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Abstract

We present the load-calculus, used to model dynamic loading, and prove it
sound. The calculus extends the polymorphic A-calculus with a load primitive
that dynamically loads terms that are closed, with respect to values. The cal-
culus is meant to approximate the process of dynamic loading in TAL/Load [4],
an version of Typed Assembly Language [7] extending with dynamic linking.
To model the key aspects of TAL, the calculus contains references and facili-
ties for named types. Loadable programs may refer to named types defined by
the running program, and may export new types to code loaded later. Our ap-
proach follows the framework initially outlined by Glew et. al[3]. This calculus
has been implemented in the TALx86 [6] version of Typed Assembly Language,
and is used to implement a full-featured dynamic linking library, DLpop [4].

1 Introduction

The purpose of this report is prove the soundness of a simple calculus for dynamic
loading, designed as a theoretical basis for dynamic linking in Typed Assembly
Language [7, 6, 3]. Dynamic loading is provided by a simple primitive load, which
converts the binary representation of some closed! term into the term itself. This
calculus is meant to approximate an implementation of dynamic loading in Typed
Assembly Language, and so the language provides references and named types, in
addition to load and lambda-terms.

Here is a small example of the use of load. Consider the following program (using
OCaml-style [5] syntax):

let £ £2 =
let x = 1 in
(3, f2 x)

!By closed, we mean that there are no free value variables; there may be free type labels, as we
describe shortly.



Assuming £2 has type int — int, then f has type (int — int) — int x int. We
could load this (closed) program in another program. Assuming that the binary
representation of this program is stored in the file “f”:

let g O =
let load_succ f = f (function x -> x + 1) in
let load_fail = (3,4) in
load [(int —> int]) -> int * int] ("f",load_succ,load_fail)

When g is executed, it will call load. If load succeeds, it will call load_succ with the
loaded function of type int — int, in this case the function f. If load fails (because
of either a type or format error), then load fail is executed instead. The result of
evaluating this program, assuming “f” is well-formed, is (3,2).

In order to properly accommodate named types, we define the notion of a type
heap, which maps type labels to types, where the type label corresponds to the named
type and the type it maps to is the implementation of that type. A program has two
type heaps, the current type heap, and the imported type heap. Labels within the
imported type heap correspond to types not defined by the current program. Addi-
tionally, a type label in the imported type heap could be undefined, corresponding
to a type whose representation is defined externally. In the ML terminology, an
imported type whose representation is known essentially corresponds to manifest
type, while one whose representation isn’t known corresponds to an opaque type,
the consequence of which is that values of that type may only be used abstractly.
For example, we can (roughly) modify the two programs above as follows:

extern namedtype t = int * int
let £ £f2 =

let x =1 in

roll [t] (3, f2 x)

Here extern is used to approximate a manifest type defined externally, and namedtype
indicates that t is a unique name for the type.

namedtype t = int * int
let g O =
let load_succ f = f (function x -> x + 1) in
let load_fail = roll [t] (3,4) in
let x = load [(int -> int) -> int —> t]
("f",load_succ,load_fail) in
unroll x



Here, the running program defines the named type t, which is matched up at load
time with the imported type t defined in the other program. We use roll and
unroll to convert to and from named types.

We could also define opaque named types in both the running program and the
loaded code, and this is well-typed as long as the values of those types are used
abstractly (that is, they are never part of a roll or unroll expression, which would
reveal their representation). For instance, we could modify the loaded program as:

extern namedtype t
let £ (£2:t->t) (x:t) =
(f2 x, f2 x)

Now the function f has type (t — t) — t — t x t. The running program could
become:

namedtype t = int * int
let g O =
let load_succ f = £
(function x -> let (y,z) = unroll x in roll [t] (y+1,z+1)) in
let load_fail = (roll [t] (3,4),roll [t] (4,5)) in
let x = load [(t -> t) >t —> t]
("f" load_succ,load_fail) in
unroll [t] x

The converse is also possible. For instance,

namedtype t = int * int
let £ xy =
roll [t] (x,y)

Now the function £ has type int — int — ¢t. The running program could become:

extern namedtype t
let g O =
let load_succ f = (f 1 2; ()) in
let load_fail = () in
load [int -> int -> t] ("f",load_succ,load_fail)

Note that after the value of type ¢ is created, it is discarded. We could easily have
defined other functions in the loaded code to manipulate values of type t. We could
also combine these two programs to allow recursively defined named types across
modules.

The remainder of this report develops the calculus which allows such programs
to be written in a well-typed manner. We define the syntax, a static and operational
semantics, and finally a type-soundness theorem.
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Figure 1: load-calculus Syntax

2 Syntax

The syntax of the load-calculus is shown in Figure 1. A program P consists of a
type interface ©, a heap H, and an expression to evaluate e. The heap H stores
reference cell values, and the expression e represents the program’s computation.
The interesting part is the type interface, which consists of two type heaps X; and
Xy that defined the named types of the program. X contains named types imported
by the program (to be resolved later during a linking phase), while X contains
named types defined by the program, respectively.

A type heap is a finite map; it maps each type label [ in its domain to a type heap
value x, which is either a type 7 or L; the latter indicates an undefined (unresolved)
type label. We write X (I) to denote y in the heap X = {...,l = x,...}. For
the heap X = {li = x1,...,ln = Xn}, dom(X) refers to the set {l1,...,l,} and
rng(X) = {X1, -+ Xa}-

Most types 7 are standard, particularly base type int, function types 7 — 7,
reference types 7 ref , variable types « and universally-quantified types Va.7. We



use the type label [ itself to represent a named type defined in the type heap.

Most expressions are standard, particularly integers ¢, variables x, value ab-
stractions \z:7.e and applications ejes, type abstractions Aa.e and applications e[7],
reference construction ref e, reference assignment assign ejes, and reference decon-
struction (dereference) le;. We assume all A-bound variables are unique. To coerce
an expression e to named type [, we provide a coercion roll; e; unroll performs the
reverse operation. For example, say the type heap Xy has the form {filehandle =
int}, indicating that the named type filehandle is defined to have type int. To co-
erce the integer 1 to have type filehandle, we would do roll fjechandie 1. Converting
it back to an integer would simply require an unroll; i.e. unroll (rollfichandie 1)-
Note that named types are also permitted to be abstract, such that this unroll
operation is not permitted; this will be clear in the presentation of the static seman-
tics.

Reference values are stored in the value heap H. Value heaps are finite maps
mapping value labels L to values. We write H(L) to denote v in the heap H =
{...,L = wv,...}. For the heap H = {L; = v1,...,L, = v}, dom(H) refers to
the set {Ly,...,L,} and rng(H) = {vy1,...,v,}. U H={...,L = v,...}, then let
H[L = '] be the heap {...,L =/,...}; this operation is undefined if L ¢ H.

3 Dynamic Semantics

In this section we present the rules for the model of computation in the load-calculus.

3.1 Linking

A running program may dynamically link in other programs as it runs using load.
The load expression models the loading of object files in TAL/Load, but varies
slightly from its presentation in [4]. Here, load takes ‘integers’ as its first two argu-
ments (representing the bytes of a program and a type heap mask, explained more
below) and alternative branches for a successful load and failure.

When a running program dynamically loads another program into it, both the
value and type heaps of the two programs must be merged. This process is called
linking. We first define linking for type heaps, and then for value heaps.

Stated informally, linking two type heaps together yields a resulting heap (1)
whose exports are the disjoint union of the source exports, and (2) whose imports
are the merge of the imports minus the exports. Type heap linking is well-formed
if the imports agree with each other (that is, they don’t define any named types
whose definitions conflict), and the exports are disjoint. Using the operations and
predicates on type heaps and type heap values shown in Figure 2, type heap linking
is defined formally as:



Type Heap Values

Operators
join xiUxe | LUx=x xUl=x xUx=x
approximates  x1<x2 |[x<1 x<x
Predicates
similar X1 ~x2 | x1<x2orx2 < xi
Type Heaps

Operators
restriction X1 — Xo | X restricted to labels not in dom(X32)
disjoint union X1 W Xy | Union of disjoint maps, defined if X | X»
merge X1 ® X5 | Union of similar maps (defined if X; ~ X»),

maps [ € dom(X7) Ndom(X2) to X;(1) U Xo(l)
Predicates
disjoint X1 | X2 | dom(X;) and dom(X32) are disjoint
link compatible X; 3 Xo | For [ in dom(X;) Ndom(X2), X;1(I) < Xs(l)
similar X1~ Xo | For [ in dom(X;) Ndom(X2), X;1(I) ~ Xo()
subtype X1 <Xy | Xy j X5 and dOIn(XQ) - dom(X1)

Figure 2: Type heaps and type heap values: operators and predicates

Definition 3.1 (Type Heap Linking)
Mexi xhsx Xhsx) Xl Xpexpexi )
(X} XL) link (X2, X2) = (X3, X3) XP=((X] @ X7) - X})

Value heap linking is essentially the same as type heap linking, minus the re-
quirements and operations concerning imported values. This is because value heaps
are required to be closed (i.e. self-contained), so there is no import heap and link-
ing them together just becomes disjoint union. This requirement is in contrast to
typical definitions of value heap (or term-level) linking (e.g. [3, 1, 2]); we make it
because we expect value linking to occur in the term language itself.

Definition 3.2 (Value Heap Linking)

H, | Hy
Hy1link Hy = H3

(Hg =H U HQ)

where Hy | Hy dom(Hy) and dom(Hs) are disjoint
Hy W Hy Union of disjoint maps, defined if Hy | Hy



3.2 Operational Semantics

We define the operational semantics for the load-calculus using a one-step reduction
operator —, following a call-by-value discipline. The most interesting construct is
load; its operational rules appear in Figure 3. The first two (term) arguments to
load are the integers h, specifying the type heap mask to use during linking, and
i, specifying the program to load. We use * as some function that maps integer
arguments to programs or type heaps, as appropriate, modeling a filesystem. The
argument his a type heap that is more restrictive than the running program’s type
export heap. It is used by the caller to limit the definitions that may be seen by the
loaded code, if desired; as such, we refer to it as a type heap mask. The second two
arguments to load are the success and failure expressions. If load — success is used,
then the success expression is applied to the loaded program expression e; otherwise
the expression e is used (i.e., when using load — failure). The type argument to 7
to load indicates the expected type of the expression in the loaded program.

For load to succeed, three conditions must be met. First, value heap linking
H; 1ink Hy = Hs must succeed, combining the running program’s value heap H;
and the loaded program’s value heap Ho to produce heap Hs. Second, X}q T,
indicating that the program to be loaded i is well-formed in the context of the
running program’s export heap, having type 7, matching the type argument passed
to load. Program well-formedness is presented as part of the ‘static’ semantics in
the next subsection. Finally, type heap linking (X}, X) link (X2, X%) = (X3, X/)
must succeed. Rather than linking the running program’s type interface (X7, X})
with the loaded program’s interface, we link (X}, X) instead, thereby replacing the
export type heap X}q with X, which is the type heap indicated by h. This type
heap must be the same as or more restrictive than the program’s export type heap,
as required by the conditions X} < X and X?| (X} — X). This linking operation
produces export heap X', which is merged with the program export heap in the new
program: X3 = X' & X},

The remaining operational rules for the calculus are shown in Figure 4. We define
ele’ /z] as the capture-avoiding substitution of the term e’ for each occurrence of the
variable z in the term e. These rules are basically standard. In particular, beta
performs function application via substitution; unroll guarantees that a value that
has been coerced to a named type cannot be examined until it has been unrolled;
ref causes the ‘allocation’ of a unique value label L in the value heap and stores
the value v there; deref extracts the value v mapped to by value label L in the
value heap; assign overwrites the existing mapping for value label L in the value
heap with one from L to v (recall that the operation H[L = v] requires that L be
defined in H); tapp performs type application via substitution. The remaining rules
are congruence rules. One oddity is that the success and failure expressions in the



(@, H, load 11 19 €] 62) — (@/,HI, e')

(X}, X) link (X7, X7) = (X7, X')
Xy<x X2 - %)
X}q it

b load-
Hy link Hy = Hj3 A X}; ;(5( " (load-success)
((XII,X}{),HlJOE]d[T]hZ'GQ 63)!—) Z_(g i’ ,H)’ 12’6)
3 v Xpg=X'© Xy
(X7, X)), Hs, ez €)
(0, H,load[T] hieze3) — (©,H,e3) (load — failure)

otherwise

Figure 3: Operational rules for load

congruence rules are not call-by-value; they are left unevaluated until the actual
loading operation takes place. Then only one of them will evaluate, based on the
result. Note that we require a type-passing semantics because the type argument
passed to load is used at runtime; we use type-erasure semantics in TAL/Load by
introducing Ag-style term representations for types, as explained in the next section.

4 Static Semantics

As is standard, the static semantics is used to statically check that a program is
well-formed. In addition, the operational rule for load requires that well-formedness
be checked at runtime, before a program can be dynamically loaded into the running
program. Informally, program well-formedness is defined as follows. The program
type interface components X; and Xy must be disjoint and well-formed; the value
heap H must be well-typed in the context of the type interface; and the program
expression e must be well-typed in the context of both the type and value heaps. In
the case that the program is being loaded dynamically, its type export heap labels
X must be disjoint from those of the running program X p. This is stated formally
below.

Definition 4.1 (Program well-formedness)
FXrw Xy X Xghko

X XygtH-H:® XWXy, ®;5-Fe: T
XP = ((X[,XH),H,e) T

( Xu|Xp)



(0,H,e) —

(0, H' ¢)

(0, H, (A\z:T.€) v) —

(0, H,unroll(roll; v))

(©, H, e[v/x])

(©, H,v)

(0, H,ref v) — (0,HW{L=v},L)
where L ¢ dom(H)
(0,H,!L) — (©,H,v)
where H(L) =
(©,H,assign L v) — (0,H[L =v],v)
(O, H, (Aa.e)[7]) = (0, H,e[r/a])
(©,H,¢) — (6, H',¢)
( (0,H,ee) — (O H/eeg)
(©,H,vi e) — (0, H vy €)
(©,H,roll;e) — (©',H',roll; €)
(0, H,unroll e) — (©’, H' junroll e)
(O, H,load[T] € €1 €2 e3) — (O, H' load[7] €’ €1 €3 e3)
(0, H,load[T] v e ey e3) — (@: H; ,load[r] v € ey e3)
(©,H,ref e) — (O, H' ref ')
(©,H,le) — (&, H',!€)
(O, H,assign e ey) — (O, H' assign €’ e9)
(©,H,assignve) — (0 H' assignv €)
(0, H, e[r]) — (6", H', €'[7])

\

(beta)

(unroll)

(ref)

(deref)

(assign)
(tapp)

(congruence)

Figure 4: Operational rules, excluding load



X;Abint _a€A  L€dom(X)

X:AFa X; AR
X;ART X;AbET X;AbFT X:AabT A
X; AT — 1 X;Abrefr X;AFVYa.r (o & A)

FX
X; -7 (for each 7 € rng(X))

FX

X;:AFT
X:AF- X;AFT X:AFT
X;AFRD zr

XFHo
X;-F 71 (for each 7 € rng(®))

XE®

XFH:®

X;®;-FH(L): ®(L) (for each L € dom(H))
XFH:®

Figure 5: Well-formedness for types, type heaps, contexts, value heap typings, and
value heaps

{}F(©,H,e): 7
F(O,H,e): T

Figure 5 presents well-formedness conditions for types, type heaps, contexts,
value heap typings, and value heaps. Types are checked for well-formedness in
relation to a type heap X and a type variable context A. The former is used to
make sure that a named type [ is present in the type heap, and the latter is used to
make sure a type variable « is properly quantified. A type heap X is well-formed
if all of the types mentioned in its range are well-formed. This rule in combination
with the one for named types allows named types to be mutually recursive. Note
that a well-formed type heap is closed; all of the labels appearing in its range are
defined in the type heap itself.

Like type heaps, a value heap typing ® is well-formed if all of the types mentioned
in its range are well-formed. A value heap is well-formed if the values therein may
be typed with a given value heap typing. Value typing is checked via the expression
typing relation, shown in Figure 6.
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Most of expression typing rules are standard. Noteworthy are the rules for load,
and roll and unroll. As mentioned in the operational semantics, the first two term
arguments, which are mapped at runtime to a type heap ‘context’ and a program,
respectively, must have type int. The type argument 7’ indicates the expected type
of the loaded program’s term component. The third term argument is the ‘success-
expression’ which is applied to the loaded code, so it must take an argument of type
7/, returning a result of type 7. The final term argument is the ‘failure-expression’
which is executed if loading fails; its type must match the return type 7 of the
success condition so that the overall type of the load expression will be .

We use unroll to coerce an expression e having some named type [. The result
has type 7, where | maps to 7 in the type heap X. We use roll; to coerce an
expression e to named type [; if e has type 7 then the type heap X must map [ to
7. The semantics allows for named types to be opaque (abstract). In particular, the
expression unrolle : 7 is only well-typed if X(I) = 7. To make [ abstract, we set
X (1) to L, forbidding the coercion to the implementation type. In practice, label
is made abstract to loaded code by mapping it to L in the type heap mask X during
loading.

11



X: ;AT e T

X:P:A;T Feg: int
X;P;A;T'Feq : int
X;P;A;Tkey: 7 — 71
X; P, AT Feg: T
X;®;A;T Hload[m'] eg e1 e2 €3 : T

X:®;A;TF4:int X; 0, AT 2 T(x) X;P; AT L: ®(L) ref

X; o, AT e _ X; oA ke: T _
X;9;A;TFunrolle: 7 (X =) X;P;A;T'Frollje: (X)) =)

X;o; AT, o7’ e T X; AR
X;o;A;TH X aeir’e: 7 — 7

X; @A TkFep:7 -7 X;0,A;TFeg: 7
X; 0T Fejea: T
X; ;AT ke 7 X;P;A;T Fe:Var X; AT
X;®; A;T F Aace : Vaur X;®; AT Fe[r'] : 7] /a]

X; ;AT e T X; 9, AT e 7ref
X:P:A;T Fref e: 7ref X:o:A;THle:r

X:P:A;TFep:7ref
X;d; AT ey T
X;P;A;T' - assignejeg: 7

Figure 6: Expression typing
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5 Properties of the formal system

The important formal property of this system is that it is type-safe (this property is
also called type-soundness). In particular, if a program is well-typed, it will execute
in a well-defined fashion indefinitely, or until it completes with a particular value.
Formally stated:

Theorem 5.1 (Type Safety) If+ (0,H,e): 7 and (©,H,e) —* (0',H',¢') then
(©',H',¢') then either € is a value or may be further reduced by some rule of the
operational semantics.

Note that —* is the multi-step reduction relation, indicating one or more ap-
plications of the single-step relation +—. Type safety is proven using the standard
technique of showing subject reduction and progress:

Lemma 5.2 (Subject Reduction) IfF (0,H,e) : 7 and (©,H,e) — (0, H', )
then b (©',H',¢') : 7

Lemma 5.3 (Progress) Ift (©,H,e): 7 and e is not a value, then there exists a
(©',H',€') such that (©,H,e) — (', H' ).

Stated informally, subject reduction indicates that if a given program has a type
7, and it may take (at least) one reduction step, then the resulting program, after
applying the reduction rule, still has type 7. Progress indicates that if a well-typed
program cannot take an evaluation step, then it must be a value having type 7. The
following chapter presents proofs for these properties.

6 Proofs

Our presentation of the proofs of soundness is bottom-up, starting with properties
of the system needed for the final proof. We start with properties of type heaps,
then properties of value heaps, then properties of type derivations, and finally the
proof of type-safety.

6.1 Properties of Type Heaps

All of the Lemmas (and their corollaries) developed in this subsection are for the
purpose of proving the load case of the subject reduction, in Section 6.4.

Lemma 6.1 (Type Heap Equalities) Suppose A, B,C, D are type heaps, then
1. AeB)eC=Aa (Ba ()

13



(A®B)=(Ba® A)

if A| B then A B=AWB

ifAZC, B2D, A~BandC~D, A|D, B|C, then (A® B) 3 (C® D)
if B3 Athen (A—B)WB=A®B.

if A< B then A X B

if A< B then A B=A

if AS Bthen A~ B

© RS & e

ifB<AandC|(B—A)thenC—-B=C—-A

Proof of 4  This fails if for some I, (A® B)(l) = L and (C ® D)(l) = 7. Assume
A(l) = L. Then C(I) = L, if | € dom(C) as A 3 C. Furthermore | ¢ dom(D) as
A|D. So (Ce D)(l) = L if anything. Analogous reasoning if B(l) = L.

Proof of 5 If [ € A and not in B then trivially (A ® B)(l) = (A — B) W B)(l),
likewise if [ € B and not A, and if A(l) = B(l). Suppose A(l) = L and B(l) =,
then (A® B)(l) = 7 and (A — B)(l) is undefined so (A — B) W B(l) = 7. The reverse
case, where A(l) = 7 and B(l) = L cannot happen by assumption.

Proof of 9 As C does not include labels in B that are not in A, then removing
the labels from C that are in B is the same as removing only the ones from A.

Lemma 6.2 (Type Heap Merge) If- X4 and - Xp then - X4 & Xp.
Lemma 6.3 (Type Heap Weakening) Suppose X @& X' is well-defined.
1. If X; A b7 then (X X');AbF T
2. If XF® then X X'+ ®
3. If X;P;A;THe:7then X X', &;A;T e,

4. If X+FH:® then X®X'+-H:®

Proof

1. Proof is by induction on X;A F 7. If 7 = « then (X & X');A F a. If
7 = int then (X & X’); A F int. If 7 = [ then [ is still in the domain of
X @ X' (though its range might change), so (X ® X’); A - [. The remaining
cases follow by induction.

14



2. We are given that for each 7 € rng(®), X F 7. It follows by 1 that
XX b7

3. Proof is by induction on X;®;A;T" F e : 7. This follows trivially or by
induction for every rule except: If e is an abstraction or a type application,
then Part 1 is also needed to verify the type added to the context. If e
is unroll €’ or roll; ¢’ then we note that because X (I) = 7, then by the
definition of X @ X', (X @ X')(I) = 7 as well, and the rest follows by
induction.

4. We are given that for each L € dom(H) that X;®;-;- = H(L) : ®(L). It
follows by 3 that X @& X';®;-+ H(L) : ®(L).

Corollary 6.4 Suppose X W X' is well-defined.
1. If X;AFTthen XWX ;AbFT
2. If X+ ® then XWX
3. If X;0;A;THe:7then XWX ;& AT He:T.
4. If X+H:® then XWX -H:®

Lemma 6.5 (Type Heap Redundancy Elimination) If X < X' and X® X" F
7 then X & (X" - X'V b1

Proof
(Sketch) Any label in X” that is also in X’ will also be in X as that type heap

contains all of the labels of X’. Therefore subtracting out the redundant labels
will not interefere with type well-formedness.

6.2 Properties of Value Heaps

The Lemmas (and their corollaries) developed in this subsection are used in the
proof of subject reduction for the load and ref cases.

Lemma 6.6 (Value Heap Weakening) If X - &, X+ H :®, X;®;;-Fe: T
and given some L' & dom(®) and some type 7' such that X;-+ 7', then

L Xk (@w{L: )
2. XFH:(dW{L':7'})
3. X;(@dwW{L :7'});-Fe:T
Proof
15



1. We must show that for all 7 € rang(®W{L' : 7'}), X b 7. If 7 € rng(P),
then this is true by inversion of X F ®. If tau ¢ rng(®) then 7 = 7/, and
we are given that X;-+ 7/

2. This follows trivially by assumption, since we have not changed the domain
of H.

3. Proof by induction on X;®;-;- - e : 7. Follows trivially or by induction.
In the abstraction and type application cases, we need to use 1 for the
introduction of the new type, and for e = L, we have ®(L) =7 = (PW{L’:

T H(L).

Corollary 6.7 If X+ ® and X - H : ®, and given some ®' such that X = ® and
O | ', then

L XF(®wd)

2. X+ H: (dwd)

3. X;(PWd); - et
Lemma 6.8 (Value Heap Redundancy Elimination) If X - H : ®, and there
exists some L' € dom(®) s.t. L' ¢ dom(H), then X - H :{L:7|L:7€ ® L #L'}.
Proof

We must show that for all L € dom(H),H(L) : {L:7|L:7 € ®,L # L'})(L).
But this is obvious, since we have only removed a label from ® that was not in
H.

6.3 Properties of Type Derivations

Lemma 6.9 (Type in Type Substitution) If X;A,a F 7 and X;A F 7' then
X;AF 77 /a]

Proof
Proof by induction on X;A,a b 7
Case 1: X;A,aFlor X;A, at int follows trivially.
Case 2: X; A, at a since by assumption X; A F ofr'/al.

Remaining cases follow by simple induction.

The following lemma is used in the ref case of subject reduction.

Lemma 6.10 (Regularity)
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IfX;: ;A TFov:1, X, X AFT, and X F @, then X;AF 1.

Proof
The proof proceeds by induction on the derivation X;®; A;T'Fe: 7.
Case 1: X;®;A;I'F ¢: int. Follows directly that X; A F int.
Case 2: X;®;A;T' - L : ®(L). By assumption X F &, and by inversion
X;-F o(L).
Case 3: X;P;A;T'Fy:I'(y). By assumption X; A F T, so X;AFT(y).
Case 4: X;®;A;T F Ax:7’.e: 7 — 7. By inversion X;A F 7. As a result,
X;AFT,2:7, as 7/ is well-formed. Therefore, by induction X; A + 7. Thus,
X AR — 1.
Case 5: X;®P;A:T'F ey e : 7. By induction X; A+ 7/ — 7, and by inversion
X:AFT.
Case 6: X;®;A;T I load[7] eg €1 ez e3 : 7. By induction.
Case 7: X;®;A;T' - roll; e : [. By the rule side-condition X (I) = 7, thus
X: AL
Case 8: X;®;A;T I unroll e : 7. By the rule side-condition X (I) = 7, and
by assumption - X, so X;-F 7. By weakening, X; A 7.

Case 9: X;P;A;'Fref e: 7 ref. By induction X;AF 7,50 X;AF 7 ref
follows directly.

Case 10: X;®;A;T'F le: 7. By induction X; A F 7 ref , and by induction
again X; A F 7.

Case 11: X;®;A;T'F assign ejey : 7. By induction.

Case 12: X;®:A;T F e: Va.r. By induction.

Case 13: X;®;A;T + e[r] : 7[7'/a], so by inversion X;®;A a;sT F e : 7
and X;A F 7. By induction X;A,«a F 7 and by type in type substitution,
X;AF 7|7 /al.

The following two lemmas are used in the proof of substitution, also below.

Lemma 6.11 (Weakening) If X;®; A;T'Fe: 7 and x € dom(I") and o ¢ dom(A),
then X;®;A;T,x:7' Fe:7, and X;:®; A, ;T F e : 7. Moreover, the latter deriva-
tions have the same depth as the former.

Lemma 6.12 (Permutation) If X;®; A;T e : 7 with IV is a permutation of T
and A" is a permutation of A, then X;®; ATV e : 7, and X;O;A;T' e : 7.
Moreover, the latter derivations have the same depth as the former.
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Lemma 6.13 (Substitution) If X;®;A;T,x:7' e : 7 and X; ;AT € 2 7/
then X;®; A;T kel /x] : 7.

Proof

Proof is by induction on X; ®; A; T, z:7' e : 7.

Case 1: X;®;A;T, z:7'Fi:int

Therefore ele’/x] =i, and X; ®; A;T i : int.

Case 2: X;®;A;T,x:7'+ L:®(L).

Therefore ele’/z] = L, and X;®; A;T - L : ®(L).

Case 3: X;O; ATz’ Fy: (T, z:7)(y).

If y = = then yle//z] = ¢/. By assumption, X;®; A;T' F €' : 7/, and the result
follows from 7 = 7’. Otherwise, yle//z] =y and X;®; A;T -y : ['(y).

Case 4: X; ;AT w7’ Byt e: 7" — 1
Follows by induction (with Weakening and Permutation): X;®; A;T,y:7" F
ele’/x] : 7. Therefore, X; ®; A; T+ (A\y:7".e)[e’/z] : 7" — 7.

Case 5: X;®; AT, z:7'Fejes:T.

Follows by induction: X;®; A;T' F eq[e//x] : 77/ — 7 and X;®; AT F egle’/x] :
7. Therefore, X; ®; A; T+ (ereg)[e/z] : 7.

Case 6: X;®;A;T,x:7" Fload[7"] eg e1 eg e3: 7.

Follows by induction: X;®; A;T F egle’/z] : int, X;P; A;T F eq[e//x] : int,
X;®; AT F egle/x] « 77 — 7, and X;®;A;T b esle’/x] : 7, so therefore
X;®; A;T + (load[r"] ey eg e3)[e’/x] : T.

Case 7: X;®;A; T, z:7" Frollje:l.
Follows by induction: X;®; A;T Fele’/z] : 77 so X;®; A;T F (roll; e)[e’ /x| : 1
Case 8: X;®;A;T',z:7' Funrolle: 7.

Follows by induction: X;®; A;T b ele’/z] : 1, so X; ®; A;T F (unroll e)[e’/x] :
T.

Case 9: X;&:A; T, 2.7 Frefe:T ref.

Follows by induction: X;®; A;T + ele’/x] : 7, so X;®;A;T F (ref e)le’/z] :
T ref .

Case 10: X;®:A;T,x:7' Fle:T.
Follows by induction: X; ®; A;T' Fele’/z] : 7 ref , so X;®; A; T+ (le)[e//x] : 7.
Case 11: X;®; A;T, 2:7' F assign ejes : 7.
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Follows by induction: X;®; A;T' Feqle’/x]: 7 ref and X; ®; AT F egle’ /] : 7.
Therefore, X; ®; A;T F (assign ejeq)le’/xz] : 7.
Case 12: X;®;A;T,2:7' F Aa.e : Ya.7. Follows by induction (with Weaken-
ing): X;®; A, ;T Fele/x]: 7,50 X;P; A, ;T - Aavele /] : VaT.
Case13: X;®; A;T, z:7' + e[r'] : 7[7'/a]. Follows by induction: X;®; A, ;T
ele’/z] : Va.r, so X;®; A;T F (ele/ /x])[7] : T[T/ /.
Lemma 6.14 (Type Substitution) If+- X and X;®; A, ;T Fe: 7 and X; A+
7/ then X;®; AT Felr’ /o] : T[T /al.
Proof
Proof is by induction on X;®; A, ;1" - e : 7. Most cases are trivial or by
induction. Selected cases:

Case 1: X;®;A,a; T load[7"] €1 e3 €3 : 7.

By induction: X;®; A;T' F eg[r’'/a] : int, X;P; A;T F eq[r'/a] : int, X;@; A;T +
eo['/a] : (7" — T)[7'/a], and X;®; A;T F e3[r'/a] : 7[7'/a]. By type in type
substitution X; A - 77[7"/a] so therefore X; ®; A; T+ (load[7”] eg e1 e2 e3)[7'/a] :
Tl /al.

Case 2: X;P;A,o;I'Frollje:l.

Follows by induction: X;®; A;T F e[r'/a] : 7"[7"/a]. As X(I) = 7" and F X
then X;- F 7”. Therefore X;®; A;T F (roll; e)[7'/a] : l[7'/a] since 7" must be
closed.

Case 3: X;®;A ;T Funrolle: 7|7 /al.
Follows by induction: X;®; A;T Fe[r’/a] : l[7'/a], so X; ®; A;T F (unroll e)[r'/a] :
Tl /al.

The following lemma is used in the proof of progress, to develop type soundness.

Lemma 6.15 (Canonical Forms) If X;®;-+v: 7 and

e 7 =1int then v =1.

e T =171 — T then v = \x:T.e.

o 7 =1 then v =roll;(v') for some v'.
e T =71ref thenv=1L.

e T =Va.7 then v = Aa.e.

Proof

Proof is by examination of the last step of the typing derivation X; ®;;- v : 7.
Most rules either require the expression to be a non-value or require a non-empty
context. The remaining rules produce each of the types at the correct values.
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6.4 Type Soundness

We establish type soundness in the standard manner, by proof of subject reduction
and progress.

Lemma 6.16 (Subject Reduction) If- (0,H,e): 7 and (0, H,e)— (0, H' )
then = (0, H',¢') : T

Proof

F(©',H',¢') : T is proven by showing that, for some @’

e (Type-heap well-formedness) - X} & X},
e  (Value-heap typing well-formedness) X} & X}, - @’
e (Value-heap well-formedness) X; W X}, - H' : @'

(

° Expression well-formedness) X)W Xp; @55 - Fe o 7

For brevity, we refer to these points in the proof as THWF, VHTWF, VHWF, and
EWF, respectively, and except when otherwise noted, we assume that ® = ® and
that THWF, VHTWEF, VHWEF hold by assumption. The proof is by induction on
the typing derivation - (0, H, e) (for some ®), and on (0, H,e) — (©', H' ¢').

Case 1: (beta) (0, H, (Az:1.e")v) — (0, H,e"|v/z]).

As e is an application, by inversion X;W X g; ®;x:7' €’ : 7, and XWX g; ®; ;-
v: 7. EWF follows by substitution: X; W Xp; ®;-;-F €’[v/x] : 7.

Case 2: (load-success) ((X{,X},), H,load[r'|hi e e3) — ((X3?,X3,), Hs, ez €)

We must establish each of THWFE, VHTWEF, VHWF, and EWF. We know the
following facts. From this evaluation rule:

= (X7, XE), Hy,e)

(X}, X) link (X7, X%) = (X3, X)

X} =Xo X}

H, link Hy = I3

Xy <X

X7 (X - X)

As linking is well-formed for both value heaps (by 6) and type heaps (by
4):

® N o G W
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9. X]~X?

10. X |X%
11. X4 32X}
12. X 3 X7
13.  Hi|H»

As the loaded program is well-formed (by 3), for some ®5:
4. FX?7WX3
15, X7WwX3Ed
16. X7WXFE Hy:®
17 X?W X309 Fe:t
18. X% | X}
Since the running program is well-formed, for some ®1:
19. FX]WX}y
20. X]WX},F o
21. X}]WX}FH
22, X]WXL;®y;- b load[r']ieses : T
By inversion of this last expression’s typing judgement:
23. X}&JX%I;fI)l;-;-I—i:int
24, X{WX1;®y5bFeaim > 71
25. X}&JX}I;(ﬁl;-;-l—eng
We define ®; as the least ®; that satisfies 21, and ¥, as the least ®, that

satisfies 16. Finally, we define ®3 as ®; & &y, which is well-defined as dom(H;) =
dom(®;), dom(Hz) = dom(P2), and + H; | Hy by 19.

To prove well-formedness of the new program we must establish:

e (THWF):+ X} w X3
By definition, this is ((X; @ X?) — (X W X)W ((X W X%) & X};). The
expression (X} @ X?) is well-defined by 9, (X W X%) is well-defined by 10.
As X5 < X and X | X% then (X W X%) @ X1,) is well-defined, and equal
to X% @ X4. Finally, the whole thing is well-defined if there is no label
defined in X} GBXIQ, not defined in X but defined in X}I. However, 8 and 19
guarantee that fact.

Therefore, X? W XI?’{
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(XipX?)—(XWX%))W(X4®XE) by reasoning above
(XjoXP) - (XpoXE)W(X;e as X7 [ (X - X) and X] | Xp
1

H

>l

) the restriction from type mask X
can’t remove more labels
= (X}o X))o (X, oXE) by Lemma 6.1 (5), since (X} @

X%) 2 (X?® X}) by 11, 12, and
Lemma 6.1 (4) = (X} ® X%) 3
(X} & X?) by commutativity
=Xl Xy o (X?oXE) by associativity and commutivity
By 19, F (X} @ X}), and by 14, - (X?@® X%). So by lemma 6.2, the whole
thing is well formed.
o (VHTWEF): X} ¥ X3 + @3
This is equivalent to X?L{rJX?I F (®1 W Pg). Consider some L : 7 € $3; there
are two possibilities:
1. L:7€®. By20, X]uX}, - ®,s0oX]wXy b7 As X]|Xj,
this is equivalently X} @ X} F 7. By 6.3 (type heap weakening),
(X} & X)) @ (X? @ X%) b 7, which we have shown in the proof of
THWEF is equivalent to X;’ W XI?’{ Fr.
2. L:7 € ®. By 15, XWX} @y, s0 X7W X5 - 7. By similar
weakening as above we may conclude X })’ WX 131 .
e (VHWF): X3w X3 + Hs: ®3 This is equivalent to X7 W X3 - (Hy W Ha) :
(®1 W Pgy). Consider some L € Hs; there are two possibilities:
1. (L=w)€ H. By2l, Xt WXy H : &, 50 X7 & X};P55- F
v : 7, where ®1(L) = 7. By 6.3 as in VHTWF, (X} & X};) ® (X7 &
X%I);@l; sekwvT
2. (L=v)€ Hy. X3WX3; P35+ v: ®3(L) follows by similar reasoning.
o (EWF): X} WX} @3- Fese:T
We know X} LJdX}{;q)l;-;‘ Fey: 7 — 7 and X}LﬂX}{;q)l;';' Fes:7. By
the same weakening argument as above, X? LirJXI?’{; ®3;-Fey: 7 — 7, and
X? W Xlg’{; ®3; ;- F eg : 7. Therefore, we may conclude our well-formedness
result.

Case 3: (load-failure) (X7, Xg), Hy,load[7']| hieg es3) — (X1, Xp), H1,e3)
EWF follows directly as X; W Xg; ®;-;-Feg: 7.
Case 4: (unroll) ((X7,Xp), H,unroll(roll; v)) — (X7, Xg), H,v)

We must have concluded (during the typing derivation of X; W Xp;®;-;- F
unroll(roll; v) : 7) that X;WXpg; ®;-;- F roll; v : 1 (where (X;WXpg)(l) =1),
and again X;W Xg;®;-;- v : 7, which proves EWF.
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Case 5: (ref) (X7, Xp), H,ref v) — (X1, Xn), HY{L =v},L)

THWEF follows by assumption. We show VHTWF and VHWF as follows. Con-
sider the typing derivation of X;W X g; ®;-;- F ref v : 7: by inversion 7 = 7/ ref
and X7 W Xp;®; ;- - v : 7/, for some ®. We may assume that L ¢ dom(®) by
value-heap redundancy elimination since L ¢ H (by the side-condition on the
evaluation rule). Therefore we choose ® = ® W {L : 7'}.

To show VHTWEF, we must show that X; W Xy + ®. Consider an arbitrary

L’ € dom(®’):

e if I/ € dom(®) then X; W Xy F (P W {L : 7'})(L') by assumption and
value-heap weakening.

e if L' = L then to show X; WXy b (PW{L : 7'})(L'), we must show that X
Xpg 7. This follows because by the typing derivation of X; ¥ Xg; ®;-;- -

ref v : 7 we must have previously concluded that X; W Xg;®;;-Fov: 7.
By Lemma 6.10, X; & Xy F 7.

To show VHWF, we must show that X; W Xy - (HW{L = v}) : . Consider
an arbitrary L' € dom(H W {L = v}):

e if I/ € dom(H) then X; W Xy - H(L') : (W {L : 7'})(L') by assumption
and value-heap weakening.

e if I’ =L then to show X;W Xy F H(L): (PW{L:7'})(L'), we must show
that X;w Xy F v : 7. But this follows by assumption, as noted above.

Finally, to show EWF, we note that X; & Xp; (PW{L:7'}); HY{L=v}F L:
7’ ref .

Case 6: (deref) ((X;, Xg),H,\L) — (X7, Xp),H, H(L)).

By inversion, X7 W Xg; ®;-;- = L : 7 ref , and furthermore that ®(L) = 7. By
program well-formedness, X;W X - H : &, which implies that X; W Xgr; ®; ;- -
H(L): ®(L) =7, which is the desired result.

Case T: (assign) ((X7,Xp), H,assign Lv) — (X1, Xpg), H[L = v],v).
THWF and VHTWEF follow by assumption for ® = ®. To show VHWF, we
must show that X W Xy b H[L = v] : ®'. Consider some L' € H[L = v|:

o if I/ # L, then X;W Xyt (H[L =v])(L) : (L) follows by assumption
(since H has not changed at these labels).

e if I’ = L, then we must show that X; W Xy F v : ®(L). But by inversion
X;WXpg;®;-;-F L: 7 ref which implies (again by inversion) that ®'(L) =
7. Also by inversion X7 W Xg; ®; ;- F v : 7, which gives the desired result.
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Finally, for EWF we must show that X; W Xg;®';-;- = v : 7. This follows
trivially by inversion.

Case 8: (tapp) (0, H, (Aa.e)[r]) — (©, H,e[r/a]), of type 7'[7/a].

By inversion, X; W Xp; ®; ;- F (Aa.e) : Va.r and X; W Xp;+;- B 7. Doing this
again we get X7 W Xpg; ®;a;+;- e : 7. We may now apply type substitution to
conclude X W Xp; ®; ;- F e[t /a] : 7[7" /]

Case 9: (congruence rules) Follow by induction of (©, H,e) — (0", H' ¢).

Lemma 6.17 If X;Ww Xy, X;WwXgp k&, XiwXgkFH: O, X0 Xg;®;-;-Fe:T,
and e is not a value, then there exists an (X7, Xy), H',€') such that (X1, Xu), H,€) —
(X7, XG), H',€').

Proof

Proof is by induction on X; W Xpg;®;-;- F e : 7 and on ((X7,Xpg),H,e) —

(X}, XYy), H' e'). We will only consider the expression typing rules in which e

is not a value:

Case 1: (app) e =ej e

Three cases:

e ¢1 is not a value
By induction, there exists an (X, X;), H', }) such that (X7, Xg), H,e1) —
(X}, XY5), H' ¢)). By congruence, (X7, Xp), H,e1 e2) — (X}, X)), H', €] e2).
e ¢y is not a value
By induction, there exists an (X}, X};), H', e5) such that (X7, Xg), H, e2) —
(X}, XYy), H', e5). By congruence, (X7, Xg), H,e1 e2) — (X}, Xpy), H ,e1 €5).
e ¢ and ey are values.

By canonical forms, e; = Az : 7".e. Therefore, by beta reduction, ((X7, Xg), H, €1 €3)
steps to ((Xfa XH)a Hl7 6[62/1']).

Case 2: (load) e = load[7'] eg €1 €2 e3

If either of the first two arguments is not a value, then by induction there exists a
(X}, XY5), H' e}) such that (X7, Xp),H,e1) — (X}, X)), H', e;). Therefore,
by congruence, load can take a step.

Otherwise, eg and e; are values and by canonical forms, some integers h,i. If the
conditions for load-success hold (i.e. h is the representation of a type heap and 4
is the representation of well-typed program that is link-compatible with h and the

current type heap) then (X7, Xg), H,load[7'] e1 e2 e3) — (X}, X)), H',e2 €).
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If not, the load-fail step rule applies and (X, Xg), H,load[7'] ey €1 e e3) —
(X1, Xu), H, e3).

Case 3: (unroll) e = unroll e;.

If e; is not a value, congruence rule applies. Otherwise e; must be a value
of type [, so by canonical forms, e; = roll;(v). By the unroll reduction,
((X7,Xg), Hyunroll(rollpw)) — (X7, Xg), H,v).

Case 4: (ref) e = ref e;.

If ey is not a value, congruence rule applies. Otherwise, by the ref reduction,
(X1, Xpg),H,ref v) — (X7, Xpg), HY{L =v},L).

Case 5: (deref) e = le;.

If e; is not a value, congruence rule applies. Otherwise e; must be a value of
type 7'ref , so by canonical forms, e; = L. By inversion, L € dom(H ), and by
the deref reduction, (X7, Xg), H,\L) — (X7, Xg), H, H(L)).

Case 6: (assign) e = assign e ea.

If e; and/or ey are not values, congruence rule applies. Otherwise, e is a value
of type T'ref , so by canonical forms, e; = L. By inversion, L € dom(H), and
by the assign reduction, (0, H,assign Lv) — (0, H[L = v],v).

Case 7: (tapp) e = eq[7].

If €1 is not a value, congruence rule applies. Otherwise e; is of type Va.7, so by
canonical forms, e; = Aa.¢/, so by tapp reduction (0, H, e1[7]) — (O, H.€'[1/a]).

Corollary 6.18 (Progress) If - (©,H,e) : 7 and e is not a value, then there
exists a (©', H',e') such that (©,H,e) — (©',H' ¢).

We say that a term is stuck if it is not a value and if no rule of the operational
semantics applies to it. Type safety requires that no well-typed term can become
stuck:

Theorem 6.19 (Type Safety) If - (©,H,e) : 7 and (©,H,e) —* (0 H' )
then (©', H',€') is not stuck.

Proof

Proof is by induction on the number of steps of execution ((0, H,e) —* (0', H',¢'))
using Progress to show there is a new state and Subject Reduction to show that
that new state is well typed.
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