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Language Interoperability and Compiler Correctness

Thesis: The key problem in compiler correctness is modelling language interoperability. 

If we start from an interoperability semantics, we can derive a correct compiler.

In particular, model interoperability as a confluent multi-language operational semantics, 
and derive compilation from normalization.



When is a compiler correct, and 
why interoperability is key



Compiler Correctness 101

1. If e runs to v in the source
2. And1 e translates to m
3. And1 v translates to u
4. Then m runs to u in the target

e v

um

Compiles 
to

Runs to

1 Correctness theorem could instead guarantee, rather than require, any valid term actually compiles.
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1. If e linked with e’ runs to v in the 
source

2. And1 e translates to m
3. And1 e’ translates to m’
4. And1 v translates to u
5. Then m linked with m’ runs to u in the 
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1 Correctness theorem could instead guarantee, rather than require, any valid term actually compiles.

Compiler Correctness 201:  
Separate Compilation
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Compiler Correctness 201:  
Separate Compilation

Can only link with components in the 
same language, compiled through the 
same compiler.

No guarantees with

● Multiple implementations (gcc/
clang)

● Handwritten target code
● Binary-only libraries
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Compiler Correctness 701:  
Compositional Compilation
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1. If e linked with f runs to v in the 
source

2. And1 e translates to m
3. Then m linked with f runs to u in the 

target

Crucially, f can be a component in either 
the source or target1.

1 Or, more generally, an abstract language-independent specification of behaviour realized by a concrete 
implementation in (probably) the target language

m



Compositional Compilation is the Goal

Allows the most liberal definition of linking. No requirements on how “foreign” component f was 
produced; only that it’s implementation satisfies the spec expected by “your” component e.

Would allow us to prove a compiler correct that provide guarantees when linking with

● Output from multiple implementations (gcc/clang)
● Handwritten target code
● Binary-only libraries



How do we model linking with
● Output from multiple implementations (gcc/clang)
● Handwritten target code
● Binary-only libraries



An operational view of interoperability



Suppose we have 2 languages, S and T, 
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Multi-Language Operational Semantics

e ->s e’ m ->t m’

if false e1 e2 ->s e2 if 0 m1 m2 ->t m2
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Suppose we have 2 languages, S and T, 
with operational semantics: 
 
And we want them to be able to 
interoperate arbitrarily. 
 
Suffices to define how to move between 
languages “at the boundaries”, and 
otherwise reuse the other semantics. 
 

Multi-Language Operational Semantics

e ->s e’ m ->t m’

if false e1 e2 ->s e2 if 0 m1 m2 ->t m2

p

p ::= e | m  
 

m ::= …. | TS(e)  
e ::= …. | ST(m)

p -> p’

TS(false) -> 0  
ST(0) -> false

p ->s p  
----------  
p -> p’

p ->t p  
----------  
p -> p’Observation: 

What is this if not a compiler?

if 0 e1 e2   p∈

if ST(0) e1 e2   p,e∈



Multi-Language Semantics in Compilation⌧ ::= · · · | Lh⌧ i
t ::= · · · | ⌧FC e

v ::= · · · | Lh⌧iFCv
E ::= · · · | ⌧FC E

⌧ ::= · · · | d↵e
t ::= · · · | CF⌧ e
v ::= · · ·
E ::= · · · | CF⌧E

⌧ ::= ⌧ | ⌧
e ::= e | e
v ::= v | v
E ::= E | E

� ::= · | �,↵ | �,↵
� ::= · | �, x : ⌧ | �,x: ⌧

⌧hCi Boundary Type Translation

8[↵].(⌧)! ⌧ 0hCi = 9�.h
⇣
8[↵].(�, ⌧hCi[↵/d↵e])! ⌧ 0hCi[↵/d↵e]

⌘
,�i

↵hCi = d↵e unithCi = unit inthCi = int 9↵.⌧hCi = 9↵.(⌧hCi[↵/d↵e])
µ↵.⌧hCi = µ↵.(⌧hCi[↵/d↵e]) h⌧ihCi = h⌧hCii Lh⌧ ihCi = ⌧

Type Substitution: d↵e[⌧/↵] = ⌧hCi

�;� ` e : ⌧ Include F and C rules, with environments replaced by �;�

�;� ` e : ⌧hCi

�;� ` ⌧FC e : ⌧

�;� ` e : ⌧

�;� ` CF⌧ e : ⌧hCi

CF⌧ (v) = v Value Translation CFunit(()) = () CFint(n) = n CFLh⌧i(Lh⌧iFCv) = v

CF8[↵].(⌧)! ⌧ 0
(v) = packhunit,hv, ()ii as (8[↵].(⌧)! ⌧ 0)hCi

where v = �[↵](z : unit, x: ⌧hCi[↵/d↵e]).CF⌧ 0[Lh↵i/↵](v [Lh↵i] ⌧ [Lh↵i/↵]FCx)
CF9↵.⌧ (packh⌧ 0,vi as 9↵.⌧) = packh⌧ 0hCi,vi as 9↵.⌧hCi where CF⌧ [⌧ 0/↵](v) = v

CFµ↵.⌧ (foldµ↵.⌧v) = foldµ↵.⌧hCiv where CF⌧ [µ↵.⌧/↵](v) = v

CFh⌧1, . . . , ⌧ni(hv1, . . . , vni) = hv1, . . . , vni where CF⌧i(vi) = vi

⌧FC(v) = v Value Translation unitFC(()) = () intFC(n) = n Lh⌧iFC(v) = Lh⌧iFCv
8[↵].(⌧)! ⌧ 0

FC(v) = �[↵](x : ⌧).⌧
0
FC(unpack h�, yi = v in ⇡1(y) [d↵e]⇡2(y), CF⌧ x)

9↵.⌧FC(packh⌧ 0,vi as 9↵.⌧hCi) = packhLh⌧ 0i,vi as 9↵.⌧ where ⌧ [Lh⌧ 0i/↵]FC(v) = v
µ↵.⌧FC(foldµ↵.⌧hCi v) = foldµ↵.⌧ v where ⌧ [µ↵.⌧/↵]FC(v) = v

h⌧1, . . . , ⌧niFC(hv1, . . . , vni) = hv1, . . . , vni where ⌧iFC(vi) = vi

e 7�! e0 Include F and C rules, replacing eval. contexts E, E with E.
CF⌧ (v) = v

E[CF⌧ v] 7�! E[v]

⌧FC(v) = v ⌧ 6= Lh⌧ i
E[⌧FCv] 7�! E[v]

Fig. 3. FC multi-language system (extends F and C from Figure 1)

The syntax of FC simply combines the syntax of F with that of C, and adds bound-
aries, lumps, and suspensions. The type judgment combines the type rules for F and
C, but with the environments replaced by environments that can contain variables from
both languages. We also add rules to typecheck boundary terms.

The cases of the value translations we have not yet covered mostly proceed by struc-
tural recursion, but note that the cases for existential types need to make use of lumps
and suspensions (the suspensions are introduced by the boundary type translation) in
ways that are dual to the function cases.

The reduction relation combines the reduction rules from F and C and adds rules for
boundaries. The boundary reduction rules use the value translations to produce a value
in the other language.

⌧C Type Translation
↵C = ↵ unitC = unit intC = int 8[↵].(⌧)! ⌧ 0C = 9�.h(8[↵].(�, ⌧C)! ⌧ 0C),�i

9↵.⌧C = 9↵.⌧C µ↵.⌧C = µ↵.⌧C h⌧1, . . . , ⌧niC = h⌧1C, . . . , ⌧nCi

�; � ` e : ⌧  e Compiler (implies �C; �C ` e : ⌧C)
x : ⌧ 2 �

�; � ` x : ⌧  x �; � ` () : unit () �; � ` n : int n

y1, . . . , ym = fv(�[↵](x : ⌧).t) �1, . . . ,�k = ftv(�[↵](x : ⌧).t)

�,↵; �, x : ⌧ ` t : ⌧ 0  t ⌧env = h(�(y1))C, . . . , (�(ym))Ci
v = �[�,↵](z : ⌧env, x: ⌧C).(t[⇡1(z)/y1] · · · [⇡m(z)/ym])

�; � ` �[↵](x : ⌧).t : 8[↵].(⌧)! ⌧ 0  
packh⌧env,hv[�], hyiii as 9↵0.h(8[↵].(↵0, ⌧C)! ⌧ 0C),↵0i

�; � ` t0 : 8[↵].(⌧1)! ⌧2  t0 � ` ⌧ �; � ` t : ⌧1[⌧/↵] t

�; � ` t0 [⌧ ] t : ⌧2[⌧/↵] unpack h�, zi = t0 in ⇡1(z) [⌧C]⇡2(z), t

⌧A Type Translation

↵A = ↵ unitA = unit intA = int 8[↵].(⌧)! ⌧ 0A = box 8[↵].(⌧A)! ⌧ 0A

9↵.⌧A = 9↵.⌧A µ↵.⌧A = µ↵.⌧A h⌧1, . . . , ⌧niA = box h(⌧1A), . . . (⌧n
A)i

�;� ` e : ⌧  (t,H : ) Compiler (implies · ` H : , and ·;�A;�A ` (t,H) : ⌧A)

x: ⌧ 2 �

�;� ` x : ⌧  (x, · : ·) �;� ` () :unit ((), · : ·)
· · ·

↵;x: ⌧ ` t : ⌧ 0  (t,H : )

�;� ` �[↵](x : ⌧).t :8[↵].(⌧)! ⌧ 0  
(`, (H, ` 7! �[↵](x : ⌧A).t) : ( , ` : box8[↵].(⌧A)! ⌧ 0A))

�;� ` t1 : ⌧1  (t1,H1 : 1) · · · �;� ` tn : ⌧n  (tn,Hn : n)

�;� ` ht1, . . . , tni : h⌧1, . . . , ⌧ni 
(balloc ht1, . . . , tni, (H1, . . . ,Hn) : ( 1, . . . , n))

Fig. 2. Compiler from F to C (top) and from C to A (bottom)

language system embeds the languages F and C so that both languages have natural
access to foreign values (i.e., values from the other language). In particular, we want
F components of type ⌧ to be usable as C components of type ⌧C , and vice versa. To
allow cross-language communication, FC extends the original F and C with syntactic
boundaries, written ⌧FC e (C inside, F outside) and CF⌧e (F inside, C outside).

The interesting cases in the semantics of boundaries are those that handle universal
and existential types. These must be defined carefully to ensure that type abstraction
is not broken as values pass between languages. First, though, we explain the general
principles of our boundary semantics by looking at the cases for simple types and their
translations.

Compiler:

Interoperability 
Semantics:

Perconti, J. T. & Ahmed, A.  
Verifying an Open Compiler Using Multi-language Semantics (ESOP), 2014
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language system embeds the languages F and C so that both languages have natural
access to foreign values (i.e., values from the other language). In particular, we want
F components of type ⌧ to be usable as C components of type ⌧C , and vice versa. To
allow cross-language communication, FC extends the original F and C with syntactic
boundaries, written ⌧FC e (C inside, F outside) and CF⌧e (F inside, C outside).
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principles of our boundary semantics by looking at the cases for simple types and their
translations.
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language system embeds the languages F and C so that both languages have natural
access to foreign values (i.e., values from the other language). In particular, we want
F components of type ⌧ to be usable as C components of type ⌧C , and vice versa. To
allow cross-language communication, FC extends the original F and C with syntactic
boundaries, written ⌧FC e (C inside, F outside) and CF⌧e (F inside, C outside).

The interesting cases in the semantics of boundaries are those that handle universal
and existential types. These must be defined carefully to ensure that type abstraction
is not broken as values pass between languages. First, though, we explain the general
principles of our boundary semantics by looking at the cases for simple types and their
translations.
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language system embeds the languages F and C so that both languages have natural
access to foreign values (i.e., values from the other language). In particular, we want
F components of type ⌧ to be usable as C components of type ⌧C , and vice versa. To
allow cross-language communication, FC extends the original F and C with syntactic
boundaries, written ⌧FC e (C inside, F outside) and CF⌧e (F inside, C outside).

The interesting cases in the semantics of boundaries are those that handle universal
and existential types. These must be defined carefully to ensure that type abstraction
is not broken as values pass between languages. First, though, we explain the general
principles of our boundary semantics by looking at the cases for simple types and their
translations.
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language system embeds the languages F and C so that both languages have natural
access to foreign values (i.e., values from the other language). In particular, we want
F components of type ⌧ to be usable as C components of type ⌧C , and vice versa. To
allow cross-language communication, FC extends the original F and C with syntactic
boundaries, written ⌧FC e (C inside, F outside) and CF⌧e (F inside, C outside).

The interesting cases in the semantics of boundaries are those that handle universal
and existential types. These must be defined carefully to ensure that type abstraction
is not broken as values pass between languages. First, though, we explain the general
principles of our boundary semantics by looking at the cases for simple types and their
translations.
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language system embeds the languages F and C so that both languages have natural
access to foreign values (i.e., values from the other language). In particular, we want
F components of type ⌧ to be usable as C components of type ⌧C , and vice versa. To
allow cross-language communication, FC extends the original F and C with syntactic
boundaries, written ⌧FC e (C inside, F outside) and CF⌧e (F inside, C outside).

The interesting cases in the semantics of boundaries are those that handle universal
and existential types. These must be defined carefully to ensure that type abstraction
is not broken as values pass between languages. First, though, we explain the general
principles of our boundary semantics by looking at the cases for simple types and their
translations.
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Fig. 3. FC multi-language system (extends F and C from Figure 1)

The syntax of FC simply combines the syntax of F with that of C, and adds bound-
aries, lumps, and suspensions. The type judgment combines the type rules for F and
C, but with the environments replaced by environments that can contain variables from
both languages. We also add rules to typecheck boundary terms.

The cases of the value translations we have not yet covered mostly proceed by struc-
tural recursion, but note that the cases for existential types need to make use of lumps
and suspensions (the suspensions are introduced by the boundary type translation) in
ways that are dual to the function cases.

The reduction relation combines the reduction rules from F and C and adds rules for
boundaries. The boundary reduction rules use the value translations to produce a value
in the other language.
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language system embeds the languages F and C so that both languages have natural
access to foreign values (i.e., values from the other language). In particular, we want
F components of type ⌧ to be usable as C components of type ⌧C , and vice versa. To
allow cross-language communication, FC extends the original F and C with syntactic
boundaries, written ⌧FC e (C inside, F outside) and CF⌧e (F inside, C outside).

The interesting cases in the semantics of boundaries are those that handle universal
and existential types. These must be defined carefully to ensure that type abstraction
is not broken as values pass between languages. First, though, we explain the general
principles of our boundary semantics by looking at the cases for simple types and their
translations.
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language system embeds the languages F and C so that both languages have natural
access to foreign values (i.e., values from the other language). In particular, we want
F components of type ⌧ to be usable as C components of type ⌧C , and vice versa. To
allow cross-language communication, FC extends the original F and C with syntactic
boundaries, written ⌧FC e (C inside, F outside) and CF⌧e (F inside, C outside).

The interesting cases in the semantics of boundaries are those that handle universal
and existential types. These must be defined carefully to ensure that type abstraction
is not broken as values pass between languages. First, though, we explain the general
principles of our boundary semantics by looking at the cases for simple types and their
translations.
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F components of type ⌧ to be usable as C components of type ⌧C , and vice versa. To
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language system embeds the languages F and C so that both languages have natural
access to foreign values (i.e., values from the other language). In particular, we want
F components of type ⌧ to be usable as C components of type ⌧C , and vice versa. To
allow cross-language communication, FC extends the original F and C with syntactic
boundaries, written ⌧FC e (C inside, F outside) and CF⌧e (F inside, C outside).

The interesting cases in the semantics of boundaries are those that handle universal
and existential types. These must be defined carefully to ensure that type abstraction
is not broken as values pass between languages. First, though, we explain the general
principles of our boundary semantics by looking at the cases for simple types and their
translations.
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language system embeds the languages F and C so that both languages have natural
access to foreign values (i.e., values from the other language). In particular, we want
F components of type ⌧ to be usable as C components of type ⌧C , and vice versa. To
allow cross-language communication, FC extends the original F and C with syntactic
boundaries, written ⌧FC e (C inside, F outside) and CF⌧e (F inside, C outside).

The interesting cases in the semantics of boundaries are those that handle universal
and existential types. These must be defined carefully to ensure that type abstraction
is not broken as values pass between languages. First, though, we explain the general
principles of our boundary semantics by looking at the cases for simple types and their
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language system embeds the languages F and C so that both languages have natural
access to foreign values (i.e., values from the other language). In particular, we want
F components of type ⌧ to be usable as C components of type ⌧C , and vice versa. To
allow cross-language communication, FC extends the original F and C with syntactic
boundaries, written ⌧FC e (C inside, F outside) and CF⌧e (F inside, C outside).

The interesting cases in the semantics of boundaries are those that handle universal
and existential types. These must be defined carefully to ensure that type abstraction
is not broken as values pass between languages. First, though, we explain the general
principles of our boundary semantics by looking at the cases for simple types and their
translations.
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⌧ ::= · · · | Lh⌧ i
t ::= · · · | ⌧FC e

v ::= · · · | Lh⌧iFCv
E ::= · · · | ⌧FC E

⌧ ::= · · · | d↵e
t ::= · · · | CF⌧ e
v ::= · · ·
E ::= · · · | CF⌧E

⌧ ::= ⌧ | ⌧
e ::= e | e
v ::= v | v
E ::= E | E

� ::= · | �,↵ | �,↵
� ::= · | �, x : ⌧ | �,x: ⌧
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8[↵].(⌧)! ⌧ 0hCi = 9�.h
⇣
8[↵].(�, ⌧hCi[↵/d↵e])! ⌧ 0hCi[↵/d↵e]

⌘
,�i

↵hCi = d↵e unithCi = unit inthCi = int 9↵.⌧hCi = 9↵.(⌧hCi[↵/d↵e])
µ↵.⌧hCi = µ↵.(⌧hCi[↵/d↵e]) h⌧ihCi = h⌧hCii Lh⌧ ihCi = ⌧

Type Substitution: d↵e[⌧/↵] = ⌧hCi

�;� ` e : ⌧ Include F and C rules, with environments replaced by �;�

�;� ` e : ⌧hCi

�;� ` ⌧FC e : ⌧

�;� ` e : ⌧

�;� ` CF⌧ e : ⌧hCi

CF⌧ (v) = v Value Translation CFunit(()) = () CFint(n) = n CFLh⌧i(Lh⌧iFCv) = v

CF8[↵].(⌧)! ⌧ 0
(v) = packhunit,hv, ()ii as (8[↵].(⌧)! ⌧ 0)hCi

where v = �[↵](z : unit, x: ⌧hCi[↵/d↵e]).CF⌧ 0[Lh↵i/↵](v [Lh↵i] ⌧ [Lh↵i/↵]FCx)
CF9↵.⌧ (packh⌧ 0,vi as 9↵.⌧) = packh⌧ 0hCi,vi as 9↵.⌧hCi where CF⌧ [⌧ 0/↵](v) = v

CFµ↵.⌧ (foldµ↵.⌧v) = foldµ↵.⌧hCiv where CF⌧ [µ↵.⌧/↵](v) = v

CFh⌧1, . . . , ⌧ni(hv1, . . . , vni) = hv1, . . . , vni where CF⌧i(vi) = vi

⌧FC(v) = v Value Translation unitFC(()) = () intFC(n) = n Lh⌧iFC(v) = Lh⌧iFCv
8[↵].(⌧)! ⌧ 0

FC(v) = �[↵](x : ⌧).⌧
0
FC(unpack h�, yi = v in ⇡1(y) [d↵e]⇡2(y), CF⌧ x)

9↵.⌧FC(packh⌧ 0,vi as 9↵.⌧hCi) = packhLh⌧ 0i,vi as 9↵.⌧ where ⌧ [Lh⌧ 0i/↵]FC(v) = v
µ↵.⌧FC(foldµ↵.⌧hCi v) = foldµ↵.⌧ v where ⌧ [µ↵.⌧/↵]FC(v) = v

h⌧1, . . . , ⌧niFC(hv1, . . . , vni) = hv1, . . . , vni where ⌧iFC(vi) = vi

e 7�! e0 Include F and C rules, replacing eval. contexts E, E with E.
CF⌧ (v) = v

E[CF⌧ v] 7�! E[v]

⌧FC(v) = v ⌧ 6= Lh⌧ i
E[⌧FCv] 7�! E[v]

Fig. 3. FC multi-language system (extends F and C from Figure 1)

The syntax of FC simply combines the syntax of F with that of C, and adds bound-
aries, lumps, and suspensions. The type judgment combines the type rules for F and
C, but with the environments replaced by environments that can contain variables from
both languages. We also add rules to typecheck boundary terms.

The cases of the value translations we have not yet covered mostly proceed by struc-
tural recursion, but note that the cases for existential types need to make use of lumps
and suspensions (the suspensions are introduced by the boundary type translation) in
ways that are dual to the function cases.

The reduction relation combines the reduction rules from F and C and adds rules for
boundaries. The boundary reduction rules use the value translations to produce a value
in the other language.

Compiler:
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case compiler:
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Start from multi-language semantic,
Derive the compiler!

p -> p’

TS(false) -> 0  
ST(0) -> false

Generalize source to target reductions from: 
- closed values 
+ to all, open terms…

p ->s p  
----------  
p -> p’

p ->t p  
----------  
p -> p’

Key Idea:



Start from multi-language semantic,
Derive the compiler!

p -> p’

TS(false) -> 0  
ST(0) -> false

p ->s p  
----------  
p -> p’

p ->t p  
----------  
p -> p’

Generalize source to target reductions from: 
- closed values 
+ to all, open terms… 
+ pick a reduction strategy 
= compiler

Key Idea:



Start from multi-language semantic,
Derive the compilerS!

p -> p’

TS(false) -> 0  
ST(0) -> false

p ->s p  
----------  
p -> p’

p ->t p  
----------  
p -> p’

Full normalization of all TS redexes  
= AOT compilation. 
 
CBV in the multi-language 
= JIT compilation (ish).

Key Idea:



ANF Translation as Multi-Language Semantics

Thesis: If we start from an interoperability semantics, we can derive a correct compiler.
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ANF Translation as Multi-Language Semantics

e ->s e’ m ->t m’

1. Start with source/target reductions
2. Create multi-language
3. Show A-reductions: small-step 

reductions from source to target
4. Create multi-language reductions
5. Derive compilers
6. Prove stuff

Thesis: If we start from an interoperability semantics, we can derive a correct compiler.

e ->a m

p
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m ::= …. | TS(e)  
e ::= …. | ST(m)
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Even without boundaries
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(�x.M) V ! M [x := V ]
...

(let ([x V ] ...) M) ! M [x := V ...]

e !a e

M !a SA(M) [A-normal]

E[(let ([x e] ...) e2] !a SA(let ([x AS(e)] ...) AS(E[e2])) [A-merge-let]

E[(begin e1 ... e2] !a SA(begin AS(e1) ... AS(E[e2])) [A-merge-begin]

E[N ] !a SA(let ([x N ]) AS(E[x])) [A-lift]
where E is not an “N accepting target context”
and N is not a V

...

1

[1] Flanagan, C.; Sabry, A.; Duba, B. F. & Felleisen, M.  
The Essence of Compiling with Continuations (PLDI), 1993.

A reductions



A reductions

e ::= x | (�x.e) | (e e) | (set! x e) | (let ([x e] ...) e) | (begin e ...) | ....
| SA(M)

V ::= x | (�x.M) | true | false | ....
AS(e)

N ::= V | (V V ) | (set! x V ) | ....
AS(e)

M ::= N | (let ([x N ] ...) M) | (begin N ... M) | (if V M M) | ....
AS(e)

v ::= (�x.e) | true | ....
E ::= [·] | E e | v E | ....

(�x.e) e0 ! e[x := e0]
...

e ! e0

E[e] ! E[e0]

(�x.e) v ! e[x := v]
...

e ! e0

E[e] ! E[e0]

E ::= [·] | (let([x V ] ...[x [·]][x N ] ...) M)

(�x.M) V ! M [x := V ]
...

(let ([x V ] ...) M) ! M [x := V ...]

e !a e

M !a SA(M) [A-normal]

E[(let ([x e] ...) e2] !a SA(let ([x AS(e)] ...) AS(E[e2])) [A-merge-let]

E[(begin e1 ... e2] !a SA(begin AS(e1) ... AS(E[e2])) [A-merge-begin]

E[N ] !a SA(let ([x N ]) AS(E[x])) [A-lift]
where E is not an “N accepting target context”
and N is not a V

...

1

[1] Flanagan, C.; Sabry, A.; Duba, B. F. & Felleisen, M.  
The Essence of Compiling with Continuations (PLDI), 1993.

(let ([x [ ⋅ ]) M )

Example N accepting context:



e ::= x | (�x.e) | (e e) | (set! x e) | (let ([x e] ...) e) | (begin e ...) | ....
| SA(M)

V ::= x | (�x.M) | true | false | ....
AS(e)

N ::= V | (V V ) | (set! x V ) | ....
AS(e)

M ::= N | (let ([x N ] ...) M) | (begin N ... M) | (if V M M) | ....
AS(e)

v ::= (�x.e) | true | ....
E ::= [·] | E e | v E | ....

(�x.e) e0 ! e[x := e0]
...

e ! e0

E[e] ! E[e0]

(�x.e) v ! e[x := v]
...

e ! e0

E[e] ! E[e0]

E ::= [·] | (let([x V ] ...[x [·]][x N ] ...) M)

(�x.M) V ! M [x := V ]
...

(let ([x V ] ...) M) ! M [x := V ...]

e !a e

M !a SA(M) [A-normal]

E[(let ([x e] ...) e2] !a SA(let ([x AS(e)] ...) AS(E[e2])) [A-merge-let]

E[(begin e1 ... e2] !a SA(begin AS(e1) ... AS(E[e2])) [A-merge-begin]

E[N ] !a SA(let ([x N ]) AS(E[x])) [A-lift]
where E is not an “N accepting target context”
and N is not a V

...

1

[1] Flanagan, C.; Sabry, A.; Duba, B. F. & Felleisen, M.  
The Essence of Compiling with Continuations (PLDI), 1993.

A reductions



DEMO TIME



Single-Step Translate SOME Sub-term

e ::= x | (�x.e) | (e e) | (set! x e) | (let ([x e] ...) e) | (begin e ...) | ....
| SA(M)

V ::= x | (�x.M) | true | false | ....
AS(e)

N ::= V | (V V ) | (set! x V ) | ....
AS(e)

M ::= N | (let ([x N ] ...) M) | (begin N ... M) | (if V M M) | ....
AS(e)

v ::= (�x.e) | true | ....
E ::= [·] | E e | v E | ....
H ::= · | H,x 7! v

H; e ! H; e

(�x.e) v ! e[x := v]
...

e ! e
0

E[e] ! E[e0]

E ::= [·] | (let([x V ] ...[x [·]][x N ] ...) M)
H ::= · | H,x 7! V

H; M ! H; M

(�x.M) V ! M [x := V ]
...

(let ([x V ] ...) M) ! M [x := V ...]

e !a
e

M !a
SA(M) [A-normal]

E[(let ([x e] ...) e2] !a
SA(let ([x AS(e)] ...) AS(E[e2])) [A-merge-let]

E[(begin e1 ... e2] !a
SA(begin AS(e1) ... AS(E[e2])) [A-merge-begin]

E[N ] !a
SA(let ([x N ]) AS(E[x])) [A-lift]
where E is not an “N accepting target context”
and N is not a V

...

p ::= e | M
T ::= AS(CM )

CM ::= [·] | (let ([x N ] ...)CM ) | ....

1

M
s!a

M

p !a
p
0

C[T [p]] s!a
C[T [p0]] C[SA(AS(e))] s!a

C[e]

C[AS(SA(M))] s!a
C[M ]

H; p !p
H; p

H e ! H
0; e0

H; e !p
H

0; e0
Step-S1

H e ! H
0; e0

H; AS(e) !p
H

0; AS(e0)
Step-S2

H M ! H
0; M 0

H; M !p
H

0; M 0 Step-T1
H M ! H

0; M 0

H; SA(M) !p
H

0; SA(M 0)
Step-T2

M
s!a

M
0

H; M !p
H; M 0 Step-Across

2



e ::= x | (�x.e) | (e e) | (set! x e) | (let ([x e] ...) e) | (begin e ...) | ....
| SA(M)

V ::= x | (�x.M) | true | false | ....
AS(e)

N ::= V | (V V ) | (set! x V ) | ....
AS(e)

M ::= N | (let ([x N ] ...) M) | (begin N ... M) | (if V M M) | ....
AS(e)

v ::= (�x.e) | true | ....
E ::= [·] | E e | v E | ....
H ::= · | H,x 7! v

H; e ! H; e

(�x.e) v ! e[x := v]
...

e ! e
0

E[e] ! E[e0]

E ::= [·] | (let([x V ] ...[x [·]][x N ] ...) M)
H ::= · | H,x 7! V

H; M ! H; M

(�x.M) V ! M [x := V ]
...

(let ([x V ] ...) M) ! M [x := V ...]

e !a
e

M !a
SA(M) [A-normal]

E[(let ([x e] ...) e2] !a
SA(let ([x AS(e)] ...) AS(E[e2])) [A-merge-let]

E[(begin e1 ... e2] !a
SA(begin AS(e1) ... AS(E[e2])) [A-merge-begin]

E[N ] !a
SA(let ([x N ]) AS(E[x])) [A-lift]
where E is not an “N accepting target context”
and N is not a V

...

p ::= e | M
T ::= AS(CM )

CM ::= [·] | (let ([x N ] ...)CM ) | ....

1

M
s!a

M

p !a
p
0

C[T [p]] s!a
C[T [p0]] C[SA(AS(e))] s!a

C[e]

C[AS(SA(M))] s!a
C[M ]

H; p !p
H; p

H e ! H
0; e0

H; e !p
H

0; e0
Step-S1

H e ! H
0; e0

H; AS(e) !p
H

0; AS(e0)
Step-S2

H M ! H
0; M 0

H; M !p
H

0; M 0 Step-T1
H M ! H

0; M 0

H; SA(M) !p
H

0; SA(M 0)
Step-T2

M
s!a

M
0

H; M !p
H; M 0 Step-Across

2

Single-Step Translate SOME Sub-term



e ::= x | (�x.e) | (e e) | (set! x e) | (let ([x e] ...) e) | (begin e ...) | ....
| SA(M)

V ::= x | (�x.M) | true | false | ....
AS(e)

N ::= V | (V V ) | (set! x V ) | ....
AS(e)

M ::= N | (let ([x N ] ...) M) | (begin N ... M) | (if V M M) | ....
AS(e)

v ::= (�x.e) | true | ....
E ::= [·] | E e | v E | ....
H ::= · | H,x 7! v

H; e ! H; e

(�x.e) v ! e[x := v]
...

e ! e
0

E[e] ! E[e0]

E ::= [·] | (let([x V ] ...[x [·]][x N ] ...) M)
H ::= · | H,x 7! V

H; M ! H; M

(�x.M) V ! M [x := V ]
...

(let ([x V ] ...) M) ! M [x := V ...]

e !a
e

M !a
SA(M) [A-normal]

E[(let ([x e] ...) e2] !a
SA(let ([x AS(e)] ...) AS(E[e2])) [A-merge-let]

E[(begin e1 ... e2] !a
SA(begin AS(e1) ... AS(E[e2])) [A-merge-begin]

E[N ] !a
SA(let ([x N ]) AS(E[x])) [A-lift]
where E is not an “N accepting target context”
and N is not a V

...

p ::= e | M
T ::= AS(CM )

CM ::= [·] | (let ([x N ] ...)CM ) | ....

1

M
s!a

M

p !a
p
0

C[T [p]] s!a
C[T [p0]] C[SA(AS(e))] s!a

C[e]

C[AS(SA(M))] s!a
C[M ]

H; p !p
H; p

H e ! H
0; e0

H; e !p
H

0; e0
Step-S1

H e ! H
0; e0

H; AS(e) !p
H

0; AS(e0)
Step-S2

H M ! H
0; M 0

H; M !p
H

0; M 0 Step-T1
H M ! H

0; M 0

H; SA(M) !p
H

0; SA(M 0)
Step-T2

M
s!a

M
0

H; M !p
H; M 0 Step-Across

2

Single-Step Translate SOME Sub-term



e ::= x | (�x.e) | (e e) | (set! x e) | (let ([x e] ...) e) | (begin e ...) | ....
| SA(M)

V ::= x | (�x.M) | true | false | ....
AS(e)

N ::= V | (V V ) | (set! x V ) | ....
AS(e)

M ::= N | (let ([x N ] ...) M) | (begin N ... M) | (if V M M) | ....
AS(e)

v ::= (�x.e) | true | ....
E ::= [·] | E e | v E | ....
H ::= · | H,x 7! v

H; e ! H; e

(�x.e) v ! e[x := v]
...

e ! e
0

E[e] ! E[e0]

E ::= [·] | (let([x V ] ...[x [·]][x N ] ...) M)
H ::= · | H,x 7! V

H; M ! H; M

(�x.M) V ! M [x := V ]
...

(let ([x V ] ...) M) ! M [x := V ...]

e !a
e

M !a
SA(M) [A-normal]

E[(let ([x e] ...) e2] !a
SA(let ([x AS(e)] ...) AS(E[e2])) [A-merge-let]

E[(begin e1 ... e2] !a
SA(begin AS(e1) ... AS(E[e2])) [A-merge-begin]

E[N ] !a
SA(let ([x N ]) AS(E[x])) [A-lift]
where E is not an “N accepting target context”
and N is not a V

...

p ::= e | M
T ::= AS(CM )

CM ::= [·] | (let ([x N ] ...)CM ) | ....

1

M
s!a

M

p !a
p
0

C[T [p]] s!a
C[T [p0]] C[SA(AS(e))] s!a

C[e]

C[AS(SA(M))] s!a
C[M ]

H; p !p
H; p

H e ! H
0; e0

H; e !p
H

0; e0
Step-S1

H e ! H
0; e0

H; AS(e) !p
H

0; AS(e0)
Step-S2

H M ! H
0; M 0

H; M !p
H

0; M 0 Step-T1
H M ! H

0; M 0

H; SA(M) !p
H

0; SA(M 0)
Step-T2

M
s!a

M
0

H; M !p
H; M 0 Step-Across

2

Single-Step Translate SOME Sub-term



e ::= x | (�x.e) | (e e) | (set! x e) | (let ([x e] ...) e) | (begin e ...) | ....
| SA(M)

V ::= x | (�x.M) | true | false | ....
AS(e)

N ::= V | (V V ) | (set! x V ) | ....
AS(e)

M ::= N | (let ([x N ] ...) M) | (begin N ... M) | (if V M M) | ....
AS(e)

v ::= (�x.e) | true | ....
E ::= [·] | E e | v E | ....
H ::= · | H,x 7! v

H; e ! H; e

(�x.e) v ! e[x := v]
...

e ! e
0

E[e] ! E[e0]

E ::= [·] | (let([x V ] ...[x [·]][x N ] ...) M)
H ::= · | H,x 7! V

H; M ! H; M

(�x.M) V ! M [x := V ]
...

(let ([x V ] ...) M) ! M [x := V ...]

e !a
e

M !a
SA(M) [A-normal]

E[(let ([x e] ...) e2] !a
SA(let ([x AS(e)] ...) AS(E[e2])) [A-merge-let]

E[(begin e1 ... e2] !a
SA(begin AS(e1) ... AS(E[e2])) [A-merge-begin]

E[N ] !a
SA(let ([x N ]) AS(E[x])) [A-lift]
where E is not an “N accepting target context”
and N is not a V

...

p ::= e | M
T ::= AS(CM )

CM ::= [·] | (let ([x N ] ...)CM ) | ....

1

M
s!a

M

p !a
p
0

C[T [p]] s!a
C[T [p0]] C[SA(AS(e))] s!a

C[e]

C[AS(SA(M))] s!a
C[M ]

H; p !p
H; p

H e ! H
0; e0

H; e !p
H

0; e0
Step-S1

H e ! H
0; e0

H; AS(e) !p
H

0; AS(e0)
Step-S2

H M ! H
0; M 0

H; M !p
H

0; M 0 Step-T1
H M ! H

0; M 0

H; SA(M) !p
H

0; SA(M 0)
Step-T2

M
s!a

M
0

H; M !p
H; M 0 Step-Across

2

Single-Step Translate SOME Sub-term



The Multi-Language JIT

M
s!a

M

p !a
p
0

C[T [p]] s!a
C[T [p0]] C[SA(AS(e))] s!a

C[e]

C[AS(SA(M))] s!a
C[M ]

H; p !p
H; p

H e ! H
0; e0

H; e !p
H

0; e0
Step-S1

H e ! H
0; e0

H; AS(e) !p
H

0; AS(e0)
Step-S2

H M ! H
0; M 0

H; M !p
H

0; M 0 Step-T1
H M ! H

0; M 0

H; SA(M) !p
H

0; SA(M 0)
Step-T2

M
s!a

M
0

H; M !p
H; M 0 Step-Across

2



The Multi-Language JIT

M
s!a

M

p !a
p
0

C[T [p]] s!a
C[T [p0]] C[SA(AS(e))] s!a

C[e]

C[AS(SA(M))] s!a
C[M ]

H; p !p
H; p

H e ! H
0; e0

H; e !p
H

0; e0
Step-S1

H e ! H
0; e0

H; AS(e) !p
H

0; AS(e0)
Step-S2

H M ! H
0; M 0

H; M !p
H

0; M 0 Step-T1
H M ! H

0; M 0

H; SA(M) !p
H

0; SA(M 0)
Step-T2

M
s!a

M
0

H; M !p
H; M 0 Step-Across

2



The Multi-Language JIT

M
s!a

M

p !a
p
0

C[T [p]] s!a
C[T [p0]] C[SA(AS(e))] s!a

C[e]

C[AS(SA(M))] s!a
C[M ]

H; p !p
H; p

H e ! H
0; e0

H; e !p
H

0; e0
Step-S1

H e ! H
0; e0

H; AS(e) !p
H

0; AS(e0)
Step-S2

H M ! H
0; M 0

H; M !p
H

0; M 0 Step-T1
H M ! H

0; M 0

H; SA(M) !p
H

0; SA(M 0)
Step-T2

M
s!a

M
0

H; M !p
H; M 0 Step-Across

2



The Multi-Language JIT

M
s!a

M

p !a
p
0

C[T [p]] s!a
C[T [p0]] C[SA(AS(e))] s!a

C[e]

C[AS(SA(M))] s!a
C[M ]

H; p !p
H; p

H e ! H
0; e0

H; e !p
H

0; e0
Step-S1

H e ! H
0; e0

H; AS(e) !p
H

0; AS(e0)
Step-S2

H M ! H
0; M 0

H; M !p
H

0; M 0 Step-T1
H M ! H

0; M 0

H; SA(M) !p
H

0; SA(M 0)
Step-T2

M
s!a

M
0

H; M !p
H; M 0 Step-Across

2



The Multi-Language JIT

M
s!a

M

p !a
p
0

C[T [p]] s!a
C[T [p0]] C[SA(AS(e))] s!a

C[e]

C[AS(SA(M))] s!a
C[M ]

H; p !p
H; p

H e ! H
0; e0

H; e !p
H

0; e0
Step-S1

H e ! H
0; e0

H; AS(e) !p
H

0; AS(e0)
Step-S2

H M ! H
0; M 0

H; M !p
H

0; M 0 Step-T1
H M ! H

0; M 0

H; SA(M) !p
H

0; SA(M 0)
Step-T2

M
s!a

M
0

H; M !p
H; M 0 Step-Across

2



JIT DEMO TIME



Derive the AOT Compiler

M
s!a

M

p !a
p
0

C[T [p]] s!a
C[T [p0]] C[SA(AS(e))] s!a

C[e]

C[AS(SA(M))] s!a
C[M ]

H; p !p
H; p

H e ! H
0; e0

H; e !p
H

0; e0
Step-S1

H e ! H
0; e0

H; AS(e) !p
H

0; AS(e0)
Step-S2

H M ! H
0; M 0

H; M !p
H

0; M 0 Step-T1
H M ! H

0; M 0

H; SA(M) !p
H

0; SA(M 0)
Step-T2

M
s!a

M
0

H; M !p
H; M 0 Step-Across

e +AOT M

AS(e) s!a⇤ M M
s6!a

M
0

e +AOT M

2



Derive the AOT Compiler

M
s!a

M

p !a
p
0

C[T [p]] s!a
C[T [p0]] C[SA(AS(e))] s!a

C[e]

C[AS(SA(M))] s!a
C[M ]

H; p !p
H; p

H e ! H
0; e0

H; e !p
H

0; e0
Step-S1

H e ! H
0; e0

H; AS(e) !p
H

0; AS(e0)
Step-S2

H M ! H
0; M 0

H; M !p
H

0; M 0 Step-T1
H M ! H

0; M 0

H; SA(M) !p
H

0; SA(M 0)
Step-T2

M
s!a

M
0

H; M !p
H; M 0 Step-Across

e +AOT M

AS(e) s!a⇤ M M
s6!a

M
0

e +AOT M

2



Derive the AOT Compiler

M
s!a

M

p !a
p
0

C[T [p]] s!a
C[T [p0]] C[SA(AS(e))] s!a

C[e]

C[AS(SA(M))] s!a
C[M ]

H; p !p
H; p

H e ! H
0; e0

H; e !p
H

0; e0
Step-S1

H e ! H
0; e0

H; AS(e) !p
H

0; AS(e0)
Step-S2

H M ! H
0; M 0

H; M !p
H

0; M 0 Step-T1
H M ! H

0; M 0

H; SA(M) !p
H

0; SA(M 0)
Step-T2

M
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M
0

H; M !p
H; M 0 Step-Across

e +AOT M

AS(e) s!a⇤ M M
s6!a

M
0

e +AOT M

2



META THEORY



● Correctness follows confluence

From Confluence, Correctness

M
s!a

M

p !a
p
0

C[T [p]] s!a
C[T [p0]] C[SA(AS(e))] s!a

C[e]

C[AS(SA(M))] s!a
C[M ]

H; p !p
H; p

H e ! H
0; e0

H; e !p
H

0; e0
H e ! H

0; e0

H; AS(e) !p
H

0; AS(e0)

H M ! H
0; M 0

H; M !p
H

0; M 0
H M ! H

0; M 0

H; SA(M) !p
H

0; SA(M 0)

M
s!a

M
0

H; M !p
H; M 0

e +AOT M

AS(e) s!a⇤ M M
s6!a

M
0

e +AOT M

H; p !p⇤
H1; p1 H; p !p⇤

H2; p2
H1; p1 !p⇤

H
0; p0 H2; p2 !p⇤

H
0; p0



● Correctness follows confluence

● Intuitively, confluence is the same 
diagram as correctness

From Confluence, Correctness

M
s!a

M

p !a
p
0

C[T [p]] s!a
C[T [p0]] C[SA(AS(e))] s!a

C[e]

C[AS(SA(M))] s!a
C[M ]

H; p !p
H; p

H e ! H
0; e0

H; e !p
H

0; e0
H e ! H

0; e0

H; AS(e) !p
H

0; AS(e0)

H M ! H
0; M 0

H; M !p
H

0; M 0
H M ! H

0; M 0

H; SA(M) !p
H

0; SA(M 0)

M
s!a

M
0

H; M !p
H; M 0

e +AOT M

AS(e) s!a⇤ M M
s6!a

M
0

e +AOT M

H; p !p⇤
H1; p1 H; p !p⇤

H2; p2
H1; p1 !p⇤

H
0; p0 H2; p2 !p⇤

H
0; p0

p p1
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● + The technique seems to scale
● + Interesting corollaries and derived models 
● - Confluence is not easy

Discussion



● Define:
● operational semantics for source and target
● multi-language operational semantics of interoperability, over open terms

● Get:
● An ahead-of-time compiler, by normalizing cross-language reduction
● A just-in-time compiler, by using running in multi-language reduction

● Prove confluence:
● Implies (compositional) correctness of compilers
● Implies part of the full abstraction (secure compilation) proof

Compilation as Multi-Language Semantics


