 (Progress) If b1, P, then either there exists P’ such that P — P’ or P is of the
form (H, R{r1 — w}, halt[r]).

Corollary 6.3 (Type Safety) If ., P, then there is no stuck P’ such that P —* P'.

6.4 Code Generation

The type translation, 7 -] from A* to TAL is straightforward. The only point of interest is the
translation of function types, which must assign registers to value arguments:

TV (71, -+ -, 7)) — void] ' V[a{r1: T[], . .., o0 T[]}

The term translation appears in Figures 24 and 25. In this translation, values are translated to
small values, terms are translated to pairs of instruction sequences and heaps, blocks are translated
to heaps, and programs are translated to programs. The translation for terms needs to heap allocate
the false branch of if0 expressions, which requires the use of a fresh label. In the other translations
of the compiler, variables used internally by the translation have always been assumed fresh, but,
since labels have global scope, choosing fresh labels is not necessarily simple. Consequently, the
translation handles fresh label generation explicitly by supplying a set of used labels to the term
and block translation judgments. The translation uses the notation |I'|, representing the number
of bindings in I, and the notations H and ¥, representing the sets of labels bound in H and V.

Informally, terms are translated to instruction sequences as follows:

e r = v is mapped to movr,,v.
e z = m;(v) is mapped to the sequence movr,,v; 1dr,, r.[i — 1]

e r = vy p vy is mapped to the sequence movr,, v ; arith r,., 7, v9 where arith is the appro-
priate arithmetic instruction.

[, 2] = unpack v is mapped to unpack|a, r,], v.

e z = malloc[7] is mapped to mallocr,[7].
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TAL _ . (1 <1< n)
A {zim, .z Fa it~

. . . TAL (W(K) = T) . . cL TAL .
LA B N I e U AT ELy 2 int ~7 10

AFso VA TR :V[a,ﬁ].(?) — void ~& v’
U; ATk, vo] : V[B].(Flo/a]) — void " /[T o]
AbyT U AT H, v:7[r)a] &0
U:A;T F, pack [r,0] as a7’ : Ja.r’ " pack [Tr], v'] as T[Fe.7']

akym Vias{zyrm,..., T Fael| L S H
U b, £ — codel[d](z1:T1, ..., TniTy).€ 1 L= V[A].(T1,...,Tn) — void | L ey

H,l— code[@){r1:T[r],...,en:T[1,]}.5

\Ill—AbilﬁiHTi|Li_1?é>LHi ®|—A7—i o . o
U:0;0F,e| L, =~ S, H Li=VUHU---UH;
AL U ="l L,T,

by letrec by, ..., b, ine ~& ((Hy,...,H,, H),0,5) ; # £, when j # k

Figure 24: Program Translation from A* to TAL (except terms)

e x = v[i] — v’ is mapped to the sequence:

. o .
MOV 7'y, ¥ MOV Ttemp, ¥ 5 8t 757 — 1], Ftemp

e v(vy,...,v,) is mapped to the sequence:
MOV Ttemp, s V15 « - + ; MOV Ttemp s Up § MOVTL, Temp, ; « -+ 3 MOV TN, Tremp, ; JMP ¥
Note that the arguments cannot be moved immediately into the registers r1, ..., rn because

those registers may be used in later arguments.
e if0(v, ey, ez) is mapped to the sequence:
MOV T'temp, ¥ ; DNZ T'temp, £[A] ; 51

where £ is bound in the heap to code[@|I'.S9, the translation of e; is S;, the free type variables
of e5 are contained in a, and I' is the register file type corresponding to the free variables of
€9.

e halt[T]v is mapped to the sequence movril, v; halt|r]
Lemma 6.4 t, P if and only if there exists P' such that -, P =& P’

TAL

Lemma 6.5 (TAL Conversion Type Correctness) If bt, P~ P’ then bp,, P'.
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U AT v Y[](T1, .y 7)) — void =5 o W AT by w01 = o)

. TaL (IT] = k)
VAT, et inov(vr,...,0,) | L ~
(movr(k+ 1),v1;...;movr(k + n),v,;
movrl,r(k+1);...;movrn,r(k+ n); jmpv’), e

VAT, v:int & o o
U AT hye | DS, Hy WA Tk, en| LUT 2 Sy, 0, ((FLUHIUM,

=TT )
U ATy let in if0(v, e, e2) | L= A=

(mov r,v; bnzr, l[d]; S1),(Hq, He,{ — codeld]|7[I'].52)

VA Tk, 0T oo
U AT by let in halt[t]v | L "5 (movrl, o' ; halt[T[r]]), €
VAT Ry ver 80 U AT {air) by letdine | L™ S H ( r=r(|T|+ 1) )

U AT, let:v:‘v,d_)z'ne|L?\1§>Lf\»(movr,‘v’;S),H g T
o x|+ 1)
U AT Ry o (7 T‘p“>f\» o WA T{en} b letdine | L~ S, H | o =1
U AT, letz = ﬂi(‘v),dm e| L= (movr,v'; 1dr,r[i—1]; S), H z gl
1<:<n
VAT F, vy :int o vy U AT by vyt int = v r=r(|l'|+1)
U AT {ziint} by letdine | L™ S, H ar%th_|. = add
— ——y . - . arith_ = sub
U ATy letz =vy pog,dine| L ~ (movr,v); arith, r,r,vy; 5), H arith, = mul
z gl

U AT H, v: 3o =50 U Aa;T{z:r} F, let dine | L= S H " Z 11;(|F| +1)
= T
U:A;T F, let [a, 2] = unpack v, d in e | L "5 (unpack[a,r],v'; ), H \ ¢ A

Abyr U A T{z(rd, ..., Fa letdine| L S, H ( r=x(|]+1) )
U;A;T by let z = malloc[ry, ..., m),dine| L™ gl
(malloc[7[m],...,7[m]]; S), H

VAT by og s (o mfn) S0f WAy vy 07 o v r=1(|l|+1)
U AT (e r 0 r AT ) Y b letdine | L~ S, H ' = (| + 2)
lIJAFI—Alet:c_vl[z]«—vg,dme|L%f>L xQF
(movr,vy;move vh; str[i—1],7"; 5), H I<i<n

Figure 25: Term Translation from A* to TAL
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Before the resulting TAL code may be run on a real machine, a compiler must perform a final
register allocation step to ensure that the TAL code runs with the number of registers supplied
by the machine. This may be viewed as a type-preserving optimization within the framework
of TAL. A clever register allocator could greatly improve the performance of the output code by
choosing registers in order to make moves unnecessary. A practical compiler would want to perform
intelligent register allocation as well as other traditional low-level optimizations such as improving
instruction selection and scheduling, strength reduction, common subexpression elimination, flow-
control optimizations, and dead code elimination. Each of these may be implemented as a type-
preserving transformation on TAL code using well-known techniques [2].

6.5 TAL Factorial

The factorial computation translated into TAL appears in Figure 26. To obtain the code shown, a
few standard optimizations were applied; in particular, a clever (but automatable) register alloca-
tion and the removal of redundant moves. If the efficiency of this version is unsatisfactory, a more
efficient, tail-recursive version of factorial could be coded in A¥, or a highly optimized version could

be hand-coded in TAL:

1 loop:
code[ [{ri:int,r2:int}. % ri: the product so far, r2: the next number to be multiplied
bnz r2,1 nonzero % check if done
halt[int] % halt with result in r1
1 nonzero:
code[ [{r1l:int,r2:int}.
mul ri,rl,r2 % multiply next number
sub r2,r2,1 % decrement the counter
jmp 1l_loop
1 fact:
code[ [{ri:int}. % compute factorial of r1
mov r2,rl % set up for loop
mov ri,1
jmp 1_loop

with S = mov r1,6; jmp 1 fact.

7 Compiler Type Correctness

We have presented a compiler for System I' which translates programs through a series of four
intermediate lambda calculi before finally generating typed assembly language. The full compiler
may then be defined by the judgment Fy e : 7~ P:

cps clos hst alloc TAL
l_F €T~ €cps ®7® l_K €cps ™ €clos l_C €clos ™ Phst l_H Phst ~> Palloc l_A Palloc ~" P

Fre:T~ P

For each translation we have given a type correctness lemma. A corollary of these type correctness
lemmas is the type correctness of the entire compiler:
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(H,{},S) where

H =
1 fact:
code[|[{r1:(),r2:int,r3:74}.
bnz r2,l nonzero
unpack [a,r3],r3 % zero branch: call k& (in r3) with 1
1d r4,r3[0] % project k code
1d r1,r3[1] % project k environment
mov r2,1
jmp r4 % jump with {r1 = env,r2=1}
1l nonzero:
code[|[{r1:(),r2:int,r3:7;}.
sub r4,r2,1 %hn—1
malloc r5[int, 7] % create environment for cont in r5
st r5[0],r2 % store n into environment
st r5[1],r3 % store k into environment
malloc r3[V[].{r1:(int!, 7}),xr2:int}, (int', 7})] % create cont closure in r3
mov r2,l_cont
st r3[0],r2 % store cont code
st r3[1],r5 % store environment (n, k)
mov r2,r4 % arg :=n—1
mov r3,pack [(int!, 7}),r3] as 7 % abstract the type of the environment
jmp 1_f % jump to k with {r1 = env,r2=n—1,r3 = cont}
1l _cont:
code[]{r1:(int!, 7}) r2:int}. % r2 contains (n — 1)!
1d r3,r1[0] % retrieve n
1d r4,r1[1] % retrieve k
mul r2,r3,r2 % nx(n—1)!
unpack [a,r4],r4 % unpack k
1d r3,r4[0] % project k code
1d ri,r4af1] % project k environment
jmp T3 % jump to k with {r1 = env,r2 = n!}
1 halt:
code[|{r1:(),r2:int}.
mov ri,r2
halt[int] % halt with result in r1
and S =
malloc ri[] % create an empty environment ((})
malloc r2[] % create another empty environment
malloc r3[V[].{r1:(),r2:int}, ()] % create halt closure in r3
mov r4,1 halt
st r3[0],r4 % store cont code
st r3[1],r2 % store environment ()
mov 12,6 % load argument (6)
mov r3,pack [(),r3] as 7 % abstract the type of the environment
jmp 1 fact % begin fact with {r1 = (),r2 = 6,73 = haltcont}

and 7, = Jo.(V[].{r1:a,r2:nt}!, ot)

Figure 26: Typed Assembly Code for Factorial
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Lemma 7.1 0;0 ke : 7 if and only if there exists P such that bz e : 7~ P

Lemma 7.2 (Compiler Type Correctness) If Fpe: 7~ P then bq,, P

8 Extensions and Practice

We claim that the framework presented here is a practical approach to compilation. To substantiate
this claim, we are constructing a compiler called TALC that maps the KML programming language
[11] to a variant of the TAL described here, suitably adapted for the Intel x86 family of processors.
We have found it straightforward to enrich the target language type system to include support
for other type constructors, such as references, higher-order constructors, and recursive types. We
omitted discussion of these features here in order to simplify the presentation.

Although this paper describes a CPS-based compiler, we opted to use a stack-based compilation
model in the TALC compiler. Space considerations preclude a complete discussion of the details
needed to support stacks, but the primary mechanisms are as follows: The size of the stack and the
types of its contents are specified by stack types, and code blocks indicate stack types describing
the state of the stack they expect. Since code is typically expected to work with stacks of varying
size, functions may quantify over stack type variables, resulting in stack polymorphism.

Efficient support for disjoint sums and arrays also requires considerable additions to the type
system. For sums, the critical issue is making the projection and testing of tags explicit. In a naive
implementation, the connection between a sum and its tag is forgotten once the tag is loaded. For
arrays the issue is that the index for a subscript or update operation must be checked to see that it
is in bounds. Exposing the bounds check either requires a fixed code sequence, thereby constraining
optimization, or else the type system must be strengthened so that some (decidable) fragment of
arithmetic can be encoded in the types. Sums may also be implemented with either of the above
techniques, or by using abstract types to tie sums to their tags. In the TALC compiler, in order
to retain a simple type system and economical typechecking, we have initially opted for fixed code
sequences but are exploring the implications of the more complicated type systems.

Finally, since we chose a type-erasure interpretation of polymorphism, adding floats to the language
requires a boxing translation. However, recent work by Leroy [24] suggests that it is only important
to unbox floats in arrays and within compilation units, which is easily done in our framework.

9 Summary

We have given a compiler from System I to a statically typed assembly language. The type system
for the assembly language ensures that source level abstractions such as closures and polymorphic
functions are enforced at the machine-code level. Furthermore, the type system does not preclude
aggressive low-level optimization, such as register allocation, instruction selection, or instruction
scheduling. In fact, programmers concerned with efficiency can hand-code routines in assembly,
as long as the resulting code typechecks. Consequently, TAL provides a foundation for high-
performance computing in environments where untrusted code must be checked for safety before
being executed.
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A Soundness of TAL

Lemma A.1 (Context Strengthening) If A C A’ then:

1. If A brag, 7 type then A’ boap T type
2. If A brar, 71 < 7o type then A brap 71 < 13 type.

Proof:

Part 1 is immediate by (type). Part 2 is by induction on derivations.

Lemma A.2 (Subtyping Regularity) If A Fr,, 7 < 7/ type then A br,, 7 type and A Frap
' type.

Proof:

By induction on derivations.

Lemma A.3 (Heap Extension) If br,, H : VU heap, § bryy, 7 type, U{{ : 7} brap A i 7 hval,
and { ¢ H then:
1. Fran W{£: 7} htype
Frar H{{— h} : W{l: 7} heap
If W bpap R T oregfile then W{{: 7} Fpa R T regfile
IfFU; AT Fpay, S then W{L: 7} AT Foap S

S e e

If W tbrap hoio hval then W{{: 7} Frap h o hval

6. If U; Abpay w:o? fwval then W{l: 7} A, w:o¥ fwval
7. If U; A bpap w o wval then W{0: 7}; Abpa w: o wval

8. If Us AsT bpppv:o then W{l: 7} AT by v o

Proof:

Part 1 is immediate by (heap-type). Part 2 follows from parts 1 and 5. Parts 3-8 are by
induction on derivations.

Lemma A.4 (Heap Update) Iftr,, H : VW heap, O bra, 7 < U(L) type, and W{: 7} boa h: 7
then:
1. Fran W{L: 7} htype
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2. bFoar H{{ — h} : W{l: 7} heap
If W brap R : T oregfile then W{{: 7} Fra R T regfile
IfFU; AT Foay, S then W{L: 7} AT Foap S

AR

If W tpap hoio hval then W{{: 7} b h o hval

6. If Us Abpay w:o? fwval then W{l: 7} Ay, w: o? fwval
7. If ;A bra w:o wval then W{{:7}; Abq,, w:o wval

8. If s AsT bpppv:io then W{l 7} AT by v o

Proof:

Part 1 is immediate by (heap-type) and Subtyping Regularity. Part 2 follows from parts 1
and 5. Parts 3-8 are by induction on derivations. The only interesting case is the case for
the rule (label). The derivation must end:

A bpar o < o type
Ui Abpa 00 wval

(W) = o)

If £ # ¢’ then clearly the inference also holds for W{{ : 7}. Suppose £ = {’. By hypothesis and
Context Strengthening, we deduce A Fp,, 7 < o’ type. Then the conclusion may be proven
with the (trans) rule:

Al 7 <o type Abqu o <o type

At 7 < o type
v{l: 0) =
lIJ{ﬁ:T};AI—TALK:Uwval({ T =7)

Lemma A.5 (Register File Update) If ¥ k5, R : T regfile and ;0 by, w : 7 wval then
U by R{r— w} : T{r: 7} regfile.

Proof:

Suppose R is {ry — wy,...,7, — wy,} and I'is {ry — 7,..., 7, — 7, } where r may or may
not be in {ry,...,7,}. Since ¥ k1., R : T, by the rule (reg) it must be the case that n > m
and ;0 Fr,p, w; 0 7 wval (for all 1 <4 < n and some 7p,41,...,7,). So certainly for 7 such
that r; # r, U;0 Frap w; @ 7 wval, and by hypothesis ¥; 0 Fr,, w : 7 wval so by rule (reg)
U bpay R{r— w} : T{r — 7} regfile.

Lemma A.6 (Canonical Heap Forms) If ¥ bp,, h: 7 hval then:
1. If r =V|[a].l' then:
(a) h = codelad]l'.S
(b) U;a;T Fran S

2. Ifr = (18, ...,7" ") then:

2 in—1

(a) h = (wo,...,wp_1)
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(b) U; 0 brpp, w; 2 77 fwval
Proof:

By inspection.

Lemma A.7 (Canonical Word Forms) If b1, H : ¥ heap and V;( bry, w : 7 wval then:
1. If T = int then w = 1.

2. If T =V[p,...,Bn).1 then:
(a) w={Lo1,...,04]
(b) H({)= codela,...,0an,[1,...,0m]1".5
(c) T = T'[5/a]
(d) Usaq,...,00, 01, Bm; 1 Foan S

3 Ifr = (1% ...,7"T") then:
(a) w="{

(b) H({) = (wg,...,w,_1)
(¢) ;0 Fra w77 fwval
4. If 7 = Ja.7 then w = pack [7',w'] as Ja.7 and V; () bry, w' 2 7[7'/a] wval.
Proof:

1. By inspection.

2. By induction on the derivation of ¥;( Fr,, w : 7 wval: The derivation must end
with either the (label) or the (tapp-word) rule. Suppose the former. Then w = ¢,

-

V() = 7" and O Fra, 77 < V[B].T type. Inspection of the subtyping rules then reveals

- -

that 7/ = V[§].I'. Since Fra, H : ¥ heap, we may deduce that ¥ k., H({) : V[§].I" hval.

The conclusion follows by Canonical Heap Forms.

Alternatively, suppose the derivation ends with (tapp-word). Then w = w'[o] and

-

U: 0 bra w' i V], f].T7 wval with T' = I'[o/a]. The conclusion follows by induction.

3. The derivation ;0 Fr,, w : 7 wval must be shown by use of the (label) rule. Thus,
w="{09)=71"and @ by, 7 < (7°,...,7"7") type. Let ussay that ¢ < pand 1 <O0.

9y fn—1 ;

STl
with ¢! < ¢; (for each 0 < ¢ < n —1). Since Fru, H @ ¥ heap, we may deduce that
U b H() : <T5p6,.. TW”_1> hval. Thus H({) = (wo,...,wy—1) and ¥;0 Fpap, w;

*rin—1

Then inspection of the subtype rules reveals that 7’ must be of the form <T(3p°, ..

Tfé fwval by Canonical Heap Forms. It remains to show that W; () Fp,q, w; : Tfi fwval for
all 0 < i< n—1. Suppose ¢, =1 and ¢; = 0 (otherwise the conclusion is immediate).
Then W; () Fryp, w; : 7} fwval is shown by the (init) rule, which also permits the deduction
of U0 by, w; 2 72 fwval.

4. By inspection.

Lemma A.8 (]A? Typing) If ¥ Fru, R : T regfile and W;0;T bFpyp v 7 then V50 Foa I%(v) :
7 wval.
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Proof:

The proof is by induction on the syntax of v. Cases:
v = w: Immediate.

v = r: The only rule that can type v is (reg-val) and this rule requires 7 = I'(r). The only rule
that can type R is (reg) and this rule requires ¥; () b1y, R(7): 7 wval, the conclusion follows

since R(r) = R(r).

-

v = v'[o]: The only rule that can type v is (tapp-val), so 7 = V[3].I"[o/a] and ¥;0;T" by, v

-

V[e, 5].1". By induction we deduce Ui gy ]%('v’) : V], B].1" wval, and then the rule (tapp-
word) proves U:( bFr,, R(v')[o] : V[3].TI[o/a] wval. The result follows since R(v'[o]) =
R(v")[o].

v = pack [o,v'] as Ja.7': The only rule that can type v is (pack-val), so 7 = Ja.7" and ¥; ;T Fr,p,

v’ : 7'[o/a]. By induction we deduce W;Q bry R(v') : 7'[0/a] wval and then the rule

(pack-word) proves W; () Fryy, pack [o, B(v')] as 3a.7’ : Ja.7’ wval. The result follows since
R(pack [o,'] as Ja.t") = pack [0, R(v")] as Ja.T’.

Lemma A.9 (Canonical Forms) Iftq,, H : WV hval, ¥ b, R: T regfile, and ¥;0; T bpyp v 7
then:

1. If 7 = int then R(v) = i.
2. Ifr :AV[ﬁl, ooy Bm].I then:
(a) R(v)={Llo1,...,04]
(b) H({)= codelar,...,0n,[1,...,0m]1".9
() T = 1[3/d)
(d) \117 ag, .. '7an7ﬁ17 e 7ﬂm7 I’ l_TAL S
3 Ifr= (sl ..., "7") then:
(a) R(v)=1(
(b) H(L) = (wg,...,wp_1)
(c) W;0bpap w; 77" fwval
4. If = Ja.1 then R(v) = pack [7',w] as Ja.r and W;Q Frpy w : 7[7' /] wval.
Proof:

Immediate from R Typing and Canonical Word Forms.

Lemma A.10 (Type Substitution) If B Foas 7 type then:
1 If ;@ G;T Fray S then O; §; T[7/d] Fpar, S[7/d]

2. If ¥:a, ﬁ; I bpar, v:7 then T;ﬁ; I[7/aA] bFrar [T/ d] : 7[7/a]

3. If U;@, 0 Fopr w: 7 wval then W; § by w[7/d] : 7[7/d] wval
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4. If @, 3 boan Ty < Ty rftype then B by, T1[7/a] < Tg[7/a] rftype
5. Ifd’,ﬁl—TAL 71 < 79 type then EI—TAL 1 [7/d] < [T/ d] type
6. Ifd’,ﬁl—TAL T Frar type then EI—TAL T[7/d] type

Proof:

By induction on derivations. The only interesting case the case for the rule (type):

FTV(r) C {a,5}
&75 FraL T type

The hypothesis must also be proven with the rule (type), so FTV(r;) C {ﬁ} Consequently:
FTV(r[F/a]) < FTV(r)\{a}u({J, FTV(r))

{@.fy\{a}u {5}

= {4}

Hence we may prove § Fray, T[7/d] type using the (type) rule.

IN

Lemma A.11 (Register File Weakening)
If Abpa, Ty < T rftype and WU; A Fpa R 2Ty regfile then Wi A by, R : Ty regfile.

Proof:

By inspection of the rules (weaken) and (reg).

Lemma A.12 (Subject Reduction) If k1., P and P —— P’ then bp,y, P'.

Proof:

P has the form (H, R,:;5) or (H, R, jmpv). Let T'D be the derivation of Fr,;, P. Consider
the following cases for jmp or ¢:

case jmp: T'D has the form:

v, Q); MEpap v VH-F/ O, T <TY rftype
Fran H @V heap Wb, R: T regfile U:0;T bpap, jmpo
l_TAL P

By the operational semantics, P’ = (H, R, §[5/d]) where R(v) = £[5] and H(£) = code[a]T".5.
Then:
1. Frag, H : W heap is in T'D.

2. From () Fps, ' < TV rftype and W by, R : T regfile it follows by Register File Weakening
that U Fryp R : T regfile.

3. By Canonical Forms it follows from W;(;T' tr,, v @ V[].I' that I = I"[5/ad] and
U:a@; T Fra, 5. By Type Substitution we conclude W; 0; T b1, S[G/d].
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case add, mul, sub: T'D has the form
U:0;T by, s 2 int U:0;T Fpap, v :oint
U 0; T Frar, S
Fran H : W heap W bp, R: T regfile U ;T sy, arithy, rq, 7,03 9
l_TAL P

where I = T'{rq : int}. By the operational semantics, P’ = (H, R',S) where R' = R{ry —
R(rs)p R(v)}. Then:
1. Fray, H : U heap is in T'D.

2. By Canonical Forms it follows that R(r,) and R(v) are integer literals, and therefore

U0 Foar R(rs)p R(v) wval. We conclude W Fpuy, R : T” regfile by Register File Update.
3. U;0; T bqap, Sisin T'D.
case bnz: T'D has the form:
U:0;T brap 72 int U:0:T by v V]I
0 bran T < TV rftype U:0;T Frar S

Fran H : W heap W kg, R:T regfile U:0;T bFrar, bnzr, v;
l_TAL P

If R(r) =0 then P = (H,R,S) and 1., P’ follows since W; ;T Frsy, S is in T'D. Otherwise
the reasoning is exactly as in the case for jmp.

case 1d: T'D has the form

0<i<n-1 ;=1
U 05T baag, 7 (700, 70770 U:0; T Froar, S

9 in—1

Frar H : U heap W bkp,p R:T regfile U:0; T bpap 1d 7y, 7g[i]; S
l_TAL P

where I' = T'{r; : 7;}. By the operational semantics, P’ = (H, R, §) where R’ = R{rq — w;},
R(rs)=1(, H({) = (wg, ..., wp_1} and 0 <7 < m. Then:

1. Frag, H : W heap is in T'D.
(162, .. T“p"_1> that m = n and

2. By Canonical Forms it follows from W;0; T Fpap 75 : ST
U0 bpay, w; e Tf] fwval for 0 < j < n. Since ¢; = 1 it must be the case (by inspection
of the (init) rule) that ;0 k., w; : 7; wval. By Register File we conclude ¥ ., R :
T regfile.

3. U;0; T bpap, Sisin T'D.
case malloc: T'D has the form

0 bFrar 7 type V; ®§ I"Fra S type
Frap H : W heap W ki R:T regfile W;0;T bpyp mallocry[ry,..., 7] 9
'_TAL P

where o0 = (r0,....7), ¥ = U{l: ¢}, and I" = T{ry : ¢}. By the operational semantics,

P =(H',R,S)where H = H{{ — (I11,...,77)}, R' = R{rg— (}, and { ¢ H. Then:
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1. By the (tuple) and (uninit) rules we may deduce W' Fp,y (?71,...,77,) hval : 6. By
Heap Extension it follows that k., H' : U’ heap.

2. By the (type), (reflex), and (label) rules we may deduce that ¥'; @ 1., £ : o wval. By
Heap Extension we deduce that W' k5, R : T regfile and it follows by Register File
Update that W’ 5, R : T regfile.

3. By Heap Extension, W'; 0; I Fr.p, S.
case mov: T'D has the form

U:0;Tbparp v W 0; T Frpr, S
Fran H @V heap Wb, R:T regfile U:0;T Frap, movr,v; S
l_TAL P

where I” = T'{r : 7}. By the operational semantics, P’ = (H, R, §) where B’ = R{r — R(v)}.
Then:
1. Frag, H : W heap is in T'D.

2. By R Typing it follows from ¥;0;T Frup v @ 7 that U;0 Frap ]%(v) : 7 wval. Using
Register File Update we conclude that ¥ b, R’ : TV regfile.

3. U;0; 1 bppy, Sisin TD.
case st: T'D has the form

0<i<n-1 U:0;T bFoar, 74 : 00
\Il;m;rl_TAL Ts ' T \IJ§®§F/ Fran S

Frar H iU heap Wb, R:T regfile U:0: T boyy, strgli],r S
l_TAL P
where:
og = (r5°,....7." ")
or = (rg%..r0Th A TR LT
I" = T{rqg:01}

By the operational semantics, P’ = (H', R, S) where
H = H{l{— (wo,...,wi—1, R(Ts), Wix1, ., Wp_1)}
and R(rq) ={, H({) = (wo, ..., wy), and 0 <7 < m. Then:

1. Since ¥;0;T Fpap 74 @ 0p, it must be the case that I'(rq) = og and thus since ¥ Fp,,
R : T regfile and R(rq) = £ we may deduce ¥;0 by, £ : 09 wval. The latter judgment
must be proven with the (label) rule, hence § b1,y 0f, < 0g type where ¥(¢) = o{,. Note
that it follows from Subtyping Regularity and the definition of o¢ that 0 Fr,;, 7; type
for each 0 < j < n.

Let us say that ¢ < ¢ and 1 < 0. Inspection of the subtyping rules reveals that of must

!
®o Fn—1 : A . .
be of the form (r5°,...,7,"7") with ¢’ < ;. Let:
, ' ' '
1 ®q P11 _%ita Prn—1
o1 =(1% ..., T, 1T STigl s TR )
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Then ) Fryp o) < of type and @ Fpsy, of < o1 type. Since bra, H : ¥ heap, we may

deduce that m = n and ;0 Fpyp, w; - T;p] fwval for 0 < j < n. Let ¥/ = ¥{r;:07}. By
Heap Update it follows that W/; 0 by w; : T]k.pj fwval.

Using R Typing and Heap Update, we may deduce that ¥'; 0 Fr,p, R(7s) : 7; wval and,
by applying the (init) and (tuple) rules, we may conclude:

U0 bpan (o, v oy wimg, R(7s), Wig1, .., Wy_1) : 0 hval

Hence Fp,, H' : W' heap by Heap Update.

2. By Heap Update we may deduce W' tr,;, R :T. Recall that § b1, 07 < oy type. Thus,
U0 Fray £ 2 o7 wval, and by Register File Update we may conclude that ¥/ Fp,, R :
I regfile (since R = R{rq — (}).

3. By Heap Update, ¥/;0; 1" Frap, S.
case unpack: T'D has the form
U:0:T bppp v o’ Ui a; T{r:ir'} by S

Fra, H VU heap W bp. R: T regfile U: ;T Fpsp unpack[a, 7], v; 9
l_TAL P

By the operational semantics, P = (H,R,S") where R' = R{r — w}, 8" = S[r/a] and
R(v) = pack [r,w] as Ja.7'. Then:
1. Fragp, H : W heap is in T'D.

2. By Canonical Forms it follows from ¥; 0; T by, v : 3.7’ that ¥; 0 Fpyp w : 7/[7/a] wval.
Let I" = T'{r : /[t /a]}. By Register File Update if follows that ¥ F,, R’ : " regfile.

3. By Type Substitution it follows from W;a; T{r:7'} Frap S that U;0; T b,y S

Lemma A.13 (Progress) If b1, P then either there exists P’ such that P — P’ or P is of
the form (H, R{r1 — w}, halt[r]) (and, moreover, ¥;( Fr,, w : 7 wval for some ¥ such that
Fran H @ W heap).

Proof:
Suppose P = (H, R, Stun). Let T'D be the derivation of Fp,;, P. The proof is by cases on the
first instruction of Sg,.

case halt: T'D has the form:

U: 0T bpap vl
Frap H : W heap ;0 b5, R:T reglile U;0;T bFopyy halt[7]
Foan (H, R, halt[7])

By R Typing we may deduce that ]%(ri) is defined and ;0 Fr,p, R(ri) : 7 wval. In other
words, R = R'{r1 — w} and ¥;0 by, w: 7 wval.
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case add, mul, sub: T'D has the form:
U:0;T boap rsiint U 0;T bpap, v :int
Fran H: W heap W;0Fq, R: T regfile U 0T by, arithy, rg, rs, 039
I_TAL (H, R, Sfull)

By Canonical Forms, R(r,) and R(v) each represent integer literals. Hence P — (H, R{ry —
R(rs) p R(v)}, 9).
case bnz: T'D has the form:
V0T bpap rrint U 05T Fpay, v V[T
Fran H: W heap W;0Fq, R: T regfile U:0;T Frpp, bnzr, v; S
I_TAL (H7 R, Sfull)

By Canonical Forms, R(r) is an integer literal and R(v) = {[oy,...,0,] with H({) =
code[aq,...,a,].I".8" If R(r) = 0 then P — (H,R,S). If R(r) # 0 then P
(H, R, 55/dl).
case jmp: T'D has the form:
U:0:T Foppy, v V[].TY
Froan H : W heap Wi Fp,p, R: T regfile U:0; T Forap jmpo; S
l_TAL (H7 R7 Sfull)

By Canonical Forms, R(v) = {[oy,...,0,] with H({) = code|a,...,a,].I".5’". Hence P ——
(H, R, 5'7/).

case 1d: T'D has the form:

W;@;FFTALTS:<T8007"'7T':72{1>

Fran H: W heap W;0bqa R:T regfile U:0; T bpyy 1drg, rsli]; S
l_TAL (H7 R7 Sfull)

By Canonical Forms, R(r,) = ¢ with H({) = (wo,...,w,—1). Hence P — (H,R{ry —
w;}, S).

case malloc: Suppose Sgq is of the form mallocr[r,...,7,);S. Then P +— (H{{ ~
(M1, ..., M)}, R{r — £, 5) for some { ¢ H.

(1<i<n)

case mov: T'D has the form:
U:0; T bppp v 7
Fran H:W heap W;0bqa R:T regfile W;0;T Fpap movr,v; 5
I_TAL (H7 R, Sfull)

By R Typing, R(v) is defined. Hence P — (H, R{r — R(v), 5).

case st: T'D has the form:
U0 T bgay, ra s (700 om0
U 05T Foar, 75 0 75
Fran H : W heap W;0 b5, R: T regfile U:0: T by, strgli],rs S
l_TAL (H7 R7 Sfull)
By Canonical Forms, R(rq) = € with H({) = (wq, ..., w,—1). By
Hence P +— (H{{— (wo,...,wi—1, R(rs), wiy1,...,wp_1)}, R, S

(1<i<mn)

R Typing, R(r) is defined.
).
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case unpack: T'D has the form:
U:0: T bFrag, v daur

Frap H : W heap W;0bqa R:T regfile W;0;T br,p, unpack[a, r],v;
l_TAL (H7 R7 Sfull)

By Canonical Forms, R(v) = pack [7',w] as Ja.7. Hence P — (H, R{r — w}, S[r'/a]).
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