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Introduction

The Challenge
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the ability to modularly deal with
some forms of control, such as abrupt
termination, at our knowledge it
still cannot support the definition of

arbitrarily complex control-intensive
features such [sic] call/cc.”

ARTICLE INFO ABSTRACT

2008

Fall 2003 [34

Neil Sculthorpe A Modular SOS for Delimited Continuations



Introduction

This Talk

@ Introduction to Control Operators
e Introduction to Modular Structural Operational Semantics (MSOS)

@ Formal specifications of control operators using MSOS
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Control operators

Delimited Control Operators

@ control:

e capture the current continuation as a lambda abstraction
e apply the argument of control to the captured continuation

@ prompt:
o a delimiter for control
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Control operators

Delimited Control Operators

@ control:

e capture the current continuation as a lambda abstraction
e apply the argument of control to the captured continuation

@ prompt:
o a delimiter for control

prompt(. .. control(f)...)
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Control operators

Delimited Control Operators

@ control:

e capture the current continuation as a lambda abstraction
e apply the argument of control to the captured continuation

@ prompt:
o a delimiter for control

continuation: (Ax. ...x...)

prompt(. .. control(f)...)
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Control operators

Delimited Control Operators

@ control:

e capture the current continuation as a lambda abstraction
e apply the argument of control to the captured continuation

@ prompt:
o a delimiter for control

continuation: (Ax. ...x...)

prompt(. .. control(f)...) — prompt(f(Ax. ...x...))
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Control operators

Delimited Control Operators

@ control:

e capture the current continuation as a lambda abstraction
e apply the argument of control to the captured continuation

@ prompt:
o a delimiter for control

continuation: (Ax. ...x...)

prompt(. .. control(f)...) — prompt(f(Ax. ...x...))

Approximate Types

prompt: A — A
control : (B — A) - A) —» B
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Control operators

Delimited Control Operators

@ control:

e capture the current continuation as a lambda abstraction
e apply the argument of control to the captured continuation

@ prompt:
o a delimiter for control

1 + prompt(2 x control(\k. k 7))

Approximate Types

prompt: A — A
control : (B — A) - A) —» B
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Control operators

Delimited Control Operators

@ control:

e capture the current continuation as a lambda abstraction
e apply the argument of control to the captured continuation

@ prompt:
o a delimiter for control

continuation: (Ax. 2 % x)

1 + prompt(2 x control(\k. k 7))

Approximate Types

prompt: A — A
control : (B — A) - A) —» B
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Control operators

Delimited Control Operators

@ control:

e capture the current continuation as a lambda abstraction
e apply the argument of control to the captured continuation

e prompt:
o a delimiter for control
continuation: (Ax. 2 % x)
1 + prompt(2 % control(\k. k7)) —
1+ prompt((Ak. k 7) (Ax. 2% x))

Approximate Types

prompt: A — A
control : (B — A) - A) —» B
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Control operators

Delimited Control Operators

@ control:

e capture the current continuation as a lambda abstraction
e apply the argument of control to the captured continuation

e prompt:
o a delimiter for control
continuation: (Ax. 2 % x)
1 + prompt(2 % control(\k. k7)) —
1+ prompt((Ak. k 7) (Ax. 2% x)) —* 15

Approximate Types

prompt: A — A
control : (B — A) - A) —» B
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Control operators

Delimited Control Operators

@ control:

e capture the current continuation as a lambda abstraction
e apply the argument of control to the captured continuation

@ prompt:
o a delimiter for control

continuation: (Ax. 2 % x)

1 + prompt(2 % control(Ak. k7)) —* 15

Approximate Types

prompt: A — A
control : (B — A) - A) —» B
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Control operators

Delimited Control Operators

@ control:

e capture the current continuation as a lambda abstraction
e apply the argument of control to the captured continuation

@ prompt:
o a delimiter for control

continuation: (Ax. 2 % x)

1 + prompt(2 % control(Ak. k7)) —* 15
1+ prompt(2 % control(Ak. k(k 7))) —* 29

Approximate Types

prompt: A — A
control : (B — A) - A) —» B
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Control operators

Delimited Control Operators

@ control:

e capture the current continuation as a lambda abstraction
e apply the argument of control to the captured continuation

@ prompt:
o a delimiter for control

continuation: (Ax. 2 % x)
1 + prompt(2 % control(Ak. k7)) —* 15
1+ prompt(2 % control(Ak. k(k 7))) —* 29
1+ prompt(2 x control(\k. 7)) —* 8

Approximate Types

prompt: A — A
control : (B — A) - A) —» B
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Control operators

Delimited Control Operators

@ control:

e capture the current continuation as a lambda abstraction
e apply the argument of control to the captured continuation

@ prompt:
o a delimiter for control

prompt(print ‘A" ; control(Ak. k () ; k ()); print 'B")

Approximate Types

prompt: A — A
control : (B — A) - A) —» B
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Control operators

Delimited Control Operators

@ control:

e capture the current continuation as a lambda abstraction
e apply the argument of control to the captured continuation

@ prompt:
o a delimiter for control

k = Ax. x; print 'B’
prompt(print ‘A’ ; control(Ak. k (); k()); print'B") ——

Approximate Types

prompt: A — A
control : (B — A) - A) —» B

Neil Sculthorpe A Modular SOS for Delimited Continuations



Control operators

Encoding Exceptions

@ control and prompt can express throwing and catching exceptions
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Control operators

Encoding Exceptions

@ control and prompt can express throwing and catching exceptions

data Result a = Exc | Val a

throw : A
throw = control(\_. Exc)

catch:A—-A— A

catch e h = case prompt(Val e) of
Valv = v
Exc —h
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Control operators
Encoding other Control Operators

abort(v) = control(\_. v)
callec(f) = control(Ak. k (f (Ax. abort(k x))))

shift(f) = control(Ak. f(Ax. prompt(k x)))
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MSOS

Modular Structural Operational Semantics (MSOS)
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MSOS

Modular Structural Operational Semantics (MSOS)

o A modular variant of Plotkin's SOS framework. p2F Y 2 Y/
XX

@ Benefit: unused semantic entities can be abstracted away.
e We use Implicitly Modular SOS (I-MSOS) [MNO09]:
e syntactic sugar for MSOS;

e unmentioned entities are propagated between premise and conclusion;
e when there is no premise, unmentioned signals have a default value.

o This talk will use small-step transition rules.
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MSOS

I-MSQOS Specification of Lambda Calculus

=V

| bound(/)

| lambda(/, E)
} apply(E, E)

V = closure(p, I, E)
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MSOS

I-MSQOS Specification of Lambda Calculus

p(l)y=V

Vv env p - bound(/) — V

bound(/)
lambda(/, E)
apply(E, E)

V = closure(p, I, E)
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MSOS

I-MSQOS Specification of Lambda Calculus

p(l)y=V

Vv env p - bound(/) — V

| bound(/)

| lambda(/, E) env p - lambda(/, E) — closure(p, I, E)
| )

|

apply(E, E

V = closure(p, I, E)
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MSOS

I-MSQOS Specification of Lambda Calculus

p(l)y=V

E.—v env p - bound(/) — V
| bound(/)
| lambda(/, E) env p - lambda(/, E) — closure(p, I, E)
| apply(E, E)
- envphb E; — E
V = closure(p, I, E) env p - apply(Ei, E2) — apply(E{, Ez)
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MSOS

I-MSQOS Specification of Lambda Calculus

p(l)y=V

E.—v env p - bound(/) — V
| bound(/)
| lambda(/, E) env p - lambda(/, E) — closure(p, I, E)
| apply(E, E)
- envphb E; — E
V = closure(p, I, E) env p - apply(Ei, E2) — apply(E{, Ez)

val(V) envpk E— E
env p - apply(V, E) — apply(V, E’)
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MSOS

I-MSQOS Specification of Lambda Calculus

p(l)y=V

Yy env p - bound(/) = V
| bound(/)
| lambda(/, E) env p - lambda(/, E) — closure(p, I, E)
| apply(E, E)
- envphb E; — E
V = closure(p, I, E) env p - apply(Ei, E2) — apply(E{, Ez)

val(V) envpk E— E
env p - apply(V, E) — apply(V, E’)

val(V) env({Il— V}/p)FE—FE
env _F apply(closure(p, I, E), V) — apply(closure(p, I, E'), V)
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MSOS

I-MSQOS Specification of Lambda Calculus

p(l)y=V

Yy env p - bound(/) = V
| bound(/)
| lambda(/, E) env p - lambda(/, E) — closure(p, I, E)
| apply(E, E)
- envphb E; — E
V = closure(p, I, E) env p - apply(Ei, E2) — apply(E{, Ez)

val(V) envpk E— E
env p - apply(V, E) — apply(V, E’)

val(V) env({Il— V}/p)FE—FE
env _F apply(closure(p, I, E), V) — apply(closure(p, I, E'), V)

Va|(\/1) vaI(V2)
env _ F apply(closure(p, I, V1), Vo) = V3
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MSOS

I-MSQOS Specification of Lambda Calculus

p(l)y=V

Yy env p - bound(/) = V
| bound(/)
| lambda(/, E) env p - lambda(/, E) — closure(p, I, E)
| apply(E, E)
- E, — E|

V = closure(p, I, E) apply(E1, E2) — apply(E{, E>)
L val(V) E—E

apply(V, E) — apply(V, E’)

val(V) env({Il— V}/p)FE—FE
env _F apply(closure(p, I, E), V) — apply(closure(p, I, E'), V)

Va|(\/1) vaI(V2)
apply(closure(p, I, V1), Vo) = V4
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MSOS

I-MSQOS Specification of Exception Handling

E,H ::= throw(E)
| catch(E,H)
| stuck
| ..
V = none
| some(V)
|
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MSOS

I-MSQOS Specification of Exception Handling

exc X
E,H ::= throw(E) E E
| catch(E, H) throw(E) =% throw(E’)
| stuck
| .. val(V)
V = none throw(V) = omeV), stuck
| some(V)
|
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MSOS

I-MSQOS Specification of Exception Handling

E,H ::= throw(E) E— F
| catch(E,H) throw(E) —— throw(E’)
| stuck
| .. val(V)

V = none throw(V) = omeV), stuck
| some(V)
|
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MSOS

I-MSQOS Specification of Exception Handling

E,H ::= throw(E) E E
| catch(E,H) throw(E) —— throw(E’)
| stuck
| .. val(V)
V = none throw(V) = omeV), stuck
| some(V)
|
E exc none E/

exc none

catch(E, H) ——— catch(E’, H)

exc some(V)

E E’
catch(E, H) <™ apply(H, V)
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MSOS

I-MSQOS Specification of Exception Handling

E,H ::= throw(E) E E
| catch(E,H) throw(E) —— throw(E’)
| stuck
| .. val(V)
V = none throw(V) = omeV), stuck
| some(V)
|
E exc none E/

exc none

catch(E, H) ——— catch(E’, H)

exc some(V)

E E’
catch(E, H) <™ apply(H, V)

val(V)
catch(V, H) &= v
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MSOS

I-MSQOS Specification of Exception Handling

E,H ::= throw(E) E E
| catch(E,H) throw(E) —— throw(E’)
| stuck
| .. val(V)
V = none throw(V) = omeV), stuck
| some(V)
|
E exc none E/

exc none

catch(E, H) ——— catch(E’, H)

exc some(V)

E E’
catch(E, H) <™ apply(H, V)

val(V)
catch(V,H) ——— V
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MSOS

SOS Specification of Lambda Calculus with Exceptions
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MSOS

SOS Specification of Lambda Calculus with Exceptions

p()=V
env p F bound(/) ==, v
") envphk E X,
env p + lambda(/, E) =" closure(p, I, E) env p - throw(E) o X, throw(E")
x val(V)
envp b £ == Ell exc some(V)
o X env p F throw(V) stuck
env p - apply(Ex, E2) —— apply(E;, E2)
L | excnone oy
val(V) envphk E o X, Er e chons
o X env p  catch(E, H) ——— catch(E’, H)
env p = apply(V, E) —— apply(V, E’)
v
e X . envphb E exc some(V) E
exc none

val(V) env({I = V}/p)FE
o X env p - catch(E, H) ———— apply(H, V)

env _F apply(closure(p, I, E), V) —=
apply(closure(p, I, E'), V) val(V)
env p F catch(V, H)

exc none
— V

Va|(V1) Va|(V2)
env p b apply(closure(p, I, V1), Vo) =2
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MSOS

I-MSQOS Specification of Lambda Calculus with Exceptions

p()=V
env p - bound(/) —— V £ £
—

throw(E) —— throw(E’)
val(V)

Ey, —— E! v
! throw(V) w) stuck

env p - lambda(/, E) ——— closure(p, I, E)

apply(E1, E2) —— apply(Ej, E2)
E &xenone, py

Va|(V) E El €exc none ’
catch(E, H) ——— catch(E’, H)

apply(V, E) —— apply(V, E’)
exc some(V)

E——5 F

val(V env({I = V}/p)FE E’
) a k) catch(E, H) =™, apply(H, V)
env _F apply(closure(p, I, E), V) ——
apply(closure(p, I, E'), V) val(V)

Va|(V1) Va|(V2) CE“‘.Ch(V7 H) —_ sV

apply(closure(p, I, V1), Vo) ——— Vi
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Specifying control and prompt

Specifying control and prompt
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Specifying control and prompt

Specifying control and prompt

o Conventional specifications of control operators tend to be given in
frameworks that use evaluation contexts.

@ MSQOS doesn’t provide evaluation contexts, and we don't want to
extend the framework to include them if we can avoid it.

@ Instead we construct the continuation from the program term when
needed.

o We use signals to communicate between control operators and
delimiters:

e control emits a signal when executed;
e prompt catches that signal and handles it.
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Specifying control and prompt

Auxiliary constructs: plug and hole

E ::= plug(E,E) ,
| hole Sl

.. plug(Ey, E2) — plug(Ey, E»)

val(v) g Pesere) g
plug(V, E) Plgnone, gy
hole plg some(V) v
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Specifying control and prompt

I-MSOS Specification of control and prompt

E— F

£ ::= control(E) control(E) — control(E’)

| prompt(E)
|- val(F)

) ctrl some(F) hole

control(F

Neil Sculthorpe A Modular SOS for Delimited Continuations



Specifying control and prompt

I-MSOS Specification of control and prompt

E— F

£ ::= control(E) control(E) — control(E’)

| prompt(E)
|- val(F)

) ctrl some(F) hole

control(F

ctrl none
E—— F

ctrl none

prompt(E) ——— prompt(E’)
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Specifying control and prompt

I-MSOS Specification of control and prompt

E—FE
control(E) — control(E’)

E ::= control(E)
| prompt(E)
S val(F)

ctrl some(F)
) —————

control(F hole

ctrl none
E—— F

ctrl none

prompt(E) ——— prompt(E’)

ctrl some(F) E/

E fresh-id(/) K = lambda(/, plug(bound(/), E"))

ctrl none

prompt(E) ——— prompt(apply(F, K))

Neil Sculthorpe A Modular SOS for Delimited Continuations



Specifying control and prompt

I-MSOS Specification of control and prompt

E—FE
control(E) — control(E’)

E ::= control(E)
| prompt(E)
S val(F)

ctrl some(F)
) —————

control(F hole

ctrl none
E—— F

ctrl none

prompt(E) ——— prompt(E’)

ctrl some(F) E/

E fresh-id(/) K = lambda(/, plug(bound(/), E"))

ctrl none

prompt(E) ——— prompt(apply(F, K))

val(V)
prompt(V) — V
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Testing

Testing

@ We have a pre-existing executable specification of Caml Light, given
by translation to fundamental constructs (funcons) [CMST15].

@ Added control and prompt as new keywords, and specified them by
direct translation to the control and prompt funcons.

@ Modular: no other modification to the specification of Caml Light
was required!

@ Specification and test suite available at:
http://www.plancomps.org/woc2016
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Conclusion

Conclusion

@ MSOS allows programming-language constructs to be specified
independently of unrelated semantic entities.

@ Control operators can be specified in MSOS without needing
evaluation contexts.

@ More details, and a specification of call/cc, in our paper [STM16].
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Conclusion
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