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forms of control, such as abrupt termi-
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(And control/prompt, and shift/reset.)
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The Challenge

This Talk

@ Overview and motivate MSOS

@ MSOS specifications of control and prompt
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The Challenge

This Talk

@ Overview and motivate MSOS
@ MSOS specifications of control and prompt

@ Specifications of shift and call/cc in terms of control and prompt
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MSOS

Modular Structural Operational Semantics (MSOS)

o A modular variant of Plotkin's SOS framework. p2F Y 2y
p1 X2 X

@ Benefit: rules need not mention unused auxiliary entities.

e We use a flavour of MSOS called Implicitly Modular SOS (I-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
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I-MSQOS Specification of Lambda Calculus
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MSOS

I-MSQOS Specification of Lambda Calculus

p(l)y=V

env pt bv(l) = V
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apply(E E)
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MSOS

I-MSQOS Specification of Lambda Calculus

<
— ) i

p(l)y=V
v envp bt bv(l) =V
bv(/)
lambda(/, E) env p - lambda(/, E) — closure(p, I, E)
apply(E, E)
envphb Ey — Ef
closure(p, I? E) env p F apply(El, E2) — apply(Ell7 E2)

val(V) envphk E— E
env p - apply(V, E) — apply(V, E')

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

Va|(\/1) vaI(V2)
env p - apply(closure(p, I, V1), Vo) = W3
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MSOS

I-MSQOS Specification of Lambda Calculus

p(l)y=V

env pt bv(l) = V

=V
\ bv(/)
| lambda(/, E) env p - lambda(/, E) — closure(p, I, E)
| apply(E E)
| E, — E!
Vo ‘: Iosure(P, I,E) apply(Ey, E2) — apply(EL, E2)
- val(V) Eop

apply(V, E) — apply(V, E’)

val(V) env({l —» 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
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MSOS

I-MSQOS Specification of Exception Handling

exc X

E,H = throw(E) E=—=F
| catch(E, H) throw(E) exe X, throw(E’)
| stuck

| ... val(V)

thI’OW( \/) exc some(V)

stuck
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MSOS

I-MSQOS Specification of Exception Handling

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

thI’OW( \/) exc some(V)

throw(E) —— throw(E’)

stuck
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MSOS

I-MSQOS Specification of Exception Handling

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

thI’OW( \/) exc some(V)

throw(E) —— throw(E’)

stuck

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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catch(V, H) &M% v
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MSOS

I-MSQOS Specification of Exception Handling
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MSOS

SOS Specification of Lambda Calculus with Exceptions

p()=V
env P = bV l —>EXC fone V
") envphk E e X, pr
env p - lambda(/, E) == closure(p, I, E) env p F throw(E) o X, throw(E’)
x val(V)
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o X , env p  throw(V) ———— stuck
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'_ E €exc none El
val(V) envphk E o X, E e P
o X env p b catch(E, H) ——— catch(E’, H)
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MSOS

I-MSQOS Specification of Lambda Calculus with Exceptions

p()=V
envpbkbv(l) —— V E £
—

throw(E) —— throw(E’)
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apply(V, E) —— apply(V, E’)
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Control Operators

Formulating control and prompt

@ We formulate control as a unary operator that takes a higher-order
function as its argument:

1+ prompt(2 % control(Ak. k(k 7))) ~ 29
@ In our notation:

plus(1, prompt(times(2, control(lambda(K, apply(bv(K), apply(bv(K),7)))))))

E ::= control(E)
| prompt(E)
| times(E, E)
| plus(E, E)
V .= integers
| .
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Control Operators

Specifying control and prompt

Key ideas:

@ We don’t maintain an explicit representation of the current continuation
@ We construct the continuation from the program term when needed.

@ 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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Control Operators

I-MSOS Specification of control and prompt

E = control(E) E—FE
| prompt(E) control(E) — control(E’)

| val(F) fresh-id(/)

control some(F,/)
bv(/)

control(F)
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Control Operators

I-MSOS Specification of control and prompt

E = control(E) E—FE
| prompt(E) control(E) — control(E’)

| val(F) fresh-id(/)

control some(F,/)
bv(/)

control(F)

control none
E——5 F

control none

prompt(E) ———— prompt(E’)
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Control Operators

I-MSOS Specification of control and prompt

E = control(E) E—FE
| prompt(E) control(E) — control(E’)

| val(F) fresh-id(/)

control some(F,/)
bv(/)

control(F)

control none
E——5 F

control none

prompt(E) ———— prompt(E’)

control some(F,/)

E E' K = lambda(/, E’)

control none

prompt(E) prompt(apply(F, K))
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Control Operators

I-MSOS Specification of control and prompt

E = control(E) E—FE
| prompt(E) control(E) — control(E’)

| val(F) fresh-id(/)

control some(F,/)
bv(/)

control(F)

control none
E——5 F

control none

prompt(E) ———— prompt(E’)
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prompt(E) prompt(apply(F, K))
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Control Operators

I-MSOS Specification of control and prompt

E = control(E) E—FE
| prompt(E) control(E) — control(E’)

| val(F) fresh-id(/)

) control some(F,I)
_—

control(F meta-bv(/)

control none
E——5 F

control none

prompt(E) ———— prompt(E’)

control some(F,/)

E E' K = lambda(/, meta-let-in(/, bv(/), E’))

control none

prompt(E) prompt(apply(F, K))

val(V)
prompt(V) — V
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Control Operators

The Meta-environment

@ An auxiliary environment that doesn't interact with closures.

@ Used here to achieve the same effect as substitution.

E ::= meta-bv(/) p(l) =V
| meta-let-in(/, E, E)

meta-env p - meta-bv(/) —» V

meta-env p - E; — E
meta-env p - meta-let-in(/, 1, E;) — meta-let-in(/, E;, E;)

val(V) meta-env ({/ — V}/p)F E — E’
meta-env p - meta-let-in(/, V, E) — meta-let-in(/, V, E’)

Va|(V1) Va|(\/2)
meta-env p - meta-let-in(/, V1, Vo) — Vs
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Conclusion

Conclusion

@ MSQOS allows programming constructs to be specified independently.

Contrary to popular belief, specifying control operators in MSQOS is
fairly straightforward.

In the paper we have also specified call/cc, shift and reset.

Specifications tested on 70 test programs (including Mondo Bizarro!),
using our I-MSOS interpreter.

Test suite available online: http://www.plancomps.org/woc2016
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Extra Slides

I-MSQOS Specification of shift and reset

E ::= shift(E)
| reset(E) reset(E) — prompt(E)
|
E— F
shift(E) — shift(E')
val(F) fresh-id(K) fresh-id(X)
shift(F) —

control(lambda(K, apply(F,lambda(X, reset(apply(bv(K), bv(X)))))))

e i.e. shift(f) = control(Ak. f(Ax. reset(k x)))

Neil Sculthorpe, Paolo Torrini & Peter D. Mosses A Modular SOS for Delimited Continuations



Extra Slides

I-MSOS Specification of abort and call/cc

E ::= abort(E) E—FE
| callcc(E) abort(E) — abort(E’)

val(V) fresh-id(/)
abort(V) — control(lambda(/, V))
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Extra Slides

I-MSOS Specification of abort and call/cc

E ::= abort(E) E—FE
| callcc(E) abort(E) — abort(E’)

val(V) fresh-id(/)
abort(V) — control(lambda(/, V))

E— FE
callcc(E) — callcc(E’)

val(F) fresh-id(K) fresh-id(X)

callcc(F) —
control(lambda(K, apply(bv(K), apply(F,lambda(X, abort(apply(bv(K), bv(X))))))))
@ ie. callcc(f) = control(Ak. k (f (Ax. abort(k x))))

e N.B. To simulate an undelimited call/cc, the program should contain
only a single top-level delimiter.
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Extra Slides

Eugene Kohlbecker's Mondo Bizarro

let mondo_bizarro () = let k = callcc(function ¢ — ¢)
in print 1 ;
callcc(k) ;
print 2 ;
callcc(k) ;
print 3 ;;

prompt(mondo_bizarro()) ;;

Output: [1;1;2;1;3]
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