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The Links programming language

A bit of background
Originally developed by Cooper, Lindley, Wadler, and Yallop (2006).
Single source functional language for multi-tier web programming.
Like JavaScript, but with ML semantics. . .

Handlers in Links
Retrofitted with algebraic effects and handlers (Hillerström 2015).
Server-side handlers run on top of a CEK machine.
Client-side handlers are CPS translated.
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A calculus of handlers

Fine-grain call-by-value lambda calculus

Values V ,W ::= x | λx .M

Computations M,N ::= V W
| return V
| let x ← M in N
| do ` V
| handle M with H

Handlers H ::= {return x 7→ M}
| {` x k 7→ M} ] H

Small-step semantics for handlers

handle (return V ) with H  N[V /x ], if {return x 7→ N} ∈ H
handle E [do ` V ] with H  N[V /x , λy .handle E [return y ] with H/k]

if {` x k 7→ N} ∈ H



Drunk coin tossing

let c1 ← do Choose () in
if c1 then

let c2 ← do Choose () in
if c2 then

return Heads ()
else
return Tails ()

else
do Fail ()

evaluates to Some Heads
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Drunk coin tossing

handle
handle
let c1 ← do Choose () in
if c1 then

let c2 ← do Choose () in
if c2 then

return Heads ()
else
return Tails ()

else
do Fail ()

with
{ return x 7→ return Some x
Fail () k 7→ return None }

with
{ return x 7→ return [x]
Choose () k 7→ k true ++ k false }

evaluates to [Some Heads, Some Tails, None]



CEK 101 (Felleisen and Friedman 1987)

A CEK machine operates on configurations of the shape 〈C | E | K 〉, where:
Control C is the expression being evaluated (M)
Environment E binds the free variables (γ)
Continuation K instructs the machine what to do next (κ)



CEK 101: Syntax and semantics

Abstract machine syntax

Configurations C ::= 〈M | γ | κ〉
Value environments γ ::= ∅ | γ[x 7→ v ]
Values v ,w ::= (γ, λx .M) | κ
Continuations κ ::= [ ] | φ :: κ
Continuation frames φ ::= (γ, x ,N)

Abstract machine semantics
M −→ 〈M | ∅ | κ0〉

〈V W | γ | κ〉 −→ 〈M | γ′[x 7→ JW Kγ] | κ〉, if JV Kγ = (γ′, λx .M)
〈let x ← M in N | γ | κ〉 −→ 〈M | γ | (γ, x ,N) :: κ〉
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A CEK machine with handlers

The trick: augment the configuration space and enrich the continuation structure

Configurations C ::= 〈M | γ | σ〉

| 〈M | γ | κ | κ′〉op

Value environments γ ::= ∅ | γ[x 7→ v ]
Values v ,w ::= (γ, λx .M) | κ

Continuations κ ::= [ ] | δ :: κ
Continuation frames δ ::= (σ, χ)

Continuations κ ::= [ ] | φ :: κ
Continuation frames φ ::= (γ, x ,N)

Handler closures χ ::= (γ,H)

Intuition: κ′ is a list of handlers which forwarded some operation



A CEK machine with handlers

The trick: augment the configuration space and enrich the continuation structure

Configurations C ::= 〈M | γ | κ〉
| 〈M | γ | κ | κ′〉op

Value environments γ ::= ∅ | γ[x 7→ v ]
Values v ,w ::= (γ, λx .M) | κ
Continuations κ ::= [ ] | δ :: κ
Continuation frames δ ::= (σ, χ)
Pure continuations σ ::= [ ] | φ :: σ
Pure continuation frames φ ::= (γ, x ,N)
Handler closures χ ::= (γ,H)

Intuition: κ′ is a list of handlers which forwarded some operation



Drunken coin tossing in an abstract machine

Machine transitions

M −→ 〈M | ∅ | κ0〉

−→+ 〈do Choose () | ∅ | (σ2,Hfail) :: (σ1,Htrue) :: κ0〉
−→ 〈do Choose () | ∅ | (σ2,Hfail) :: (σ1,Htrue) :: κ0 | [ ]〉op
−→ 〈do Choose () | ∅ | (σ1,Htrue) :: κ0 | [ ] ++ [(σ2,Hfail)]〉op
−→ 〈k true | ∅[k 7→ [(σ2,Hfail)] ++ [(σ1,Htrue)] | κ0〉

where Htrue(Choose) = {Choose () k 7→ k true}
−→+ 〈do Choose () | ∅[c1 7→ true] | (σ2,Hfail) :: (σ1,Htrue) :: κ0〉
−→+ 〈return Heads | γ | ([ ],Hfail) :: (σ1,Htrue) :: κ0〉
−→ 〈return Some x | ∅[x 7→ Heads] | ([ ],Htrue) :: κ0〉

where Hfail(return) = {return x 7→ return Some x}
−→ 〈return x | ∅[x 7→ Some x ] | κ0〉

where Htrue(return) = {return x 7→ return x}
−→+ 〈return Some x | ∅[x 7→ Heads] | [ ]〉

The example program
M :=
handle
handle
let c1 ← do Choose () in
if c1 then
let c2 ← do Choose () in
if c2 then
return Heads ()

else
return Tails ()

else
do Fail ()

with (Hfail)
{ return x 7→ return Some x
Fail () k 7→ return None }

with (Htrue)
{ return x 7→ return x
Choose () k 7→ k true }
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A semantics for CEK with handlers

Installing a handler and running a computation to completion

〈handle M with H | γ | κ〉 −→ 〈M | γ | ([ ], (γ,H)) :: κ〉
〈return V | γ | ([ ], (γ′,H)) :: κ〉 −→ 〈M | γ′[x 7→ JV Kγ] | κ〉,

if H(return) = {return x 7→ M}

Operation invocation, forwarding, handling, and stack reconstruction

〈do ` V | γ | κ〉 −→ 〈do ` V | γ | κ | [ ]〉op

〈do ` V | γ | (σ, (γ′,H)) :: κ | κ′〉op −→ 〈do ` V | γ | κ | κ′ ++ [(σ, (γ′,H))]〉op,
if H(`) = ∅

〈do ` V | γ | (σ, (γ′,H)) :: κ | κ′〉op −→ 〈M | γ′[x 7→ JV Kγ, k 7→ κ′ ++ [(σ, (γ′,H))]] | κ〉,
if H(`) = {` x k 7→ M}

〈V W | γ | κ〉 −→ 〈return W | γ | κ′ ++ κ〉, if JV Kγ = κ′
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Soundness of our CEK machine

Theorem (Simulation)
If M  N then M −→+ N.

See Hillerström and Lindley (2016) for the details.



Conclusion and future work

In summary
Augmented the configuration space of CEK
Enriched the structure of continuations
Showed that our machine simulates the operational semantics

Future work
Relate the server-side abstract machine and the client-side CPS translation
Support for multihandlers
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