An Equivalence-Preserving CPS Translation

via Multi-Language Semantics

(Technical Appendix)

Amal Ahmed Matthias Blume
Indiana University Google
amal@cs.indiana.edu blume@google.com

This appendix contains an extended discussion section (Section 1), an extended section on related work
(Section 2), the complete set of technical definitions (Sections 3 to 7), and the proofs (Sections 8 to 13). In
particular, in Section 1.3, we adopt System F without the CPS restriction as our target language and present
the changes needed—to the back-translation and the proofs—to establish full abstraction in this setting.
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1 Discussion and Future Work

1.1 Supporting Additional Language Features

For this paper, we chose simply-typed A-calculus and System F as our source and target languages so that
we could highlight the main ideas underlying our proof technique, in particular, the use of multi-language
semantics and how back-translation can leverage partial evaluation given the right type translation. We now
sketch how to extend our theorem and its proof to source and target langauges with more advanced features.

Nontermination If the source and target language have non-terminating terms, then we are faced with
two difficulties: ensuring well-foundedness of the back-translation (which affects Lemma 10.1) and proving
the continuation-shuffling lemma (Lemma 9.2).

To address the first problem, ensuring well-foundedness of the back-translation relation, we add a new
case wherever back-translation performs computation steps: if the term to be partially evaluated is non-
terminating (i.e., contextually equivalent to a term that diverges), simply make its translation a non-
terminating source term of appropriate type. Notice that this definition does not yield an algorithm for
back-translation but merely a relation. However, since back-translation is merely a proof device, it does not
need to be an algorithm.

Specifically, let us add divergence to the source and target languages by adding the non-value divergent
term Q to AS as a constant, and similarly adding © to AT. The grammar for evaluation contexts remains
unchanged. We add the following reduction rules to the operational semantics for AS and AT, respectively:

Q — Q Q — Q

We add typing rules for Q and €2, such that the divergent terms have any type:

T'FQ:0o ATHQ: T

We extend the CPS translation with the following:

TFQ:o~ Al (k:om— ).k Q

We add an additional rule to the back-translation in Figure 24 (on page 32):

sTHYQ: 0t > Q

In addition, there are two rules in Figure 24 (see page 32) where changes are needed: the let x = m;v in e
rule marked (t) and the vy [t'] vo rule marked (). These are the rules where the back-translation performs
computation steps and well-foundedness relies on the fact that the term being back-translated in the premise
reduces to a value in fewer steps than the term in the conclusion.

e We add an additional premise to the rule in Figure 24 marked (}) so that we back-translate only if the
partially reduced term in the premise does not diverge. The new rule is as follows:

sTHEv T X1 v =(v1,V2) Tk e[vi/x] #5E Q:o" ST H  e[vi/x]: 0t - e

sTHTlet x=m;vine: ot — e

Also, we add an additional rule the applies when the partially reduced term in the premise diverges:

sTEv:iT X712 v =(vi,Vv2) T Fe[ve/x] =& Q: ot

sPHYlet x=m;vine: 0" —» Q

Since e[v;/x] diverges, we back-translate the entire expression to the A5 term Q.



e We similarly add an additional premise to the rule in Figure 24 marked (f) so that we back-translate
only if the partially reduced term in the premise does not diverge. The new rule is as follows:

~;F|—V1:V[(X].T2—>T ~|—T, -;F"VQZTQ[T’/O(]
ot =1[t'/a] vi=Ala](z:T2).e
T ke[t /a[va/z] #&F Q: ot ST HY e[t /o[va/z] : 67 — e

ST HY vy [t va: o = e (fo1. o1 =V [a].To— T)

Also, we add an additional rule that applies when the partially reduced term in the premise diverges:
sTEv:V[a]te—=T - F1 ST Eve: 1wt /d
0+:T[T'/(x] vi=A[x](z:72). e ~;F|—e[1."/(x][vz/z] ~EEQ ot

STET v [T]ve 0t - Q (For. 01" =V [a].t2— 7)

Since e[t’/a][v,/z] diverges, we back-translate the entire expression to the A5 term Q.

The above changes to the back-translation rules in Figure 24 yield a well-founded back-translation relation
despite the presence of non-termination. The additional rules above simply amount to additional cases of the
proof of Lemma 10.1. In fact, these additional cases are trivial to prove: since we back-translate a diverging
AST term to a diverging A\S term, they are clearly equivalent as required by part (2) of Lemma 10.1.

The second problem, proving the continuation-shuffling lemma, is more difficult to deal with: in the
presence of non-termination, Lemma 9.2 cannot be proved by parametricity alone; parametricity only gives
us an approximation relation and not an equivalence relation. However, there is an alternative, syntactic
proof for the continuation-shuffling lemma in this case. The details are beyond the scope of the current work;
we will present that result in a future paper.

Recursive types Recursive types give rise to non-termination, so everything said above applies here as
well. In particular, though, recursive types make it somewhat trickier to define the semantics of our multi-
language boundary terms. However, the technique for defining “wrapper” terms in our full abstraction proof
for closure conversion [4] can be adapted to deal with this issue. Also, in the presence of recursive types
we will need to switch to a step-indexed logical relation [2] for AST to ensure well-foundedness of the logical
relation. Thus, all parts of the proof that make use of the AST logical relation will become more involved.
Again, we plan to report on this result in a future paper.

Polymorphism Adding polymorphism to the source language is not difficult to deal with. The main idea
is for boundary terms to not “peek under” abstraction barriers but to simply leave abstract things abstract.
We have successfully applied this idea before in our work on fully abstract closure conversion [4] and do not
foresee any difficulties when adapting it to the case of CPS translation.

From System F to TAL Our longer-term goal is to show that a compiler from System F (with recursion,
and later, with state) to some typed assembly language is equivalence preserving. Thus far we have considered
two phases of compilation, namely CPS (this paper) and typed closure conversion [4], where the type
translations were precisely the key to ensuring that the target terms that compiled code interacts with
are sufficiently well behaved. Thus, the type translations were the key to proving that the translations were
equivalence preserving. To formulate an equivalence-preserving translation from CPS-and-closure-converted
code down to assembly, we will need a target-level type system rich enough to be able to express invariants
about local state, separation of state, and so on. We believe that an assembly language based on Hoare
Type Theory [32] can provide the features needed for imposing the necessary well-behavedness constraints
on target contexts.

1.2 Compiler Correctness Proofs

Let us compare the statement of “CPS is Semantics Preserving” (Lemma 9.4) to roughly what one would
expect in a semantics-preservation (compiler correctness) proof that uses a cross-language logical relation



(e.g., [7, 8, 16]) relating source terms of type o to target terms of type o (though, relating to o™ is a valid
choice as well). In the absence of a combined language, the statement of the lemma there cannot mention
ST. Instead it says that the source term e must be related to its translation v in the cross-language relation
at the type o (which would mean that v would have type o).

That means that to understand the definition of “relatedness” at each type, one would have to have a
precise understanding of the cross-language relation. In the presence of features like recursive types (and
eventually state), these logical relations get rather complicated, for instance using step-indexing and/or
biorthogonality (e.g., [7, 8]), or advanced denotational models. Thus, it can be difficult for someone who
simply wants to understand the statement of the semantics-preservation theorem, and not the mathematical
machinery underlying the logical relation, to decipher exactly what that statement says. On the other hand,
with the multi-language approach, to understand the statement of the theorem, one simply has to examine
the reduction rules for boundaries. The details of the AT logical relation are not important at this level; all
one needs to know is that it is sound with respect to contextual equivalence.

Finally, defining the multi-language logical relation seems more straightforward than defining the cross-
language logical relation. The multi-language logical relation is simply a combination of the logical relations
for source and target; the desired relationship between source and target semantics is specified separately
by defining the dynamic semantics for boundaries. The cross-language logical relation, on the other hand,
must simultaneously provide a proof method and specify the desired relationship between source and target
terms.

1.3 An Alternate Target Language (without CPS Restriction)

For this paper, following Morrisett et al. [31]—and in the spirit of compilers like SML/NJ [6, 39], Rab-
bit [41], Orbit [25], and more recently, Kennedy’s SML.NET compiler [24]—we picked a target language
that syntactically enforces continuation-passing style. This also allowed us to demonstrate that our proof
technique works when neither the source language nor the target is a subset of the other. The reader may,
however, have wondered if our CPS translation is fully abstract when the target language is full System F
(i.e., without the CPS restriction). We now show that this is, in fact, the case.

Let AF denote System F without any syntactic restriction on terms. We wish to show that our CPS
translation from AS to AF, utilizing locally polymorphic answer types, is equivalence preserving. Now, let
A\ denote System F with terms in A-normal form. We are interested in A* because it is convenient to do
the proof in two steps: we first show that CPS translation from A5 to A is equivalence-preserving and then
show that if two terms are equivalent in A\*, then they are equivalent in \F.

Figures 1 and 2 present the syntax and operational semantics for A* (System F in A-normal form) and
AF (full System F without syntactic restrictions), respectively. We use a for
A and a bold green font with serifs for AF. We omit the typing rules for A* and A\ as these are entirely
standard, as is the syntax of contexts.

The operational semantics for \* is slightly complicated due to the well-known fact that A-normal form
is not preserved under S-reduction. For instance, consider the A* term:

( )

Now, naive S-reduction produces
( )

which is not in A-normal form. The way to fix this is to define a more complex notion of S-reduction that
re-normalizes constructs, in this case producing the normal form

( )-

We define a function to do this re-normalization (middle of Figure 1): when applied to a A* term e surrounded

by the context I, the normalization function, written ( E[e] )#, produces a valid A* term—that is, a term in
A-normal form. With this re-normalization function in hand, we can define the A* reduction rules (bottom
of Figure 1). These are all standard except for the rule that performs S-reduction in a let-bound position;

the latter requires that we re-normalize the result of the naive g-reduction.



Types = | | o |
Values = | | |
Computations = | |

Terms = |

FEval. Contexts = [

Re-normalization function: (E[e])#

[o— <]

| A A A

Figure 1: Alternate Intermediate Target Language: System F in A-normal Form (\*)

The AF operational semantics is completely standard (see bottom of Figure 2). The statements of
contextual equivalence and ciu equivalence for both A* and AF are exactly as for AT modulo color, which
means that these statements involve A* (respectively A\F) contexts, types, terms, and operational semantics.
As for AT, it is easy to prove that contextual approximation implies ciu approximation.

Lemma 1.1 (\*: Contextual Approx Implies CIU Approx)
If AT ey 25 et then A;T F ey 350

Lemma 1.2 (\': Contextual Approx Implies CIU Approx)
IfA;TRe 26% et then AT ey 3% ey .

Note that A* is a subset of AF (assuming that we have some standard syntactic sugar defined for A\F').
Therefore, whenever necessary, we will treat A\ terms as if they were green AF terms. That is, we
will skip a proper translation from terms to green terms since, other than the color change, the
translation is simply the identity (again assuming that we have some obvious syntactic sugar for AF').

Next, we must define typed CPS translation from A5 to AF. This is exactly the same as the CPS
translation to AT (see Figures 16 and 17), except that the red target terms should now be green. Note that
we can also color the target terms to highlight the fact that the translation only utilizes terms in
the A subset of AF.

We wish to prove that the CPS translation from AS to AF is equivalence preserving, that is, the following
theorem.

Theorem 1.3
LetThe :0~ vy andT ey o~ vo. IfT e m§% eyt 0 then T vy &g vy 0™,



Types T == bool|Ti X1 | a|V[a.T1— T2

Ezxpressions e == x|true ] false |if e then e, else e; | (e1,e2) | mie |

Mol (x:1). e el [T] e
Values v = x| true|false | (vi,v2) | A[x] (x:7T).e

Eval. Contexts E == []r |if E then e else e; | (E,e) | (v,E) | m;E |
E[tle| vt E

if true then e; else e> e

if false then e; else e> es
i (V] 9 Vg)

(A[o] (x:71).€) [1] v

Vi

e[t/al[v/x]

111

Ele]

I

E[e’]
Figure 2: Alternate Target Language: System F (AF)

In the above theorem, the AF terms v, and v can also be written as \* terms and v, respectively, i.e.,
the respective terms are identical modulo color. We decompose the proof of Theorem 1.3 into two parts:

A, ifTFe ~§% ey:0then ;T F v ~§* v,: 0%, where'e; : 0~ v and ' ey : 0~ vo; and
B. if 5Tt v, &§ v, : 07, then T F v & v, : 07, where vi = v and v, = v, modulo color.

To prove part (A)—that CPS translation from A5 to A is equivalence preserving—we proceed much
as we did for CPS translation to AT. That is, we define a multi-language semantics that allows AS terms
to interoperate with A\* terms, and then split the proof into three parts as before. The proof of parts (2)
and (3) are essentially unchanged. The proof of part (1) requires the only interesting change, in particular,
because the back-translation from A* to AS is more involved than the back-translation from AT to AS. We
present this part of the proof and the modified back-translation in Section 1.3.1.

The proof of part (B)—that if two terms are equivalent in A* then they are equivalent in A¥—is fairly
straightforward as we shall see. Since \* is a subset of AF, we will not need to make use of a multi-language
semantics. We will need a back-translation from AF to A*, but this back-translation is just A-normalization.
We describe this part of the proof in Section 1.3.2.

1.3.1 Proof: CPS Translation from \5 to A\ Preserves Equivalence
Our goal in this section is to prove that
(Part A) if'Fe; ~§" eg: 0 then It v, ~{* v, : 0%, where'Fe;: 0~ v, andTFey: 0~

We start by defining the language ASA which permits A5 terms and A terms to interoperate. Figure 3
presents the ASA multi-language system which is essentially the same as \ST except for a few minor changes.
Contextual and ciu equivalence for ASA are defined exactly as for AT, and we can similarly prove that
contextual approximation implies ciu approximation in A5*. We must also define a logical relation (jg’ﬁ,

~&7) for ASA, but the definition of this is identical to the logical relation (359, ~X9) for AST, except we

change all occurrences of red to . The proof of the fundamental property for zlsfi,fi is almost exactly

the same as the corresponding proof for %éo{i



Types o u= 0|

Terms e = | °SA
= | AS e
e u= e
Values v o= v
Eval. Conterts E = | °SA
= | AS°E
E == E|
e— e
bool G4 —> true
boolSA — false
17 28Av — Mx:o1. “28A( (AS %) in (v [og" )

A8 true  —
ASP false +—
AS 1702y 0‘1+ (0‘2+

)
(AS®2 (v (" SA %))

e — €
Ele] — E[e]

Type Environments A == | A,
Value Environments T' == -|,x:0]|T,
A;The:p
AiTke:o" A;THe:o
ATFSAec: o ATHASe: ot
Contexts C == ... ]|°S8A4
= ... | AS°C
Cc == C|

Figure 3: ASA: Syntax, Dynamic Semantics, Static Semantics, and Contexts

Now, the proof of part (A), that CPS translation from A% to A* is equivalence preserving, can be
decomposed into three parts:

1. if Tk e ~§% ey : 0 then T ey =5¥ s : 0;
2. if ke =¥ ex: o then ;T F v =¥ v, : 07, where'Fej: 0~ viand ey : 0~ vo; and
3o if T F v ~EY vo i 07 then s TH F v = v, 0™,

Once we have proved (1), (2), and (3), the proof of part (A) is immediate.

The proofs of parts (2) and (3) are essentially the same as the corresponding proofs for the translation
from AS to AT so we elide the details. As before, we need to prove the boundary cancellation and continuation
shuffling lemmas; the proofs are again essentially as before.

For the proof of part (1), we again need to be able to “back-translate” an arbitrary A3 context C' with a
hole of type (;T'F o) to an equivalent A5 context C. Such a context can simply be treated as an expression
Ax: 0. C[x] which has type o— bool. Thus, we need to be able to “back-translate” A\5* terms of source type.



sThe:o— e ";F'_+ e:0" = e| and where I' is defined as )7~ =

I'")x:0

where I':=- | T,x:0 | y:o" (I,x:0)” =
andee N andI~Fe:o T,y:0M)™ = T7y:0
=T =T
;' F true : bool — true ' I false : bool — false
T Fe:bool - € sThe :0— € sThey:o—» e kT x:o0€l
=T Fif ethen e else ez : 0 — if € then e else &) sThEx:0—» x
wT)x:01Fe:op — € <Thel:00—0— €] wThey: o9 — € sDPHYe:ot = e
sTFAMx:01.e: 01— 02 — Ax:0p.€ wTheler:o— e eh sTH°SAe:0—» e
FT S+ T coter
ST : bool™ = true ST : bool™ — false ST co >y
T Dy o Feloo/ofid/K] : o2 — e
-;F }_+ (Gl+ (GQ+ )) : (61+ (GQ+ )) — /\y:(n.e
sThv:ot = ST HT coT > e
D HT of — e
;I o" = T ot = e
DT ot = e
X Tk k- ~;1;F 12t/ o
ot =7/ v = SDE el /ellvaf ot e )
T T cot > e '
:0‘+ = ()‘2+
STHFY v (o= o)t — e S v T > e, Dz Fhe ot — e
DT cot > letz=ej e, ineg
sThe:o0— €
sTHFT AS%e: 0" — ¢
-;FF+ : bool™ — e ~;FF+ coT e -;FF+ coT = ey
-;FI—"' : 07 —» if e then ey else ey
~;IW—Jr :61+—»er 5T :0_1+|_+ S
-;F|—+ :G+—»Ietx:erine

Figure 4: “Back-translation”: Relating A3* terms to AS terms (part I)

The latter includes boundary terms °SAe, which means that we also have to be able to “back-translate”
the A5 term e which has translation type o™.

We present the complete set of back-translation rules from A5 terms to AS terms in Figures 4 and 5. This
back-translation is more involved than the back-translation from AST to AS, essentially since A* contains
more terms than AT. As before, we set up two judgments to back-translate the AS* term e to some e € \5.



i Op. Op " =
;DT of > e @ )
sk v: = sDET efvi/x]:0" — e
Op. 077 =
D ET cot e @ )
;T ;T : - ;T [t/
+ = e/l - # .+
s PET( [ei[t'/o[v2/7]] )T 1o > e L
e - (fo,. 0.7 =
5 o — e ﬂ0'1.0'1+: )
IT'H : = = os" B A otk
5T [ : (01— 0‘2)+ — e 5T [ st e,
D,z ot T #. 0T e
- 2 ( [ ]Jr ) - : (for. 0.t =1,)
I 0 > letz=ejeq ine

Figure 5: “Back-translation”: Relating A terms to AS terms (part II)

These have the form ;T F e : 0 — e (for translating o terms) and -;T' ¥ e : 0 — e (for translating o
terms). Here I may only contain mappings of the form x : 0 or y : 07—that is, ' may only contain variables
of source type or translation type. I'™” denotes the environment I" with all mappings of the form y : oT
replaced by y : 0. '™ is the environment used to type-check e.

The rules for translating AS* terms e : o are again straightforward, defined by induction on the structure
of the term. The only interesting case is the boundary °SA e where we switch to the other judgment ()
which translates terms e that have type o7. Translating target boolean values ( , ), target variables

, and A terms of type 01— 02T proceeds exactly as before.

The back-translation of terms is interesting. When translating of type o, v must have type
ot . But since the latter is neither a source type nor a translation type, v cannot be a variable. (This is
again where the restriction on the codomain of I plays a critical role.) Therefore, v must be a pair ,
which means partial evaluation is possible. We extract the first component of the pair v|—which has type
oT—and back-translate it. Note that this rule is well founded because in the premise we only back-translate
a subterm of the original term. The back-translation of is analogous.

The two rules for are exactly as before: in the first of these, v is not of translation type, while
in the second, is of translation type. Back-translating the boundary term AS ¢ e is straightforward as
the subterm e has source type o. The back-translation of if expressions is easy as before since all of the
subterms are of translation type.

At this point we have discussed back-translation of all target terms of translation type except for terms
of the form . For such terms there are two different situations we must consider, namely the
case where r is of translation type and the case where it is not.

First, consider the case where 1 is of translation type o1 (last rule in Figure 4). This case is straight-
forward since we can back-translate r and also back-translate the body of the let with % added to I'. We
then use the results of these back-translations to assemble the final back-translation for

Next, consider the back-translation of where r does not have translation type. All the
rules relevant to this scenario are collected in Figure 5: we have rules for the case when r is a value v, when
is a projection , and when r is an application . Note that we do not have a rule for when r is

of the form AS °! e since the latter would have to have the type o1 which contradicts the fact that r does
not have translation type. Let us consider each of the Figure 5 rules in turn.

First, when r is a value v, we can perform partial evaluation: we simply substitute v for x in the body
of the let and then back-translate the resulting term e[v/x] which has translation type 0. This rule is well

10



founded because e[v/x] will reduce in fewer steps than .

Next, when r is of the form , the value v has type which is not a translation type. Hence,
cannot be a variable. Thus it must be of the form which means that partial evaluation is possible.
We now extract the i-th component and substitute it for x in the body of the let. The resulting term is
of translation type o so we can continue to back-translate. This rule is well founded because e[v;/x] will
reduce in fewer steps than .

Finally, when r is of the form , we have two rules, one where is mot of translation type
(third rule in Figure 5) and one where v, is of translation type (last rule in Figure 5). These two rules are
essentially analogous to their non-let-bound counterparts (i.e., the rules for in Figure 4) except
for the fact that there we finally back-translate the terms e[t’/«][v./z] and e, respectively, whereas here
we must back-translate let-bindings of these terms. The only subtlety is that we must re-normalize these

-bound terms before we can back-translate.

As before, our rules are exhaustive, in the sense that all possible terms of type ¢ and o have been
covered.

At this point, we can explain why we decided to decompose the equivalence preservation proof into two
parts, going from A5 to A* and then to A\F'. Had we done a direct proof from A5 to AF, we would have had
to back-translate AP terms (actually, to be precise, terms of the multi-language system ASF) to AS. Since
there are many more A" terms than A terms, we would have had to consider a significantly larger number
of cases, resulting in an extremely large and unwieldy set of back-translation rules. We think that such a
strategy muddles the essence of the back-translation and makes it hard for one to easily have confidence
that all cases have been covered by the back-translation rules. We chose A\* as an intermediate point in our
proof because it seems to provide a sweet spot in terms of overall proof effort while keeping the necessary
back-translation rules still fairly easy to follow.

Next we show that for every term of type o and o™, it is possible to construct a finite back-translation
derivation, and that the back-translation e is equivalent to the original e. For the equivalence statement, on
the right-hand side, we have to replace all target y variables with AS ®y since I'™ contains y : ¢ in place of

coT.

Lemma 1.4 (From M4 term : ¢ / o to equivalent \° term)
LetTu=- |T,x:0|y:0o"

1. If 5Tk e: o then there exists e € \S s.t. sTFe:0— e and ;T Fe[(AST W y)/y] =% e 0.

2. If 5Tk e: 0" then there exists e € \S s.t. 5T F e: 0" — e and T F °SA(e[(AST™ W y)/y]) ~&8
e:o.

Proof (1) and (2) are proved by simultaneous induction since the typing rules for terms of type o and o
are mutually dependent. We then proceed, as before by induction on the length of the reduction sequence
for e, nested induction on the type o, and innermost induction on the structure of the term e. O

Finally, our desired lemma, that T" - e; mgm e : 0 implies ;T F e; ~§* ey : 0, follows as a corollary
from the lemma below.

Lemma 1.5 (Ciu-equiv in \° implies ciu-equiv in \3%)
Let T be a NS environment, and let e; and ey be XS terms.
IfT'e; 3§ eg 1 0 then s I'Fep S5 en: 0.

Proof Suppose E : (;+ F 0 = (- F bool), and s, : I' and E[ysa(e1)] I v where v : bool. Show:
Elvsa(e2)] ¥ v.

We back-translate E (or, to be precise, Ax: 0. E[x]) and 75, to eg and ~5. By Lemma 1.4 these are equivalent
to the original E and ~s,. Hence, Elysa(e1)] 5% er(ys(e1)) : bool. Hence, the latter evaluates to v. Now, we
instantiate the premise with ep (after morphing it into a valid evaluation context), and 5. Hence, eg(ys(e2))
evaluates to v. Since eg(ys(e2)) =% Elysa(e2)] : bool, the latter evaluates to v. O

11



1.3.2 Proof: Equivalence in \* Implies Equivalence in \F
Our goal in this section is to prove that
(Part B) if ;T F v, ~§* v, : 07, then 5T v, = v, 1 07,
Note that it suffices to prove the following:
B’) if A;T e :t, A;T e, ot and AT Fep &5 o)1, then A;T ey g

The rest of this section focuses on proving (B’).

Logical relation for \''  We start by defining a logical relation for A\F—see Figure 6—and proving the fun-
damental property of the logical relation. We then prove that this logical relation corresponds to contextual
and ciu equivalence.

Theorem 1.6 (A Fundamental Property)
IfA;TFe:tthen A;TFe 3 e: .

Proof By induction on the derivation A;T' I e : T. Each case follows from the corresponding compatibility
lemma. O

Next, we prove that the AF logical relation is sound and complete with respect to contextual equivalence.
Note that the following lemmas (along with the property that <& implies 3&%, Lemma 1.2), together
establish that logical approximation leo 9. ciu-approximation &%, and contextual approximation &% all

coincide. Therefore, for subsequent lemmas, when proving contextual equivalence properties, we will be free
to switch to whichever definition is most convenient to work with for proving the property at hand.

Theorem 1.7 (A\F: Soundness w.r.t. Contextual Approx)
IfA;TF e ji?g ey : T then A;T e 3% ey i .

Lemma 1.8 (\': CIU Approx Implies Logical Approx)
If AT e 38 eyt then A;T F ey ;jifg e T.

Theorem 1.9 (\: Completeness w.r.t. Contextual Approx)
If AT He 287 et then AT ey j{fg ey : T.

Proof Immediate from Lemmas 1.2 and 1.8. O

Back-translation from A" to A* To prove that if two terms e, and e, are equivalent in A* then they are
equivalent in A\F we need to be able to back-translate an arbitrary AF term to a A* term. Figure 7 presents
the back-translation; notice that this is simply A-normalization. We prove that for every AF term e of type
T, it is possible to back-translate (or A-normalize) to some A\* term e that is equivalent to the original AF
term e.

Lemma 1.10 (From A\ term to equivalent \* term)

If A;T F e @ T then there exists ¢ € A s.t. (e)* = ¢ and ATV F e %;Og : T (where A’ and T’ are
identical to A and T, respectively, except that the color of type variables in A’ and the color of term variables
and their types in T is instead of green).

Proof By induction on the structure of the term e. The proof requires an auxiliary lemma that the
re-normalization function (-)# preserves equivalence—i.e., that A; T E[e] zéf’g (Ele])# : T O
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Atom[ti,12] = {(ei,e2)| s-Fe:ti A 5-bFex:To}

Rel[T1,T2] = {R S W(Atomval[’tl,’tg]) | )
V(Vl,VQ) c R. VVQI. Vo '<§%% Vgl P Ty —> (V1,V2l) S R}

~

Vialp = R where p(x) = (T1, T2, R)
V[bool]lp = {(v,v) € Atom[bool,bool] | v=true V v = false}
VItx©lp = {((visvi'), (v, v2')) € Atompi (% x ©), pa(t x )] |

(vi,v2) €V[tlp A (vi',v2") € V[T p}

VIViet—=T]p = {(A[](x:71).e1,A[a] (x:7).e2) € Atom[p1(V [o]. T— 1), p2(V [a] . T— T')] |
V711, T2, R € Rel[ty, T2].
V(Vl,Vz) cy [[T]] p[O( — (Tl,Tg,R)].
(er[ti/e[vi/x], exlt2/a[va/x]) € E['] plec = (71,72, R)] }

Eldp = {(ere2) € Atomlpi(), p2(0)] |
Vvi. e1 — Vi = Jvso. es — vo A (V1,V2)€V[[T]]p}
Pl = {0}
DA «] = {ple— (ti,72,R)]| p€ D[A] A R € Rel[t1,72]}
Gllp = {0}
GgIhz:1lp = {rylz—= (vi,v2)l| y€GITp A (vi,v2) €V[r]p}

def

A;Fl—eljlsa%eg:r A;TFe :t AN AT Res it A

Vo, 7. pED[A] AN veG[T]p = (pr(n1(e1)), p2(2(e2))) € ET] p

def

A;Fl—el %ZSOTQ‘ e . T A;Fl—e1 jlso,% e : T A A;F'_ez jlso% e : T

Figure 6: System F (AF): Logical Relation

Wrapping up proof of B’ Finally, our desired lemma (B’), that A;T ) : T implies A;T +
~ET e, ot follows as a corollary from the lemma below.

Lemma 1.11 (Ciu-equivalence in \* implies ciu-equivalence in \F)
Let A and T be A\ type and value environments, respectively. Let A’ and T be \¥ type and value envi-
ronments that are identical to A and T, except that the color of type variables in A’ and the color of term

variables and types in T is green instead of . Finally, let ¢, and ¢ be \* terms and let T be a A\*
type. (Note that these are also valid terms and types in \¥.)
If AT ey 250 eyt then ATV e 35

Proof Suppose E : (+;- F 0¢(7t) = (;- F bool), & = A’ 4t : 6¢(I”) and E[d¢(y¢(e1))] | v where v : bool.
We are required to show: E[0¢(y¢(e2))] I v.

Let &¢ be identical to §, except that the color of type variables and types in J; is green instead of .
We back-translate E (or, to be precise, A(x:0¢(7)). E[x]) and ¢ to E and +,, respectively, using the back-
translation (A-normalization) in Figure 7. By Lemma 1.10 E and ~ya are equivalent to the original E and ;.
Hence, E[0¢(v¢(e1))] =& E(da(7ale1)) : bool. Hence, it follows that E(da(7a(e1)) 4 v. Next, we instantate
the premise with E (after morphing it into a valid evaluation context), d,, and 7,. Hence, E[0,(va(e2))]  v.
Since E(da(7a(e2)) = E[d¢(1¢(e2))] : bool, it follows that E[d¢(ye(e2))] I v. O
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e)A|
(x

(true

(false

(if e then e; else e;
((e1,e2)

(mse

(A o] (x:7).e)*

(91 [T] (D) A

A-normalization function: (

§>§>)>§>§>)>

)
)
)
)
)
)
)
)

Figure 7: “Back-translation”:

true

false

(let x =[(e)*] in (if x then (e )* else (e2)*))*
(let x: = [(e1)A] i (let x0 = [(e2 )4] in (x1,52) Y )#
(let x =[(e)?] in mix )#

Aled (x:7). ()

(let x; =[(e1)?] in (let x2 =[(e2)?] in x; [1] x2 )#)#

A-normalizing AF terms to A* terms
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2 Related Work

Fully Abstract Denotational Models The earliest work on full abstraction was done in the context
of denotational models of languages (e.g., [27, 15, 23, 1]). The denotation function can be thought of as a
translation from a syntactic/operational calculus into a mathematical domain. The goal there is to ensure
that the denotational semantics does not expose differences that are not operationally observable [30]. As
typified by parallel OR in PCF [34], in a lot of this work, full abstraction is achieved by adding certain
behaviors that are possible in the denotational semantics (target) to the operational semantics of the language
being modeled (source). Our work differs somewhat from that on denotational models in that we are
interested in proving full abstraction of translations (mostly compilers); here the target language also comes
with an operational semantics. In particular, we focus on type-directed and type-preserving compilation and
critically require a sufficiently “clever” type translation such that the types of compiled terms can impose
well-behavedness constraints on any target-level term that might interact with the result of the translation,
thus ensuring that target contexts cannot violate source-level abstractions.

Translation to Continuation-Passing Style CPS has been studied extensively in the literature. Here
we only discuss work that seems most closely related to ours. A number of papers have investigated full
abstraction for CPS translation, but there is no prior full abstraction result for a CPS translation that
uses a locally polymorphic answer type. Meyer and Riecke [28] pointed out that standard (untyped) CPS
translation does not preserve observational equivalence and conjectured as to how this could be repaired.

Several papers have looked at the use of linear types to ensure that a function calls its continuation exactly
once. Zdancewic and Myers [45] present a security-typed CPS target language with higher-order, imperative
features where linear continuations are needed to ensure noninterference. They also give a translation from
a security-typed, direct-style language into the afore-mentioned target language using linear typing of CPS
and prove that the translation preserves well-typedness. Berdine et al. [9, 11] show that continuations are
used linearly in a variety of situations, including procedure call/return, exception raising/handling, labelled
jumps (goto statements) and process switching (coroutines). Neither Zdancewic and Myers [45] nor Berdine
et al. [9, 11] present any full abstraction results for their CPS translation.

Berdine, O’Hearn, and Thielecke [10] use affine typing of CPS to extract the range of CPS for a call-by-
value A-calculus. Specifically, they restrict the grammar of types in the target to only those forms exercised
by the CPS translation. They then define the grammar for target terms so that there is one syntactic
category for terms of each type. This allows them to give a precise characterization of the range of CPS by
showing that all terms in the target come from some term in the source—that is, they prove a “no junk”
lemma (also known as full completeness) that states that for each term M in the target, there exists a term N
in the source such that M is Sn-equivalent to the CPS translation of N. The proof of this “no junk” lemma
requires back-translating M to get N. The critical difference between Berdine et al.’s work [10] and ours that
their target language is exactly as expressive as the source (i.e., every target term can be back-translated),
while our target language is more expressive than the source (i.e., there exist well-typed target terms that
cannot be back-translated, specifically, terms of type T where T is not a translation type.) Consequently,
our proof framework allows for one target language to serve as the target for different source languages and
compilers, and allows components written in these different source languages to interoperate at the target
level (assuming the compilation strategies rely on similar representation invariants at the target level). As
a concrete example, we could define a CPS translation from a second source language, System F, to our
target langauge AT. Now source code written in A5 can interoperate with source code written in System
F after CPS translation to AT, as long as we have a well-typed program after “linking” the two compiled
components in AT. This would not be possible if we had resorted to a strategy like Berdine et al.’s where
back-translation requires that the target language be no more expressive than the source.

Sabry and Felleisen [37] study equational completeness of CPS based on n-equality rather than obser-
vational equivalence. They present a CPS transformation and an inverse mapping (or “back-translation”).
From the CPS transformation, they extract the precise language of CPS terms closed under Sn-equality,
arriving at almost exactly the same syntax (modulo “administrative” redexes) as Berdine et al. [10]. Sabry
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and Felleisen analyze the syntax of the output of CPS while Berdine et al. analyze the types of the output
of CPS to arrive as almost exactly the same target language syntax. Hence, Berdine et al.’s back-translation
is essentially Sabry and Felleisen’s inverse mapping (from CPS to direct style).

Hasegawa [19] has proved a full completeness result for the linear CPS transformation in the setting
of a simply typed A-calculus using syntactic methods based on long Sn-normal forms. Like Sabry and
Felleisen [37], he considers only n-equivalence, not observational equivalence.

Using categorical game semantics, Laird [26] showed that for call-by-value PCF one can recover full
abstraction of CPS translation by imposing an affine typing discipline on continuations, essentially employing
the idea of “linearly-used continuations” presented by Berdine et al. [9]. We feel that with proofs based on
game semantics, it is hard for non-experts to understand even the statements of the main lemmas required for
the proof. Therefore, a primary objective of our work has been to come up with an operational proof technique
that’s simpler to understand and could (plausibly) be used throughout all the stages of a compiler. The proof
techniques described in this paper, combined with recent advances in step-indexed logical relations [2, 5] seem
like they would scale when applied to richer languages and successive compilation phases.

Thielecke [42] seems to have been the first to study CPS transformation with a locally polymorphic answer
type, though his work focuses on the role of answer type polymorphism in a language with control effects.
He uses parametricity reasoning to observe the connection between linear typing of CPS and answer type
polymorphism in a pure call-by-value setting, showing that functions without control effects do not impose
any constraints on the answer type and so can have a locally polymorphic answer type. He essentially proves
the equivalent of our continuation-shuffling lemma, a property that he calls naturality. He has also studied
answer type polymorphism for the call-by-name CPS transform and used it to show that the latter satisfies
the eta-law [43]. He does not, however, discuss full abstraction of CPS translations.

Danvy [17] presents a translation from CPS programs into direct-style (DS) programs in an untyped
setting. His technique relies on syntactically characterizing CPS terms that can be translated back to DS.
Specifically, to be back-translatable, a CPS term must satisfy certain occurrence conditions (see Danvy [17],
Fig. 2) that ensure that the CPS term encodes a call-by-value left-to-right evaluation order, checked essen-
tially by parsing the CPS term using a stack that holds the formal parameters of continuations. Hence, the
term

Mei k1 (Ax. Mka.g @ (Ava. f 2 (Avg.vr v2 (Avs. k v3)))) (1)

does not satisfy Danvy’s occurrence conditions over formal parameters because (g ) is computed before
(f x), but its result vo is used before the result vy of (f ). Danvy explains that (1) must be rewritten to
an equivalent term, essentially by doing an n-expansion in CPS:

Aky. k1 (A Aka. g ¢ (Mg, (Av. Mks. f & (Avg.v1 v (Avg. k3vg))) va (Avs. k v3))) (2)

The above term (2) does satisfy the occurrence conditions and therefore can be back-translated, using Danvy’s
translation to DS, to Az. (Av. f z) (g ). We, on the other hand, use types to semantically characterize terms
that can be translated back to our direct-style A, without requiring that all of their subterms also have
back-translatable types. As a result, we can back-translate more terms; in particular, we can back-translate
an appropriately typed version of (1) without first rewriting it to (2) as Danvy does. Finally, our CPS
grammar does not distinguish between ordinary A’s and continuation A\’s as Danvy’s does. He does not make
use of partial evaluation as we do, i.e., to deal with subterms that are not, on their own, back-translatable.

Several researchers have investigated back-and-forth translations between direct-style and CPS semantics
following Meyer and Wand’s [29] work on retractions. An embedding-retraction pair (4, j) is a pair of functions
such that joi is the identity function. Meyer and Wand work with the typed A-calculus and use the “standard”
type translation for CPS that we showed is not fully abstract in Section 1. They write ¢’ to denote their type
translation of o; let 0* = (0’ — ans) — ans. They show that there exist embedding-retraction pairs (i, jo)
and (I, J;)—definable in call-by-name A-calculus (CBN)—where iy : 0 — 0’ jo : 0/ = 0, I : 0/ — 0¥,
and Jy : 0 — ¢’. Their main result is the Retraction Theorem which says that (j, o J,) is the inverse
of the CPS transform, i.e., M =cpn jo(Jo(M)), where M is the CPS transform of M. The boundary
terms 7S and °ST in our multi-language semantics are similar in spirit to i, and js, respectively; the
property that (js o) = id is analogous to (part 1) of our boundary cancellation property (Lemma 9.1); and
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their Retraction Theorem, which says that the retraction of a translation is equivalent to the original term,
is analogous to our “translation is equivalent to embedding” lemma (Corollary 9.6).! But there are also
important technical differences since our target language (System F) is more expressive than theirs (STLC),
and due to the fact that we make use of a multi-language semantics. In particular, our boundary terms
are “built-in” with an appropriate operational semantics; thus our embedding-retraction pairs do not have
to be definable in the target language as is the case with retractions, and this makes our multi-language
technique more general. With retractions, the source language is generally assumed to be a strict subset
of the target and the Retraction Theorem proves equivalence with respect to the (larger) target language.
Note that our A5 is not a strict subset of AT since the latter syntactically enforces continuation-passing
style. Meyer and Wand’s Retraction Theorem is essentially analogous to our proof of Part (2). There is no
analog to our Part (1) and no proof of full abstraction. In particular, Meyer and Riecke [28] subsequently
showed that if we replace CBN fn-equational reasoning with call-by-value observational equivalence, then
the embedding-retraction pairs defined in Meyer-Wand no longer suffice. In fact, Meyer and Riecke failed to
prove a Retraction Theorem in this setting.

Later Riecke [35] and Riecke and Viswanathan [35] investigated a semantic variation of the retraction
approach with the goal of isolating side-effects in sequential programs. Also, Filinski [18] generalized Meyer
and Wand’s Retraction Theorem to a CPS transform for the monadic metalanguage. Like Meyer-Wand,
Filinski’s technique does not generalize to a language with divergence.

Berger, Honda, and Yoshida have studied fully abstract translations from various languages (with recur-
sion [12], polymorphism [13, 14], control [21], state [20], and concurrency [20]) to linear or affinely typed—and
in some cases polymorphic [13, 14]—m-calculus. They prove their translations fully abstract in the case of
recursion (with source language PCF) [12], polymorphism (with source language System F) [13, 14], and con-
trol [21], but only speculate about full abstraction in the case of state and concurrency [20]. Since the usual
translation of the A-calculus into the m-calculus can be seen as a form of CPS translation, it may be useful to
further investigate the connections between translations into the m-calculus and translations to continuation-
passing style. Like us, Berger et al. rely on typing in the m-calculus to ensure that the translations are fully
abstract. Unlike us, they rely on game semantics to prove their translations fully abstract. In this paper, we
have shown that terms of translation type are back-translatable. Analogously, Berger et al. show that terms
of translation type are definable. Definability says that for every m-calculus term P of translation type o*,
there exists a well-typed source term M : o (where they write 0® to denote the translation of a source type
0). Like us, they note that one reason definability is difficult to establish is because subterms of P may
not be of translation type, which means that the proof cannot be carried out simply by induction on typing
derivations. Our strategy for dealing with subterms that are not of translation type was to show that it is
always possible to perform some partial evaluation that gets rid of the problematic subterm, leaving only
subterms that are of translation type. Their strategy is to show that every finite target term P of translation
type can be represented by a finite innocent function that can be turned into a finite canonical form, which
in turn is easily transformed into some source term M such that P is equivalent to the translation of M.
Thus, they use the notion of innocence [22] from game semantics to establish, in essence, that translation
types at the target level are inhabited by only well-behaved computations. They are, thus, able to perform
induction on the size of the corresponding innocent functions. This approach is similar to that of Laird’s [26]
whose proof of full abstraction also relies on game semantics. Our proof method is more elementary as it
relies on operational/syntactic techniques (coupled with typing) for back-translatability; expertise in game
semantics is not required to follow the details.

Full Abstraction of Other Translations Most work on proving that translations preserve equivalence
has typically resorted to adding precisely those target behaviors that are problematic to the source language.
For instance, Riecke [36] investigates fully abstract translations between CBN, CBV, and lazy PCF, using

n technical terms, our previous work on typed closure conversion seems closer to the work on retractions since there we
do not use a multi-language semantics; instead the source and target are the same language and in this language we define
wrapper functions W+ and W~ that are analogous to i and j, respectively, and we prove a theorem similar to Meyer and
Wand’s (except that it’s for closure conversion, not CPS conversion).
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denotational models of the languages that include the parallel conditional. This is needed to make the
models fully abstract. Also, Sanjabi and Ong [38] investigate a translation from a core calculus of additive
aspects to a target language with higher-order store in the style of ML references. After showing that their
original translation is not fully abstract, they weaken the source language by endowing it with the power to
construct “bad labels”—the analogue of the bad references at the target that were responsible for the failure
of full abstraction.

Shikuma and Igarashi [40] prove full abstraction of a translation from STLC with seal and unseal operators
to STLC with base types for each sealing authority. They use a syntactic proof method, but their back-
translation is only applicable to terms all of whose subterms are of translation type. Our back-translation is
more general precisely because it does not impose this restriction.
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3 Source Language )\°

Types o == bool | 01— 02

Values v = x| true| false | Ax:0.e
Ezpressions e == v|ifethene elsees | e e
Eval. Contexts E = []s|if Ethene; elsee;|Ee|VvE

if true then e; else es +——
if false then e; else e +—— eo
—

(Mx:0.e)v

Ele] — E[e']

Figure 8: Source Language (STLC): Syntax and Operational Semantics

Value Environment T’ == -|T',x:0
x:o0€el 'k e: bool I'tei:o I'key:
I'kx:0 I true : bool I" I false : bool I'Hif ethenej elsees: o
I''x:01Fe:o02 I'ei:02—>0 I'Fe2: o2
'k MXx:01.e: 01— 02 I'Felex:o

Figure 9: Source Language (STLC): Static Semantics
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Contexts C = []s|if C then e; else ez | if e then C else e | if e then e; else C |
Mx:0.C|Ce|eC

Figure 10: Source Language (STLC) Syntax - Contexts

FC:(Tko)= I+ o)

rcr’ FC:(IT'Fo)=(I"Fbool) TI'Fe:0 TI'Fex:o
Fl]s: (TFo)= (T'Fo) Fif Cthenej elsees: (TH o) = (I'F o)

I F e : bool FC:(Tko)= (T'Fd) IMFey: o
Fif e then Celse ex : (T 0) = (I' o)

IMFe:bool T'Fe:o' FC:TFo)=TFd) FC:(TFo)= (I",x:01F 02)
Fif ethenejelse C: (T o) = (I' o) Fx:01.C: (TFo)= (I'F 01— 02)
FC:Trko)=T'Foa>0) T'ker:on IMFei:0o—>0  FC:(TFo)= (I"Fo2)
FCe:(I'Fo)= (I"F o) FerC:(T'Fo)= (I'F o)

Figure 11: Source Language (STLC) Static Semantics - Contexts

Definition 3.1 (Contextual Approximation & Equivalence)
LetI'+ej:0and ' ey : 0.

The % ey:o © WCvy. FC:(Tko)= (-Fbool) A Cley] vy =
HVQ. C[eg] U«VQ A Vi = Vg

def
Fhem§e:o0 E The 3®e:o ATkHe;35%e 0

Definition 3.2 (CIU Approximation & Equivalence)
LetT'Fe :0and 'k ey : 0

The 38%e:0 € VE vy FE:(-F0)= (-Fbool) A
T A Efy(e)]dvi =
E'VQ [’7(62)]UV2 A Vi = Vo

FtermMer:0 = T'he Z§"er:0 AThHey35%e:0
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4 Target Language \"

Types T == bool|TiXT|a|V[a.Ti1— T2
Values v = x| true | false| (vi,v2) | A[x] (x:7).e
Expressions e == v |if vthene; elsee; |let x=m;vine| v [t]vs
Eval. Contexts E == []r
e— e

if true then e; elseex +— e;

if false then e; else es +— e

let x=m1(vi,v2) ine +—— e[vi/x]

let x =m2(vi,v2) ine +— e[va/x]

Alo] (x:t1).e)[t]v — e[t/a][v/¥]

e — €
Ele] — E[¢]

Figure 12: Target Language (System F): Syntax and Operational Semantics
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Type Context A == -] A/«
Value Context T' == - |I,x:7T

AFT

x €A AFT] AFTQ A,(XFT] A7(XFT2
Al o A+ bool AT X1 AFRVY[a].Ti— T2

AFT

AFT AFT

Al AFT,x:T
AFT x:tel AFT AFT
A;TEx:T A;T' F true : bool A;T' F false : bool
A;T'F v :bool A;ThHer: T A;ThHes: T A;TEv T AT Eve o
A;TFif vthene; elsees: T AT (v, ve) @ T X T2
AT RVt X T2 A;Tx:mibFe:T A;THv:T X T2 A;l'x:1tobe: T
A;THlet x=mivine: T A;THlet x=m2vine: T
AFT Ao;Dyx:t1He:to AT vyt Va]lto—T AT A;FFVQ:TQ[T'/(X]
A;THEA[] (x:T1). €V [a]T1— T2 AT F vy [T'] VQ:T[T//(X]

Figure 13: Target Language (System F): Static Semantics
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Value Contexts CV

[1% ] (CY,yv2) | (vi,CV) | Aa] (x:7).C

Contexts C

[]T | CY | if CY then e; else e; | if e then C else e; | if e then e; else C |
let x=m;C"ine|let x=m;vin C|CY[x]vs | Vi [x] CY

Figure 14: Target Language (System F) Syntax - Contexts

[FC: (AT FT) = (AT 7)

ACA rcr’ FCV:(ATHT) = (AT 1) AT Fva 1o
FEY:(ATET) = (AT 1) F(CY,va): (AT HT) = (AT F 1y X T2)

AT Fviim FCY:(ATHT) = (AT 1)
F(vi,CY): (AT ET) = (AT F 11 X 12)

FC:(ATHT) = (A, T, x: 11 F 1)
FA[o] (x:711).C: (AT R 1) = (AT VY [ot1— T2)

ACA rcr’ FC:(ATFT) = (AT I bool) AT Fe 1 AT Fesr: 1
Flr: (AT F1) = (AT F 1) I if C then e; else e>: (A;T F 1) = (AT F 1)

A;T' e : bool FC:(ATHT) = (AT 1) AT Fes: T
Fif e then Celse es: (AT F 1) = (AT 1)

A";T" e : bool AT e : 1 FC:(A;TFT) = (AT F1)
Fif e then e else C: (AT F1) = (AT F 1)

FCY:(ATHT) = (AT 11 X 1) AT x:tiFe: T
Flet x=m;C"ine: (A;TFT)= (AT 1)

AT Fv:t X1 FC:(ATHT) = (AT ) x:1i 1)
Flet x=m;vin C: (A;TF1)= (AT 1)

FCV:(ATHT) = (AT FV [a]te— 1) AT va 1ot /o
FCY[ti]ve: (AT FT) = (AT F1'[t1/a)

AT F vy VY [o]oto— FCV:(ATHT) = (AT F 1ot /o)
Fvi[ti] CV: (AT F1)= (AT F [t /o)

Figure 15: Target Language (System F) Static Semantics - Contexts
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In the definition of contextual equivalence below, we must make sure that the terms Cle;] and Cles]
are syntactically well-formed target terms. This extra check in needed because the hole in a context C may
be of the form [-]r or [-|%. If the hole in context C is of the form []r, then any well-typed term e may be
placed in C. However, if the hole in C is of the form [-]¥, then C[e] will not be a well-formed term unless e
is a value.

Definition 4.1 (Contextual Approximation & Equivalence)
Let A;THep it and AT Hes T,

AThe 3 eyir ¥ VYC vi. FC:(A;TF1T)= (- Fbool) A
;- Cle1] : bool A ;- Cleg] : bool A Cley] | vi =
EIVQ. C[GQ]U«VQ N Vi =Vo
A;Fl—elw%zeg:'r déf A;erljﬁ-\tz622’f/\ A;F"ng%\tzeli’f

Below 4 is a finite map from type variables o to closed AT types T. We write § = A whenever dom(§) = A.

Definition 4.2 (CIU Approximation & Equivalence)
Let A;,TFep :tand AT Fes .

AThe 3Sey:t ¥ VE S,v,vi. FE:(-F (1)) = (- F bool) A
SEA A Fry: o) A Es(e))] v =
Ivy. E[0(y(e2))] I va A vy =y
A;Fl—elz%uegzr déf A;F}—elj%"eg:’c/\A;I‘I—egjﬁf“elzﬂr
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5 CPS Translation

(boo)¥ = bool
(1= 02)" = V[a].(orF x (02— ) >
o7 = Vo). (c"T—= )=
OF =
(O,x:0)T = TI'f x:0t

Figure 16: CPS: Type Translation

where T v o+

I' - true : bool ~ A[«] (k:bool™— ). k true I' F false : bool ~» A [&] (k: boolT — ). k false

I'te:bool~ v I'tei:0~ vy I'kFey:o~s vy

I'Fif e then e; else €2 : 0~ A o] (k: 0T — ).
v [&] (A(x:bool). if x then (vi [«] k) else (v2 [a] k))

x:o0€el
IFFx:o~ Al (k:ot— o). k x

I)x:o1Fe:00~ v

I'FXx:or.e: 01— 02~ Ao (k: (01— 02) "= ).

k (A[B] ((x, k) 017 X (027 — B)). (v [B] K'))

F}—e1:62—>0'\»v1 F"QQZO‘QMVQ

FFeres: o~ A[o] (k:oT— ).
Vi1 [(X] (}\(X] :(02—> 0')+).V2 [0(] (}\(XQ:O"2+).X1 [(X] (Xg,k)))

Figure 17: CPS: Term Translation
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6 Combined Language

Types

Ezxpressions

Values

)\ST

FEwal. Contexts

bool ST true
bool ST false
17 28T v

let y = (75" true) in e
let y = (75" false) in e
let y =(7S8°17°2v)ine

A A

p u= o7

e u= ...|%STe

n= ... |letx=(78%¢) ine

e u= ele
v ou= V]|V
E == ... |°STE

E == ... |letx=(TS°E)ine
E := E|E

true
false
Ax:01. 9287 (let z = (TS °' x) in (v [027] (z,id)))

eltrue/y]
e[false/y]
e[v/y]

where v = A[o] ((x,k) : 017 X (02" — ).
let z=(78°2 (v (°*ST x))) ink z

e — €
Ele] — E[¢]

Figure 18: Combined Language (A\5T): Syntax and Operational Semantics
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Type Context A
Value Context T°

A @
| yx:o|yx:T

Ak
AFO& AFO’Q
A F bool AF o1— 02

xeA Akt AF T Aokt Aokt

AF A F bool A}—T1XT2 AFV[OL].’H—V‘CQ
AFT

AFRT AFo ART AFT
AF- AFT)x:0 AFTx:T
A;TRe:p
AT x:0€el AFRT ART A;T e : bool A;T'kFer o A;T'Fes:o
A;TEx: o A;T F true : bool A; T F false : bool A;T - if e then e; else ez :

A;T,x:01Fe:o09 A;T'He;: 00— 0 A;THes: o2
A;F'_/\XIG1.6261—>62 A;F}—elegzc
AFT x:Ttel AFT AFT
ATEx:T A;T' F true : bool A; T F false : bool
A;T' F v :bool A;TFer: T A;TFes: T AT vt AT Evy o

A;T'Fif vthene; elsees: T

AT Ev:T X T2 A;Tyx:ti ket

A;THlet x=mivine: T

AFRT Ao;Dyx:t1He:to

A;THEvV T X T2

A;F [ (V1,V2) 1T X T2

A;Tx:1tobe: T

AT vy iV alteo—T

A;THlet x=m2vine: T

AFT

AT HEA[] (x:T1). €0V [a].T1— T2

ATke:o"

A;T'He:o

AT vy [T] ve 1)’/ o]

Al,x:0"Fe:t

A;THFSTe:o

AT Hlet x=(78%) ine: T

Figure 19: Combined Language (A\5T): Static Semantics
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Contexts C == ... |°STC
C = ... |letx=(7TS°C)ine|let x=(75%¢) in C
c == C|C

Figure 20: Combined Language (A\ST) Syntax - Contexts

’l—C:(A;FI—ap)i(A/;F/I—@/)‘

ACA rcr’ FC:(A;TF@)= (AT I bool) AT Fer:o AT Fey: o

F[]s: (AT Fo)= (AT Fo) Fif C thenej else ex : (A;T ) = (AT o)

AT e : bool FC: (AT )= (AT o) AT Fey: o
Fif e then Celse ex : (A;T @) = (AT F o)

AT F e : bool AT e : o FC: (AT )= (AT o)
I if e then eq else C: (A;T o) = (AT o)

FC:(ATF@) = (AT, x: 01 F 02) FC: (AT @)= (AT Foe—0) AT Fes:oo
FAx:o1.C: (AT @) = (AT F o1 02) FCe: (A TFg) = (AT Fo)

AT Fer:oe—0 FC: (AT )= (AT o9)
FelC: (AT )= (AT Fo)

FC:(A;F"Q&)?(A/;F/FO‘J’_)
FOSTC: (AT F )= (AT Fo)

Figure 21: Combined Language (A\ST) Static Semantics - Contexts I
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FC:(A;TEe)= (AT F¢') | (contd.)

ACA rcr’ FCY: (AT Fp) = (AT F 1) AT Fve 1
FIE:(ATHT) = (AT F) F(CY,v2): (AT o) = (AT F 1 X T2)

AT Fviim FCV: (AT Fp) = (AT F 1)
F(vi,CY): (AT F ) = (AT F 1 X 12)

FC:(ATFp)= (A, o, x: 11 - 12)
FA[o] (x:711).C: (AT F o) = (AT F Vo] 11— T2)

ACA rcr’ FC:(A;TFp) = (AT - bool) AT et AT Fes: 1
Fl)r: (AT @)= (AT F1) Fif C then e else ez : (A;T F ) = (AT 1)

A";T'Fe: bool FC:(ATFp) = (AT 1) AT Fey: 1
Fif e then C else ex: (A;T F ) = (AT - 1')

AT’ F e : bool AT et FC:(ATFp) = (AT 1)
Fif e then e else C: (A;T F ) = (AT ')

FCV:(ATFp) = (AT F 1 X 10) AT x:tike: T
Flet x=m;CV ine: (AT F )= (AT 1)

AT Fv:it X1 FC:(ATFp) = (AT, x: 7 F 1)
Flet x =m;v inC:(A;FFw):(A’;F’FT’)

FCV:(ATF )= (AT FVY[a].ta— ) AT va ot /o
FCY[ti]ve: (AT F @)= (AT -1t /a])

AT Ry Vo]te— T FCY: (AT F@) = (AT F 1ot /«)
Fvi[ti] CY: (AT ) = (A/;F/ = T'[Tl/(x])

FC:(ATFe) = (AT o) AT x:0tFe:T ANTI'Fe:o FC:(ATF@) = (AT, x:0" 1)
Flet x=(T8°C)ine: (AT F ) = (AT F 1) Flet x=(75%€) in C: (A;TF ) = (AT F 1)

Figure 22: Combined Language (AST) Static Semantics - Contexts IT
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Definition 6.1 (Contextual Approximation & Equivalence)
Let A;T Fep @ and AT F eq

L.
ATke 2 ey & VO 0. FC: (AT FQ) = (4 }—bool) A
F Cle1] : bool A -+ Clesg] : bool A Cleg] § v1 =
3’02. 0[62]“’()2 A ’Ulz’Ug
AT hep m§Fer:p def AiThe 3§ ea:p AN AT Eeg 358 e

~ST €1 ¢

Below § is a finite map from type variables o to closed AST types T. We write § &= A whenever
dom(d) = A.

Definition 6.2 (CIU Approximation & Equivalence)
Let A;T'Fer:p and A;T Heg:

ATke S8 ey Y VE 6, v,0. FE:(5-F6(0) = (- F bool) A
SEA AN Fv:0(0) A E[f(y(e))]d v =
Fua. E[5(v(e2))] b v2 A v1 =02
def
ATher e = AThe 3§¢e

SEesio N AT ey 350 e
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Atom[p1, po]

Rel[’rl, TQ]

V [bool] p

Vio—=o'lp

Ve p
V [bool] p

V[txt]p

VIV [a].t—=T]p

Elelp

D[]
DA, «f

Gglle
G,z :¢]p

AThe 3 er: o

AT F e %l"% e P

= {(e1,e2) |

= {Re 2(Atom"[11,12]) | ,
Y(vi,v2) € R. Vb, vo 2% vh: 1o = (vi,vh) € R}

goberior A b eaipa}

= {(v,v) € Atom[bool,bool] | v = true V v = false}

= {(Mx:0.e1, x:0.e2) € Atom[o— o', 0— '] |
Y(vi,v2) € V[o] p. (ervi/x],e2lv2/x]) € E[o] p}

= R where p(x) = (T1, 72, R)

= {(v,v) € Atom[bool,bool] | v =true V v = false}

= {(viyv1"), (varv2')) € Atom[pr (T X ), pa(T X T)] |
(vi,v2) €Vtlp A (vi’,v2") e V[T]p}

= {(A[o](x:71).e1,A[a] (x:7).e2) € Atom[p1(V [o]. T— T'), p2(V [&] . T— T')] |
V11, T2, R € Rel[ty, T2].
V(vi,v2) € V[1] plax = (T1,7T2, R)].
(er[ri/e][vi/x], es[ta/a[va/x]) € €[] plox — (71,72, R)] }

{ (e1, e2) € Atom|p1 (), p2(¢)] |
Yui. e1 —" 01 = Fug. ea — 13 A (’U1,’U2) S V[[tp]]p}

= {0}
= {pla (t1,72,R)] | p€ D[A] AN R € Rel[t1,T2]}
= {0}
= {rlz= (v,0)]| Y€G[[]p A (v1,v2) €V]e]p}
def A;Ther o AN AT Rex: o A
Vo, 7. p€D[A] N veG[Tlp = (p1(ni(e1)), p2(r2(e2))) € E [l p
def

= A;Fl—eljlso%egzga A A;Fl—eg,ﬁlso%elztp

Figure 23: Combined Language (A\5T): Logical Relation
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7 “Backtranslation” from AT to \S

(.)_” = .

Tyx:0)” = I'",x:0

T,y:0t)y” = I'")y:0o
sI'Fe:o— e ’-;Fl—+e:0'+ﬂ+e
where I':=- | T,x:0 |y:o"
andec A andI'"Fe:o

-FT -FT
;' F true : bool — true ;' I false : bool — false
5T Fe:bool - € sThe :0— € sThey:o— e kT x:o0€l

=T Fif ethen e, else ez : 0 — if € then & else &) sThFx:0— x

wT)x:01Fe:op — € sThel:0o2—0— €] wThey: o9 — e sTHYe:0t = e
/
wI'FAx:01.e: 01— 02 > AX:07.¢€ T Fejes

c 0 — €] eh sTH°STe:0— e

=T -FT
4T T true : bool™ — true T+ false : boolt — false
sTF v:iboolm e TkTer:0t »e TPH e :0 > e .+ y:oter
T HYif v then e else ey : 07 — if e then e; else s ST HT yiot >y
T sDy:ot Feoet/of[id/K] : 02t — e

STHYA [ (v, k) : (017 X (02T = ). e: V[a].(o1F X (02T — &)= ¢ — Ay:01.e

) sThEv:iT X1 v =(v1,V2) -;F}—+ e[vi/x]:6+—»e

';F|—+letx:7rivine10'+aée

sThv:V[a]te—T - F1 5T Eve 1wt /d
@ ot =1[t'/a]  vi=Alad](z:12).e TV e[t /al[va/z]: 6T - e

SPFY v [U]va:0t — e

(For. ovt =V [a].t2— 1)

’
o =0T vy = (va,7\(z:02+).ek)
ST v (o= o)t — e sTHY veiort = eq sDz:ot T ep: ot = e

STHY v [T]va: 0t = let z=e1 e, in ey

sThe :0op > € sDx:otF e ot — e

ST let x= (T8 e1) ine:o" —» letx=¢) ine

Figure 24: Relating A5T terms to AS terms
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8 )T Logical Relation Corresponds to Contextual Equivalence

In this section, we layout the framework for proving that the AS™ logical relation ( 55{1) is sound and complete
with respect to contextual equivalence (3§5). We first prove the Fundamental Property of the logical relation
(Section 8.1), then prove that the logical relation is sound (Section 8.2) and complete (Section 8.3) w.r.t.
contextual equivalence.

8.1 )T Logical Relation: Fundamental Property

The Fundamental Property of a logical relation says that if a term is well-typed in the language, then it
is logically related to itself. Following Pitts [33], we prove a series of compatibility lemmas from which the
Fundamental Property immediately follows.

The interesting compatibility lemmas are the ones involving boundaries—i.e., °ST e and 7S ? e (page 39).
These cases require proving a “Bridge Lemma” which says that embedding (using boundaries) preserves
equivalence (Lemma 8.16, page 35).

Proofs of the remaining compatibility lemmas are standard (as for any logical relation for System F), so
we simply state the lemmas without proof.

Lemma 8.1 (Compatibility Source Var)
Ifx:o el then A;T Fx 389 x: 0.

Lemma 8.2 (Compatibility Source True)
A;T F true 329 true : bool.

Lemma 8.3 (Compatibility Source False)
A;T I false ,jlsoéf false : bool.

Lemma 8.4 (Compatibility Source If)

If AT ey 259 ey : bool and A; Fl—e’l 39 el o and AT el 396l o
then A;T F if g then €] else ] 37 if ey then €} else €f : 0.

Lemma 8.5 (Compatibility Source Abs)

IfAFX Gl‘leSTEQ o’

then A;T F Ax:o0.ep st‘i AX:0.e9: 0— 0.

Lemma 8.6 (Compatibility Source App)

IfATFe X8 er:050 and AT e 3 el - o
then A;T Fej ey 39 eh el 2 0.

Lemma 8.7 (Compatibility Target Var)
Ifx:tel thenA;FijlS(igx:T.

Lemma 8.8 (Compatibility Target True)
A;T F true jlsofg true : bool.

Lemma 8.9 (Compatibility Target False)
A;T | false ;leOTg false : bool.

Lemma 8.10 (Compatibility Target If)

IF AT E vy 389 vy i bool and AT ey 3% es: T and AT Fe’ 3% e’ T
then A;T Fif v then e else e’ ‘<ST if v then e, else ey’ : T.

Lemma 8.11 (Compatibility Target Pair)

IfATEvy 2 NST Vo T and AT E vy <g‘¥ vy i1’

then A; T F (vi,vi’) 3 NST 2 (v, vo') T X T
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Lemma 8.12 (Compatibility Target Fst)
If AT F vy *lstif vo:TXT and A;T,x: Tk e jlsorf e : T

~

’7

then A;T'Flet x =71vy in e; ;jlsoqg let x =m1vy in ey : 7.

Lemma 8.13 (Compatibility Target Snd)
If A;T vy jlsorf vo:TXT and A;T,x : 1T/ e jls‘a‘i ey : T’

then A;T F let x = mavy in e ;leDTg let x =movy in ey : T

Lemma 8.14 (Compatibility Target Abs)

IfA oT,x:th e jlsoqg ey : T

then A;T F A o] (x:7). e 258 A o] (x:7T). €5 : V [a]T— T/,
Lemma 8.15 (Compatibility Target App)

~

IFAFT and AT F vy 399 vy VY [o]ot— and A;T vy’ 399y

then AT F vy [T vi/ jlsoi‘i vy [T vo! T[T /.
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Lemma 8.16 (Bridge Lemma)

(I) If (e1,e2) € E[oT]0
then (°ST e1,98T e3) € £ [o] 0.

(II) If (61,62) e [[O'H(D
and A(x:0").e;,A(x:0").e)’) e V]oT—1]p
then (let x = (TS %e1) in e1/,let x = (TS % e2) in €) € E[1] p.

Proof

We prove parts I and II simultaneously, by induction on the structure of o.

Proof of Part I:

Case o0 = bool:
(1) Have: (e1,e2) € € [bool] 0.
o Must show: (P°°!ST e;,P°lST e,) € € [bool] 0:
(2) Consider arbitrary v/ such that *°'ST e; —s* v/
o Must show: Iv].*0IST ey —* v and (v],v}) € V [bool] 0:
e Have: e; —* v by (2) and operational semantics.
e Instantiating (1) with vy:
e Have: vy such that e; —* vo and (vq,va) € V[bool] (.
e Have: vi = vy = true or vy = vy = false by definition of V [bool] -.

Case v; = vy = true:
e Have: "°'ST e, ——* P\ ST true — true by operational semantics.
o Therefore: vi = true.
e Take v} = true; we must show *°°'ST e, —s* v}, which follows from:
e Have: "°9'ST e, —* P°lST true — true by operational semantics.
e Observe that: (true,true) € V [bool] 0.

Case v; = vy = false:
(Similar to true case.)
Case 0 = 0—0":
(3) Have: (e1,e5) € & [[v [o].0F X (0"t = a)— a]] 0.
e Must show: (7 98T e, 98T e,) € £ [o— o'] 0:
(4) Consider arbitrary v/ such that = %' ST ey —* v/,
o Must show: Iv].97 ' ST e, —* vf and (v/,v)) € V[o— o']0:
e Have: e; —™* vy by (4) and operational semantics.

o Instantiating (3) with v:
(5) Have: vy such that e; —* vo and (vq,vs) €V |[V [a].0t x (/T = )— cx]] 0.
e Have: 7 98T e; —* 979 ST v — Mx:0.9 8T let z= (TS x) in vy [0'] (z,id)

by operational semantics.
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e Therefore: v] = Ax:0.' 8T let z = (TS x) in v, [0'"] (z,id).
o Take
vl = Mx:0.9°8T let z = (TS °x) in vy [0'1] (z,id); we must show ° ©' ST e, —s* v}
and (v,vl) € V[o— o]0 , which follows from:
e Have:
o—0C STGQ
o OJSTVQ
— Mx:0.98T let z = (TS x) in v; [0/ ] (2, id)
by operational semantics.

e Must show: (v/,v}) € V[o— o’] 0:
e Consider arbitrary v} and v} such that (vi,v5) € V[o] 0.

e Must show:
(“'STlet z= (TS v,’) in vy [’ 1] (z,id),
'STlet z= (TS vy') in v [0'T] (z,id)) € &£ [0] 0:
(6) Now we will show:
(let z=(TS°vi’) in v [0'"] (z,id),
let z = (TS vy') in vy [0'7] (z,id)) € € [o] 0:

(7) Now we will show:
A(z:0"). vy [0'] (2,id),A(z: 01). vy [0'T] (z,id)) € € [o] 0:

e Consider arbitrary v;”” and v"" such that (v,”,vy"”) € V[o 1] 0.

e Must show: (v; [G’+] (v1”,id), vo [0’+] (vo”,id)) € € |[g/+]] 0:
e Instantiating (5) with o’", o', and R =V [[U/+]l 0:

e Now we will show:
((v1,id), (v2",id)) € V [o* x o'" = o] [oc = (0%, 0", )]

o (Definition of V[- X -] -.)

e Let vi = Alo (y:ot x o/ T = ). e/
o Let vy = Ao (y:ot x o/ T = ). ey’
e Have:
(er’[0"" /a[(v1"”,id) /],
e2'[0""/e[(v2",id) /y]) € E [o] [ = (o'F, 0'", R)]
by definition of V [V [-].-— -] -.
o Have: (e)/[0""/a[(v1”,id)/y], e2'[0"" /e[(v2",id) /y]) € € [o] 0.
o Have:
(let z = (TS°vi’) in v, [0'"] (z,id),
let z= (TS vy’) in vy [0'T] (z,id)) € E[oT] 0
by induction hypothesis Part II applied to (5) and (7).

e Have: (v/,v]) € V[o— ¢’] 0 by induction hypothesis Part I applied to and (6).
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Proof of Part II:

Case 0 = bool:
(8) Have: (e1,e2) € & [bool] 0.
(9) Have: (A(x:bool).ei’,A(x:bool).ey’) € V[bool— 1] p.
o Must show: (let x = (78" e;) in e,’, let x = (TS e,) in e,’) € £ [1] p:
(10) Consider arbitrary v{ such that let x = (75" e;) in e,/ —* v,
e Must show: Iv].let x = (T8 &;) in ey’ —* v and (v],v]) e V] p:
e Have: e; —* vq by (10) and operational semantics.
e Instantiating (8) with vy:

e Have: vg such that e; —* vo and (vi,vy) € V [bool] 0 .
e Have: vi = vy = true or vi = vy = false by definition of V [bool] -.

Case v = vy = true:
e Have:
let x = (78" ¢;) in e’
—* let x = (TSP°° true) in e’
— e/ [true/x] —* v/
by operational semantics.
e Have: let x=(7S% e;) in ey’ —* let x=(TS " true) in ey’ — e,’[true/x]
by operational semantics.
e Instantiating (9) with true and true:
(11) Have: (e1'[true/x], ex’[true/x]) € € [T] p.
e Observe that: e,’[true/x] —* v].
e Have: vg such that ey’[true/x] —* V‘Zf and (v{,vg) e &ft]p by (11).
Case vy = vy = false:
(Similar to true case.)

Case 0 = 0—0":
(12) Have: (e1,e2) € € o— o'] 0.

(13) Have:
A(x:Y[a].0 X (6'T—= )= ). €1, .
Ax:V .ot X (/T = )= a). ex’) € V[ot— 1] p.

Must show: (let x = (TS~ e;) in e/, let x = (TS~ 7 ey) in ey’) € £ [1] p:

f
1-

e Consider arbitrary v/ such that let x = (7S~ o) in e —* v

Must show: 3v].let x = (TS~ % ey) in ey’ —* vI and (vI,v]) € V] p:

e Have: ey —* vy by operational semantics.

Instantiating (12) with vq:

e Have: vy such that e —* vy and (vi,vs) € V[o—0'] 0 .
Let vi” = Ao ((y,k): 0% x (0/T—= ). let z= (TS (v1 °STy)) in k z.
Let vo” = Ao ((y,k): ot X (/T ). let z= (TS (v2 °STy)) in k z.

e Have:
let x = (TS~ e)) in e’ —* let x=(TS8° 7% vy) in e,/ — e[V, /x] —* v]
by operational semantics.
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e Have: let x = (TS~ o’ &) in ey’ —* let x = (TS~ & vo) in ey’ — ex’[vo”//x] by
operational semantics.

(14) Now we will show: (vi”,vy") eV [[V [a].0t x (/T = a)— oc]] p:

e Consider arbitrary T;, T2, and R such that R € Rel[t, T2].
(15) Consider arbitrary v, v,,, Vi1, and vjo such that

(Vo Vi), (Vi vie)) €V [0F x (07— @) Tov = (71,72, R)]

(16) Consider arbitrary v/’ such that let z = (7S o vy (°8T v,,)) in vy z —* vi7.

(17) Must show: IvI’ let z= (TS o vl (O8T v,,)) in vio z —* v}’ and (v]’,v]’) e
V] [ = (T1,7T2, R)]:

(18) Now we will show: (vi (°ST vy, ),v2 (°ST v,,)) € €[0’] 0:

e Must show: (vi (°ST vy, ),v2 (°ST v,,)) € €[] 0:

!
Y1

(19) Must show: (v,,,v,,) € V[oT]0:

e Have: v such that °ST v,, =" v, by operational semantics on (16).

o Have: (vy,,vy,) €V[oF]0 = (vy,,vy,) €V[oT] [ (T1,7T2, R)]
by « ¢ ftvot.

e Have: (vq (°ST vy,),v2 (°ST v,,)) € £[o]0 by induction hypothesis
Part T applied to (19).

(20) Now we will show: (A(z:0""). vy 2,A(z:0'").vinz) €V [[0"+—> oc]] [& — (T1, T2, R)]:

e Consider arbitrary v.; and v.» such that (v.1,v.2) € V[o1] [+ (T1, T2, R)].
e Must show: (v V.1, Via Vio) € € [of [ — (11, T2, R)]:
e (Immediate from (15).)

e Have: (e1'[v1"/x],ex’[v2"/x]) € E[7] p by (14) and (13).

e Have: v} such that ey’[vy” /x] —* v} and (v],v]) e V][] p.

o Have: va'.let z= (TS o' vg’ (°ST vy,)) in vy z —* Vgl
and (v1’,v]") € Vo] [oc — (11,75, R)] by induction hypothesis Part II applied to (18)
and (20).

o (This is (17)—what we are meant to show.)
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Lemma 8.17 (Compatibility Source Embed)
IfA,F F €] jlso,i(‘) € ot
then A;T F ST e 348 °ST ey : 0.

Proof

Follows from the Part (I) of the Bridge Lemma (Lemma 8.16).

Lemma 8.18 (Compatibility Target Embed)
IFATFe 3% ey :0and A;T,x: 0t ke S eyt
then A;T let x=(78%¢1) in e; jlst’jg let x=(T8%es) in ey : T.

Proof

Follows from Part (II) of the Bridge Lemma (Lemma 8.16).

Theorem 8.19 (A5T Fundamental Property)
IfA;Tke:p thenA;FFe<lSo{:76:g0.

~

Proof

By induction on the derivation A;T' ke : .

Each case follows from the corresponding compatibility lemma.
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8.2 )T Logical Relation: Soundness w.r.t. Contextual Equivalence

Note: The proof of soundness w.r.t. contextual equivalence is fairly straightforward. It follows the same
structure as the proofs in Ahmed’s earlier work on step-indexed logical relations [2, 3], except that here the
logical relations are not step-indexed so the proofs are even easier. Here we only give an outline of the proof.
For all the details of how the proof proceeds, we refer the reader to Ahmed’s earlier technical report [3],
Section C.10 (pages 123 to 130).

To prove that our logical relation (‘<ZS°13) is sound with respect to contextual equivalence (3§5), we first

~

define what it means for two contexts to be logically related as follows:

Definition 8.20 (Logically Related Contexts)

FCy jlsog Cy: (AT H )= (AT F ) ef Ve, ea. AT F ey leng er:p =
A/;F/ H Cl [61] ﬁlsojg 02[62] : (pl

Next, we prove that if a context is well typed, then it is logically related to itself.

Lemma 8.21
IfEC: (AT F )= (AT F ), then - C’jlsojg C:(ATHe) = (AT E ).

Proof

By induction on the derivation of - C': (A;T F ¢) = (A TV F ).
Each case follows from the appropriate compatibility lemmas in Section 8.1 (i.e., Lemmas 8.1 to 8.15
plus Lemmas 8.17 and 8.18). O

Theorem 8.22 (Soundness wrt Contextual Equivalence (jlsqu C 3§%)
If A;TF e lequ ex:p then A;T ey 355 ea: .

Proof

Straightforward. Follows from Lemma 8.21.
See [3] Section C.10 (page 130) for details. O

40



8.3 )T Logical Relation: Completeness w.r.t. Contextual Equivalence

Note: The proof of completeness w.r.t. contextual equivalence is also quite straightforward. It follows
the same structure as the proofs in Ahmed’s earlier work on step-indexed logical relations [2, 3], except that
here the logical relations are not step-indexed so the proofs are much simpler. Here we only sketch the main
lemmas required for the proof. For all the details of how the proof proceeds, we refer the reader to Ahmed’s
earlier technical report [3], Sections E.2 and E.3 (pages 151 to 164).

Lemma 8.23 (jls"é’ is Equivalence Respecting)
Let pe D[A] and At p.

If (v1,v2) € V¢l p and v2 ZGT v3 = p2(),

then (vi,vs) € V[¢] p.

Proof

By induction on the structure of the derivation A - ¢.
When ¢ = «, the proof follows from the definition of Rel (since V[a] p = R, where we have that

R € Rel[p (), pa(ex))).
The rest of the cases are entirely straightforward. O

Lemma 8.24 (3§% Congruence)
IfATRe 38 ea:pand b C: (AT Ho) = (AT F ),
then A'; T F Cler] 265 Cles] = ¢

Proof

Easy, standard proof. See [3] Section E.3 (page 160) for details. O

Now, the proof proceeds in two parts. First we prove that if two terms are contextually related, then
they are ciu related. Then we prove that if two terms are ciu-related, then they are logically related.

Lemma 8.25 (3§ C 3§
If AT ey 355 ea:p then AT ey 35 ea: .

Proof
Straightforward. Follows from Lemma 8.24 and the fact that every evaluation context F is a program
context.
See [3] Section E.3 (page 161) for details. O

Lemma 8.26 (3§ C <X9)
If A;T e jg?ﬁ es: @ then AT F ey <ZSO{:7 es: Q.

~

Proof

Follows easily from Lemmas 8.19 (Fundamental Property) and 8.23.
See [3] Section E.3 (page 162-164) for details. O
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Theorem 8.27 (Completeness wrt Contextual Equivalence (Z&5 C jlsoqg))
If AT Feyp 3§85 ea: p then AsT F g jlsolg es: .

Proof

Immediate from Lemmas 8.25 and 8.26 above.
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9 Part (2): CPS Translation Preserves Equivalence in A>T

In this section, we prove that if two terms are equivalent in A3, then their CPS translations are equivalent
in AST,

The bulk of the work involves showing that CPS translation is equivalent to embedding using boundaries.
Essentially, this follows from the proof that that CPS translation is semantics preserving (correct) and
semantics reflecting.

Before we can prove that CPS translation is semantics preserving and reflecting, we need to establish
two key properties.

The first is boundary cancellation, which essentially says that if you embed e into the source using ST,
and then embed that into the target using TS, the resulting term is contextually equivalent to the original.
Analogously, embedding e into the target via TS and then embedding the latter into the source via ST, also
results in a term that is contextually equivalent to the original.

Lemma 9.1 (Boundary Cancellation)
o Let A;TFe:o. Then A;T e zlsfig °ST(TS8°%¢): 0.

o Let A;THe:ot. Then AT e~ 7S (°STe): ot
Proof

By induction on the structure of o. O

The second key property is a free theorem [44] regarding terms of (computation) type V [&].(0F— o) — «.
The following free theorem captures the essence of what we gain from switching from a CPS type translation
that makes use of a global answer type, to one that makes each continuation’s answer type individually
abstract: namely, that a computation (or function) of the above type must invoke its continuation at least
once, and that it does not matter (in our purely functional setting) if it invokes it more than once. A similar
theorem is given in Wadler [44]. We take a notational liberty in the initial statement of this theorem, which
we discuss next.

Free Theorem: Continuation Shuffling
Let A;TEvy:Va].(ti X (tTo— &)= o, A;TEvyc1y, and AT F vyt To— T
Then A;T F vy [T] (vi, Vi) %éojg vi (v [T2] (v1,id)) : T

Notice that v, (v, [t] id) is not a syntactically well-formed term in AST! We use this essentially as
shorthand to avoid a much longer (and less intuitive) statement of the theorem. Strictly speaking, the
above “lemma” should be stated as follows. The intuition here is that we close off the expression v [t] id
with appropriate type and term substitutions and evaluate it to get a value v that we then pass to the
(appropriately closed) continuation v;. The two clauses are required because our underlying relation & [-]
is an approximation while what we want here is equivalence.

Lemma 9.2 (Free Theorem: Continuation Shuffling)
Let A;TEv:Va]. (11 X (o= &)= o, A;sTF vy i1y, and A;T Rk :to— T

Then: ¥p € D[A]. Y(y1,72) € G[T] p-
if pa(v2(vy [T]id)) —* v then
(dﬂl(%(vf [Tkl Vi), (p2(v2(vi))) v) € E[Ti] p
if pr(n(vy [T]id)) —* v then

((pr(r2(vi))) Vs p2 (2 (v [Th] vi))) € E [Ti] p-
See Wadler [44], Section 3.8.
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With the boundary cancellation and continuation-shuffling (free) theorem in hand, we can prove that our
CPS translation preserves and reflects semantics. In the statement of these lemmas, we will have a A5 term
e on one side and its translation, a AT term v, on the other side. Wherever e contains a variable x : o, v
will have the variable x : 0. Therefore, we will need related (source and target) substitutions vs and vyt to
obtain closed terms.

Definition 9.3

Let T be a mapping from variables x to types 0. Let vs be a substitution mapping variables x to (closed)
values v. Let yr be a substitution mapping variables x to (closed) values v.

We define I' - ~vs < 7 as follows:

~

F 0 <0 it (unconditionally)
I)x:0F v, x—=v S yr,x—=v iff T'F v Sy A l—vjlsorlg °STv:o

We define I' - ~vs 2 v as follows:

~

- F0 =0 iff (unconditionally)
I)x:0F v, x—=v 2 yr,x—=v iff Tk~ 2y A FOSTVZ

~ ~

log . .
g V:O

We define I' - ~vs ~ ~r as follows:

'y ~qr iff TEA Sy AT EAs 27

Notice that in the definition of ' - 45 > ~r, we require - °ST v 3 v : 0. Using boundary cancellation

and the compatibility lemmas for boundaries, we can conclude that this is equivalent to F v 3% 78 v: o™.
(This observation might make it slightly easier to understand the statement of Lemma 9.5.)

Informally, the following lemma says that if e evaluates to some value vy, then its CPS translation, when
applied to the identity continuation will evaluate to some v, : o that can be converted to a source value
vy such that v and vy are related at o.

Lemma 9.4 (CPS is semantics preserving)
IfTFe:o~vandl F v S Ar
then - ~s(e) S92 °ST (yr (v) [o1]id) : 0.

Proof

Proof by induction on the structure of e.

Case e = true:
e Must show: F ~yg(true) ﬁzSqu vr ('S8T (A [«] (k: bool— ). k true) [bool] id) : bool:
e Observe that: ~ys(true) = true.

e Have:

1 (?°°'ST (A [«] (k : bool— ). k true) [bool] id)bool
= boolST (A [« (k: bool— ). k true) [bool] id
—* bl ST true
—— true

by operational semantics.

Case e = false:

(Similar to true case.)
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Case e = if e then e else es:

e Have: I' e : bool ~» vy.

e Have: THé€|: 0~ vy

e Have: T'F el : 0~ vy,
(1) Have: F yg(e1) jlsorf 41 (P°'ST v4 [bool] id) : bool.
(2) Have: F ys(e}) 382 4p(*0ST vo! [0F]id) : 0.

o Have: vg(e)) 329 yp (P ST vy [0F]id) : 0.

e Must show:

F s(if ey then €] else ef)
398 40 (°ST (A [a] (k:bool— «). vo [a] (A(x: bool).
if x then vy’ [a] k else vo” [a] k [0F]id))) : o

Have: ~s(if e; then ¢/ else ef/) —s* vi.

e Must show:
S A1 (°ST (A [«] (k: bool— ). v [ (A(x: bool).
if x then vy’ [a] k else vo” [a] k))) [07F] id
—* vgz

e Have: Jvy.e; —* vy by operational semantics.

Observe that: v{ = true or v, = false.

Proceed by cases of vi:
Case v; = true:
e Have: y1(v2) [bool] id —* true by (1).
o Have:
Y1 (°ST (A [«] (k:bool— a). v [a] A(x:bool).
if x then vy’ [a k else vy [a] k) [oT] id))
— °ST (A(x:bool). if x then yr(vy’) [07]id else yr(vo”) [07] id )true
—* OST yr(vy') [o1] id
by operational semantics.
e Have: 3v].9ST yr(vo/) [o7]id —* v and (v],v]) € V[o] 0 by (2).
Case v; = false:
e (Similar to vq = true case.)
Case e =x:
e Have: 'k x: 0~ Ao (k:oT— ). k x.
o Must show: b 75(x) Z52 °ST (A [o (k: 0t — a). k (yp(x))) [01]id) : o:
e Observe that: ys(x) is a value.

e Have: °ST (A o] (k:0t— ). k (y7(x))) [0F]id) —* °ST v1(x) by operational seman-
tics.

e Have: F vs(x) jls(if ST (yr(x)) : 0 by construction of vs and ~y.
Case e = Xx:o0.e:
o LetIV=T,x:o0.
o Have: IV Fe;: 0/~ vo.
(3) Have: V94,74 I" F 9% < o4 implies -4 (er) S8 7 ST (Vo (v1)) [0'7]id) : o .

45



o Must show:
FAx:o.9s(er)
39 0= o' ST (A [o] (k: (0— o) T).
k (A[B] ((x,K): 0" x (0/T—= B)).v2 [B] k') [(0—+ ) ] id) : 0— 0"

e Observe that: Ax:0.ys(e1) = v{ is a value.

) Ml}st show:
vy
o G’ST}Q\ [o] (k:(0—0)"). k A[B] ((x,K'): 0" X (6'T—=B)).va [B] K') [(0— )] id)
—* v
and (v{,jg) eVo—d]0:
° Have/:
7O ST (A o (k: (o= 0)"). k (A [B] ((x, k') : 0T x (07— B)). v2 [B] K') [(0— o) " id) .
— 777 8Tid (A[B] ((x, k) 10 x (0'"=B))- (vr(v2)) [B] k')
— 77O ST (A[B] ((x, k) 107 % (0= B))- (y(v2)) [B] k')
> Ay:0.98T let z=(7TS°y) in
A B ((6K): 0% x (0'T—= B)). (y(v2)) [B] K') [07] (2,id)

:V2

e Must show: (v/,v]) € V [o— o] 0:
e Consider arbitrary v} and v}, such that (v},v}) € Vo] 0.
o Must show:
(ys(e)[vi/x],
(ST let z= (TS%y) in (A[B] ((x,k'): ot x (/T — B).
(v1(v2)) [BI K [0"7] (2,id))[v4/y]) € € [0'] 0:

e Have: yg(e)[v /%] = (ys[x — Vi])(e) —* v{' .

e Must show:
W (8T let z = (TS y) in (A [B] ((x,K'): 0" x (o/T— B).
(vr(va)) [B] K [0F] (2, 1d))[va/y])
—* vgl
and (vI' vl e V[o']0:
e Have: 3\;2\/.TSO-V/2 — \72\’ by operational semantics.

e Have:
(“'STlet z= (TS y) in (A[B] ((x,k'): 0t x (¢/T—B). .
(vr(va)) [B] K [0"7] (2,1d))[va/y])
—* vgl
e Have:
(ST let z= (TS y) in (A[B] ((x,k’): 0" x (¢/T— B).
(yr(v2)) [B] K’ [0""] (2,id))[va/¥])
=98Tlet z=(TS°V}) in
A [B] ((6K) 0t X (0" = B)). (y1(v2)) [B] K') [0'7] (z,id) .
— ST (A [B] (5, k) : 0T x ("= B)). (vr(v2)) [B] k') [0'7] (2,id))[v>' /2]
= ST (A [B] ((5, k) : 0% x (/T = B)). (vr(v2)) [B] k') [0 1] (v2',id))
— (yr(valve'/x]) [0'7]id
= (yr[x = v2')(v2) [0'F] id

o Let v§ = ys[x — vi].
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o Let v =yp[x— ;2\’]
e Observe that: I'' F ~v§ S 7.
o Instantiating (3) with v§ and 74
o Have: F~4(er) 3922 7' ST (v (v1)) [0/F]id) : 0.
Case e =e; e5:
e Have: ' ey : 0— 0 ~ va.
e Have: TH €| : 0~ vy’
o Have: Fs(e1) 248 97 ' ST (vr(v2)) [(0— o) ]id : 0= 0.
o Have: - s(e}) 248 7 7' ST (yr(v2')) [oF]id : o.
e Have:
v=Aa] (k:0'T—= a). vo [a] (A(x1:(0— ). vo! [&] (A(x2:0).x; [ (x2,k))).
o Must show: - 7s(ey €)) 248 O ST yr(v) [0'T]id : o’
Rewriting the right hand side:
ST yr(A o] (k: o't — ). vo [&] (A(x:(0—0))T).
va! [o] (M(xz2: 7). x1 [ (x2,K)))) [0"] id
=9ST (A o] (k:0'"— ). yp(va) [&] (A(x:(0—0))T).
yr(va’) [o] (N(x2: 07). x1 [& (%2, k)))) [0’ id

=7 STyr(va) [0F] (A(x1 2 (60— 0')F). (beta)
o (v2) [0 (A2 20*). 31 [07F] (xznid))
=9 ST yp(va) [0'7] (A (x1: (0= ')T). (free cont. theorem, beta)

x1 [0 (p(v2) [0] id, id))
ST (yr(v2) [(0— ') Tid) [0'F] (yr(vo’) [o1]id,id)  (free cont. theorem, beta)

ST (yr(v2) [(o— ') T id) [0/ ] (cancellation lemma)
TS (°ST (yr(va') [07]id,id))
= (\x:0. 98T (let z= (TS x) in (beta)

(yr(v2) [(o— o) Tid) [07] (2,id))
(“ST yr(v5) [07] id)

= = I ST yp(vy) [(0— o) ]id °ST v (vo') [oF] id ( operational semantics)
o Have: Fs(er) ys(ef) Z68 °7 9 ST y1(va) [(0— o) 7] id °ST yr(v) [oF] id : o’

=F ys(e1 €}) 39 ' ST yp(v) [0 ]id : ¢ by rewriting.
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Lemma 9.5 (CPS is semantics reflecting)
IfTFe:o~vandl F v 2 1
then = yp(v) jls(’lg AMo] (k:oT— «).let z= (TS s(e)) ink z: o+.

Proof

e Cousider arbitrary ti, T2, R, k1, and ks such that R € Rel[ty, To]
and (kl, kz) ey [[O'+—) 0(]] [(X — (Tl, T2, R)]

e Must show: (yp(v) [T1] ki,let z= (TS “ s(e)) in ko z) € €[] [ — (T1, T2, R)]:
e Proceed by induction on the structure of e:

Case e = true:

e Observe that: v = A[a] (k:bool— «). k true.
e Must show: (k; yr(true),let z = (TS true) in ks z) € € [o] [ — (71, To, R)]:

e Rewriting:
ky yr(true)
=k; true  (subst. on closed term)

e Rewriting:
let z = (TS true) in ks z
=k, true (subst. on closed term; beta)

e Observe that: Related continuations applied to related arguments are related.
Case e = false:

e (Similar to true case)
Case e = if e, then €, else €}:

e Observe that:
v=A[a] (k:oT— «). v [a] A(x:bool).if x then v{’ [«] k else v;” [«] k.
e Have: I' F ey : bool ~ vy.
e Have: T'He): 0~ vy’
o Have: T'Fef) : 0~ vy”.
(1) Have: F y7(vy) jls"% A o] (k:bool— ). let z = (TS 75(ez)) in k z : bool ™.
) Have: F4r(vi’) 268 AMo] (k:ot— a).let z = (TS ys(eh)) ink z: 0.
o Have: Fypvy” 399 A (o] (k:ot— a).let z= (TS ys(ey)) ink z: 0.
e Must show:
(yr(v1) [t1] A[x] (bool:if x then yr(v1’) [t1] k1 else yr(v1”) [t1] k1).,
let z = (TS % if vs(ea) then ys(eh) else vs(ef)) in ) € €[] [ — (71, T2, R)]:
e Rewriting:
~yr(v1) [t1] (A(x:bool). )
if x then vyr(vy’) [t1] k1 else yr(vi”) [t1] k1
= (A(x:bool). (free cont. theorem)
if x then v (v1’) [t1] k1 else yp(v1”) [T1] k1)
(yr(v1) [bool] id)
e Have: (yr(vy) [bool] id, let z = (TS y5(e)) in id z) € &£ [bool] § by (1).
e Consider arbitrary v{ such that yp(v,) [bool] id —s* v/,

Proceed by cases of V{Z
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Case V‘]f = true:

(3) Have: yg(e2) —™ true by operational semantics.
e Rewriting:
~yr(v1) [T1] (A(x:bool).
if x then yp(vy’) [t1] k1 else yr(v1”) [t1] k1)
= yp(ve') [T1] ke (operational semantics)

e Rewriting:

let z = (TS if vs(ea) then yg(eh) else vs(ef)) in ko z
=let z= (TS vs(e})) in ko 2 (operational semantics; (3))
A lo] (k:ot— ). let z= (TS “vs(eh)) in k z) [12] ko (beta)

e (By (2), these are related as required.)
Case V‘]f = false:
e (Similar to true case)
Case e =x:
e Observe that: v=A[a] (k:0"— «).k x.
e Must show: (k1 (yr(x)), TS “vs(x)) € €[] [ — (71,72, R)]:
e Observe that: vs(x) is a value of type o.
(4) Have: 3v;.7S ° y5(x) — v by operational semantics.
(5) Have: (°ST y1(x),7vs(x)) € €[o] [&¢ — (71, T2, R)] from T' F vg 2 ~r.
e Have: (yr(x),vi) € V[o1] [+ (T1,7T2, R)] from (5), (4) and cancellation lemma.
e Must show: (k1 (yr(x)), k2 vo') € €[] [ — (71,72, R)]:
e Observe that: Related continuations applied to related arguments are related.
Case e = \x:0.ey:

e Observe that:
v=Ala] (k: (0= )= ).k A[B] ((x,K'): 0" x (/T = B)).vi [B] K).
o LetIV=T,x:o0.
e Have: IV F ey : 0/ ~ vy.
(6) Have:
V6l g 2o
implies F 4(v1) lequ Ao (k: o't — ). let z = (TS o vi(e2)) inkz: o™ .
e Must show:
(ki (A[B] ((x,K') 0% x (/7= B)). yr(v1) [B] K),
let z=(TS°7 % Ax:0.75(e2)) in ka t2) € €[] [ — (71, T2, R)]
e Rewriting:
let z=(TS°7° Mx:0.795(e2)) in ks ¢z
=k A [B] ((x,k):0F x (¢/T— B)). (beta)
let z=(7T8° (Mx:0.79s(e)) (°ST x)) in k z)
e Consider arbitrary t/, 15, R’ such that R" € Rel[T, T}].

e Consider arbitrary vy, vi/ , Va2, and vo such that
((vi,v1"),(v2,v2')) eV [[UJF x (0" — B)]] [ = (T1,7T2, R), B — (T}, 75, R')].

e Have: 3v}.98T v5 — v} by operational semantics.
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e Have: (vi,78°v]) € V[ot] [ex — (11,75, R)] by cancellation lemma.
e Must show: e
(yr[x = vil(v1) T3] v/, -
let z = (TS (Ax:0.75(e)) (°ST V) in vo/ 2)
e V[B] [x— (t1,T2, R), B — (T}, 75, R)]:
e Rewriting: -
let z= (TS (Ax:0.75(e)) (ST V3)) in vy z
=let z = (TS ~s[x — 3] (e)) in vo' z (operational semantics)
=Alo] (k: o' — ). (beta)
let z = (TS ys[x — 3] (e)) in k z [14] v/
e Must show: e
(yr[x = vil(va) T3] v/, -
(Ao (k: o't x). let z = (TS q5]x = V2](e)) in k z) [14] vo')
e V[B] [x— (T1,T2, R), B (T}, 75, R)]:
e Observe that: IV F ~g[x — va] 2 yr[x — vi].

e (This follows from (6).)
Case e = ey €l

e Observe that:
v=2A[a] (k: 0t — ). vy [&] (A(x1:(0—0)T). vy’ [a] (A(x2:07). %1 [ (x2,k))).
o Have: 'Fey: 0—= 0"~ vy.
e Have: T'H e} : 0~ vy'.
(7) Have:
(yr(v1),A o] (k:(0—0)T— ). let z= (TS ys(e)) ink z) € V [[(o—> c')+]] 0.

(8) Have: (yr(vi’),A[&] (k:0T— ). let z= (TS vs(eh)) ink z) € V[o™] 0.
e Must show:
(yr(vi) [T1] (A(x1 2 (0= o)) rn(vi’) [11] (M(x2: 0h). x1 [11] (x2, k1)),
let z = (TS ~s(e2) ys(ey)) in ko z) € €[] [ — (T1,7T2, R)]:
e Rewriting the left-hand side:
yr(vi) [t1] (AM(xi: (0= o) ).
yr(vi’) [T1] (A(x2:0%).x; [11] (x2,k1)))

= A (x1: (0= ) ") yp(vy’) [11] (free cont. theorem)
(A(xz:07). %1 [11] (x2, k1)) (yr(v1) [(0— ") id)

=y1(v1’) [t1] (AM(x2:07).) (beta)
(vr(v1) [(o= o) "Tid) [11] (%2, k1)

= (A(x2:0%). (yp(v1) [(0— 0/)F]id) [t1] k1) (free cont. theorem)
(vr(v1’) [07]id)

= (yr(v1) [(o— o) ]id) [t1] (vz(e1) [(0— o) T id, ki) (beta)

e Rewriting the right-hand side:
let z = (TS yg(e2) 1s(e})) in ks z
=let z = (TS ~s(e2) (°ST (TS % s(e})))) in ks z (cancellation lemma)
= (A [o] ((x,k): 0t x (/T —= a)).

let z = (TS ~g(ez) (°ST x)) in k z) (beta)
(75 5 e}). ko)
= (TS ys(e2)) [T2] (TS ys(es’), ka) (operational semantics)
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e Now we will show:
(11(v1) [(0- 0") 114, TS °= “ s(e2) € € [ (03 0') [ [ > (1,72, R

e Rewriting:
TS o— O 'YS <e2)
= (A o] (k: (0= o) = ). (beta)
let z= (TS % yg(ey)) in k 2) [(0— o) 7] id
e (This follows from (7).)
e Now we will show: (yp(vi’) [01]id, TS vs(er’)) € E[ot] [ — (T1,7T2, R)]:
e Rewriting:
TS % ys(es’)
= (Ao (k:ot— ). let z= (TS s(ey)) in k z) [oF] id  (beta)
e (This follows from (8).)

e (This follows from the definition of V[V [].-— ] -)

The following is a corollary of semantics preservation and reflection. Notice that by boundary cancellation,
the conclusion is equivalent to + 7S (ys(e)) ~&% (yr (v) [0F]id) : ot. (This explains why we call it
“translation is equivalent to embedding.”)

Corollary 9.6 (Translation is Equivalent to Embedding)
LetT'Fe:o0~vandl F g ~ ~p.
Then +s(e) ~&2 ST (yr (v) [o1]id) : o.

Proof

Immediate from Lemmas 9.4 (CPS is semantics preserving), 9.5 (CPS is semantics reflecting), and 9.1
(boundary cancellation). O

Theorem 9.7 (Translation Preserves Equivalence in \5T)
Let eq and ey be \S terms.
IfTFe 3 e :0,TFe :0~vy, and T Fey: 0~ vy, then TH vy 389 vy i 07

Proof

o (Follows from Lemma 9.4, Lemma 9.5, and transitivity of - jéoq‘i ).
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10 Part (1): Equivalence in \° Implies Equivalence in \5'

Lemma 10.1 (AT term of type o/0% to equivalent \5 term)
LetTu=- |I,x:0|y:0"

1. Ifs;TkFe:o -
then Je e XS. T ke:0—» e A 5T e[(T4 TST ™) y)/y] = loge c.

2. IfT'Fe:of -
then Je € AS. sTHFT e: 0t = e A T F oST (e[(TST W y)/y]) lsolge 0.

Proof

The proof is relatively straightforward. (1) and (2) are proved by simultaneous induction since the o
and o translation rules are mutually dependent. We then proceed by induction on the length of the
reduction sequence for e, nested induction on the type o, and innermost induction on the structure of
the term e.

Proving all the cases for (1) is especially straightforward: the results follow trivially or from the
induction hypotheses.

Some of the cases for (2) are a bit more involved.

When e = true and when e = false, the proof is immediate from the reduction rules for *°°'S7 - and
TS bool .

When e = if v then e; else ey, the proof simply follows from the induction hypotheses.

When e =y, we need to make use of the boundary cancellation lemma.

When e is a lambda term, the proof follows easily from the reduction rule for °*= °2§7T - together with
the induction hypothesis.

When projecting from a pair, the proof follows easily from the induction hypothesis after applying a
single reduction step to e.

The case for application, where the function being applied is not of translation type, also follows easily
from the induction hypothesis after applying a single reduction step to e.

The case for application where the function being applied is of translation type requires use of the
continuation shuffling free theorem together with the induction hypotheses. O

Theorem 10.2 (Ciu-equiv in \° implies ciu-equiv in A\ST)
IfT e 35" ey: 0 then ;T e 35 ex: 0.

Proof

Suppose E : (+;-F 0= (+;- - bool), and g : I and E[ys(e1)] | v where v : bool. Show: E[vyst(e2)] 4 v.
We back-translate E (or, to be precise, Ax: 0. E[x]) and v to eg and 7s. By Lemma 10.1 these are
equivalent to the original £ and ~s. Hence, E[ysi(e1)] ~&% er(vs(e1)) : bool. Hence, the latter
evaluates to v. Now, we instantate the premise with eg (after morphing it into a valid evaluation
context), and 5. Hence, ep(7s(e2)) evaluates to v. Since eg(ys(e2)) ~§5¥ Elvst(e2)] : bool, the latter
evaluates to v. O
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Note that contextual approximation implies ciu approximation in \5:

Lemma 10.3
IfThe 3§ ey: 0 thenT ey 3§ er: 0.

Proof

Straightforward. Follows from the fact that 2§ is a congruence, and the fact that every evaluation
context F is a program context.
See [3] Section E.3 (page 161) for details. O

Our desired lemma now easily follows:

Theorem 10.4 (Equivalence in A5 implies equivalence in \5T)
IfTHe; 35" ex: 0 then sTHey Z5E ex: 0.

Proof

Immediate from Lemmas 10.2, 10.3, and the fact that 3§% implies 3§% (which in turn follows from
Lemmas 8.26 and 8.22). O
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11 Part (3): Equivalence in AT Implies Equivalence in \*

For the final (bottom) layer of our proof of equivalence preservation, we must show that if ;T'" F v ~&E

vo: 0+ then It v,y m%” vy : 0. The latter is immediate from the following more general lemma.

Lemma 11.1 (Equivalence in AT implies equivalence in \T)
Let e; and es be AT terms.
IfFATHe 388 er:t then AT e 3% esy: T

Proof

The proof is straightforward, intuitively, because AT contexts are a subset of AST contexts.

Given an arbitrary AT context C of the appropriate type, we must show that if Cle;] evaluates to v
(which will be of type bool) then so does Cleq].

We can instantiate the premise with the context *°°'ST [C[]].

The rest easily follows from the fact that there is a one-to-one correspondence between the evaluation of
a AT expression in AST and in AT, and from noting that the reduction rule for *°°'S7 - simply converts
true to true and false to false. O

12 CPS Translation is Equivalence Preserving

Theorem 12.1 (CPS Translation is Equivalence Preserving)
IfTre:o~v, They:0~vo, and T e 3§ eyt 0, then 5T F vy 3§ vy i 0™,

Proof
Immediate from Lemmas 10.4 (part 1), 9.7 (part 2), and 11.1 (part 3). O
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13 CPS Translation is Equivalence Reflecting

Equivalence reflection is a direct consequence of semantics preservation. Semantics preservation states that
source programs (closed A5 terms of base type, i.e., bool) and their translations in AT behave analogously:

Lemma 13.1 (Semantics preservation)
Let - F e : bool ~ v. Ife —* true then v [bool]id —* true and if e —™ false then v [bool]id —* false.

Proof

Immediate from Lemma 9.6. ]

The next observation we need concerns the structural behavior of the CPS translation:

Lemma 13.2 (Context translation)
Let T'F Cley] : 0 and T' + Cles] : 0. Then there exist C, vy, vy such that T+ Cley] : 0 ~ C[vy] and
'k C[eg] L0~ C[VQ}.

Proof

By induction on the structure of C, using the definition of the CPS translation relation. O

Equivalence reflection now follows almost immediately from Lemmas 13.1 and 13.2:

Theorem 13.3 (Equivalence reflection)
LetT'hFej:0~viandThey: o~ vo. If s TT F vy &5 vy 07 then 'k e §% ey : 0.

Proof

By contradiction: Suppose the conclusion does not hold, which means there exist some C such that
-+ Cle1] : bool and - + Cles] : bool where (w.l.o.g.) Cle;] —* true while Cleg] —* false. By
Lemma 13.2 there must exist a C such that - - Cleq] : bool ~ C[v;] and - I Cles] : bool ~ C[vs]. At
this point Lemma 13.1 tells us that (C[vy]) [bool] id —* true while (C]vs]) [bool] id —* false.
Thus, (C[]) [bool] id is a context that discriminates between v, and vo, which is a contradiction. [
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