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TT-calculus recap

cKV).P send Von cthen P

c?(x).P receive on ¢, bind to z, then
P| @ parallel

vc (P) restriction (create channel)
*c?(x). P replicated input

0 iInactive process

dual end-point

e
(c?(z).P | cKWV.Q) — (PlV/z]]| Q) (B reduction)

(*c?(x).P | KWV.Q) — (*c(x).P | PlV/z|| Q)
(*B reduction)
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TT-calculus recap (2)

¢ D {Li: Py oy Ln s P} offer n labelled choices
¢ <l L. P select label jthen act P

(¢ D {Li: Py .y Ln: P} | ¢<] Li. Q) — (Pi]| Q)

(B reduction)

(commutativity) (associativity)

PlQ=QIP P (Q|R)=(P|Q|R

(scope extrusion)

ve (P Q)= ve(P)| Q (ifcit @)
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Session type primer

Su=1lz|.5 | ?|.§ | ..

sena a T recv a T

e.g. d:?|!lbooll]l, ¢:!int] = cl{3).d?(e).el{true)

5/ 25



Session type primer
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Session type primer

S = ![l’ S | 7[1’] S ‘ &[l] S .. : n] ‘ @[lz S .. : n]
sendatTt recvart offer choice 1-n select choice 1-n
Duality:  ensures absence of communication errors

dual(?|z|.5) =!|z|.dual(S) send is dual to receive
dual(&|l; : Si... I 2 Sn|) = @|l; : dual(Sy)... I, : dual(Sy)]

‘offer’ dual to ‘select’

A, c: S, c: dual(S) - P ;AP I'; Ae - @

AF veP ['; A1 A= P Q)
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Session type primer

Su=|.S | ?|.5 | &l :S1...l, - Sn] | ®|ls:S1...1n : S
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Session types as “linear” capabilities

c: .5+ c?(x).P c:?Nt|l. T +clV).Q
c:t.S, ¢ ?t]. T — c?(x).P | cW).Q)
B B
c:5 c: T = P[V/.:L'] @
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PCF_l_ ' M:z,F

I'Sx:0+- M: 1, F . I’I—M:air,F I'-N:o G
s FI—/ME.MZOF%T,I = MN:7,FeGeH
, I'- M: 1, F C
Jar CE.O'EF sub % F G
Cka:o,l LEM:z G

FI—M:nat,F F|_N11T7G F)x:natFNJ:T)H
' case M of 0 » Ny (suc x) » No: 7, Fe (G® H)

F

case

T.ox:7,f:7—71, W M:z,F o ' M:unit, F ©I'F= N:unit, G

Fkrec(ﬂfﬂz.]\@:fir,l ' M| N:unit, F& G

rec

- (F, *, 1) sequential composition - @ alternation (case)

» L sub effecting (approximation) . * recursion

* & parallell composition 7125



1

effect systems

sequential

pure

conditional

repetition

sub-effecting

parallelism

VS.

.- Y el--

end

D[l : 51, ... In
&lh: S, .. Ly

ua . S a
“le] *24

IA

: Sl
Sh|

prefixing

Inaction

selection/
branching

fixed-points
replication

sub-typing

balancing
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Effects as sessions

[T+ M:x, F1¥ — L r: el eff:[FIF

r - channel which sends result
eff - (effect channel) over which effects are simulated

idea: encode effect info. as session types

Sessions as effects
AP — [I'] - M:unit, [ A ]

idea: instantiate effect with “session effects”

917125



Parameters to the encoding ( into )

process encoding
4 ) 6]7; [F] ( M

[T M:7,F17 handler(ef)

\- /

- Effect-dependent parameters:

= Effect handler
[Plotkin, Pretnar “Handlers of Algebraic Effects” 2009

Bauer, Pretnar "Progamming with algebraic effects and handlers™ 2012]

= |nterpretation of effects annotations into sessions
[_1:F > SAUSYING [FeG]—[F]14[G]
[I] = end

= Encoding of effectful operations

- (e.g., get, put, Input, ouput) 0775



Simple state effects (List {pt,gt|te 7}, ++,|]|)

~ B eff ~ )
eif dget ]
[1'F get: 7 [g7]] . 5 store( eff)
Ml
\ J L J
- R eff ~ p
F |_ V: l', [] @pU‘t Store(em
eﬁ >
[1 Fput V@ unit, [p ‘L‘] | ) 1T 1]
\ J L J

[_1:F —§ forsimplestate [(g0):F]—=@®[get:?[z].[F]]
[(po):F]1=@lput:![z].[ FT]
[[I]] = end
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I'=-M: o, F I'N'z:0 N:7,G
I'-let x« Min N : 7, (F e G)

let

syntactic sugar for (Az.M) N

[T+ M:0,F17 —— _eff:[F]- P
[T.2:0-N:7.G]" —— .. eff:[G]F P’

[Tk let .oz, (FeG) 17— . eff:[FeG1r

Solution: pass eff around instead
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Effect-channel passing

I'-M: o F IYx:0 N:17, G

let
I'let x «Min N:z7, (FeG)
er: [ Ge k]
ei - MFehl N\ """/ a5 1hT ¢o: [ k ]
V.
(IFI—M:G,FI)ZZ’eO (]r,x:O'_N:T)GDIeri,eo

qg: ![[U]\ re ![[‘L’]N
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Effect-channel passing

I'-M: o F IYx:0 N:17, G

let
I'-letz <« Min N: 7, (FeG)
er: [ Ge k]
el MM FeGelk] 0 1[G k] eo . [ k1
Vi .
(IFI—MZO',FI)ZZ’eO (]r,x:OI—N:T,Gl)ei’eO
r

qg: ![[O]\ re ![[‘L’]N

h—= Gek
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Effect-channel passing

I'-M: o F IYx:0 N:17, G

let
I'-letz <« Min N: 7, (FeG)
a: [ Ge k]
el MM FeGelk] a1 Gek] eo . [ k1
V.
(T M:o,Fy " (Tox: 0L N:7,Gp>c
r

qg: ![[O]\ re ![[‘L’]N

h—= Gek
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Effect-channel passing

I'-M: o F IYx:0 N:17, G

let
I'let x «Min N:z7, (FeG)
a:[Gelk]
el MM FeGelk] eo . [ k1
Vi.
(T-M:0,F)"°
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Effect-channel passing

I'- M: o, F I'Nz:o0 N:7, G

let
I'-letz <« Min N: 7, (FeG)
a::[Gek]
ei:?[[F.G’l(]] 6_0'[[|(]]
Vi.
GFI_M:U’FDZZ,G (T,x:0-N:7,G)"
r
\ /V |
r: 7]
q :: [o]
ro el ei: WFeGekl, @: kI (T Flet ...z, (FeG)p ™
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Higher-order embedding

Embed latent effects L
[o— 1= ol '[z]]
[0 7]— N7 o], ?2LFe GI1,!/I GI1, '] ]

A

send channel which /
can receive effect channel
for latent effects

send channel which
can send effect channel
for continuation
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Theorems

Soundness
I'-M=N:7,F —
[T, r:[z], eff :tLE]I-IMI=[NI

Operational correspondence

[-]
' M:z,F > P

reduction L — reduction

' N:z, G HQ%’P’

Soundness/completeness
15/ 25



dS

[T+ M:x,F17 — [T1r:!, off :[F1+ P

» Encoding parameterised by:
» handler; (homomorphic) effect interp., operations encoding

* Examples

» State (list and set-based)
» ML-style references

» Counting effects, F = N

- Effects with linear continuation behaviour

dS

I11 M:unit, | A] «— I"AF+ P
16 /25
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into effects

|. PCF with par

- M:unit, F  I'E= N:unit, G
' M| N:unit, F& G

par

2. Instantiate PCF effects with ° ’
° (effects are environments A)
» algebra replicates session operators, e.g, & — ©

3. Channel types (Chan c)

4. Tt-calculus like communication operations (send, recv, new)
5. Operational semantics based on queues:

<M, s> where s is a store for queues

|7 /25



Sessions into effects

Sequential composition (fragment)
({c:S}, A) o ({c:TH, A= {c:S4T} . (Ae A

Communication operations

.9
recv : Chan c 1 'M'end}» T
)
send : Chan ¢ — 1 e idend} unit
{c:!|S|.end, d: S}
chSend : Chan ¢ — Chan d — t > unit
: 718 Feld: S F
chRecv : Chan c{c | ]}> (Chan d { >}l’) — T
. : C : F
new : (Chan ¢ — Chan ¢ Fete: 5 ¢ dual(d)) T) =7
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into effects

Fncoding of session types into effects: [ _]: S —F

€8 [ ![z].S1 =[] . [S]
[ ?|z].S1 = 701 . [S]
[[&:11 . 51, 12 0 S2] = ?:int: : ([[Sz]] -+ [[Sg]])
[D[11: S, 12 : Se] = int| . (LS + [Sel)

Choice/selection via alternation
S, Tu=l7].S|?7].S|*l[7].S|end |S+S | pa.S | a| ®S
Effects of case @ = union If common session types equal
[' - case M of O » Ny (suc x) » No: 7, Fe (GU H)

Sub-typing used to introduce branch/select

SCS+ T TCS+T
19 /25



into effects (syntax)

Fragment of the encoding. ... mostly straightforward

[ KV)P]l=1let =sendc[ V]in[ P ]
[ c?x).PT=1let = recvcin[ P ]
[ c?(d).P]=1et k = chRecv cin k (Ad. [ P 1)

{c: ?[S]} Fe{d:S} _ F
chRecv : Chan c >(Chan d > T ) > T

[[CQIO.P]]:let_zsenchin[[P]]

[ Do :P,Li:Q1=1let = recv c in
case xof 0 » [ P, (sucn)»[ QI

[ *c?(d).P 1 = rec (Af.Az. let k = chRecv c
in (kK (Ad. [ P1)) || funit) unit

20/ 25



Theorems

Operational correspondence

P <[], s> P <[P1, s>
—>
Q =[-1 <M, s’> @ =[-1 <M, s>
Soundness Completeness

21 /25



Prototype implementation

Sessions — Effect PCF

+ “‘Embedding effect systems in Haskell”, Orchard, Petricek (2014)

Operations
recv :: Chan ¢ — Process '[c» t :? end] t
send :: Chan ¢ — t — Process ‘[c ~» t :! end] ()

Effect-graded monad

return :: a — Process (Unit t) a
t fa— (a— t ghb)

(>>=)

— Process (Plus t £ g) b

http://dorchard.co.uk/popl16 22 /25



http://dorchard.co.uk/popl16

Encoding of: ve.(vd.(c(d).d?(Ping)) | €?(xz).z!(Ping))

client (c :: (Chan (Ch "c")))
= new \(d :: (Chan (Ch "d")), d') ->
do chSend c d
Ping <- recv d'
print "Client: got a ping")

server ¢ = do { k <- chRecv c; k (\x -> send x Ping) }

process = new (\(c, c’) -> (client c) “par  (server c'))

Inferred type:

client :: Chan (Ch "c")
-> Process '[Ch "c" :-> (Delg (Msg :! End) :! End)] ()
237125



Unanswered question

session calculus

L' M:7, F] I I'= M: 7, FII
fPCF+ par

A

I': A-P

session calculus

I'= M: z, F
fPCF+ par

[((I'; A=PJ] <~ [I'; A P]

. fPCF+ par
session calculus

24/ 25



Conclusion

(parallel PCF) into (r-calculus)

Expressive power of session types
Incorporate effect information into specifications (e.g. Scribble)

Pi-calculus as intermediate language

(r-calculus) into (parallel PCF)
Expressive power of effect typing

Embed session types into existing languages (see artefact)

Todo: Completness

Alternate encoding: T"— M: Trt or CBPV
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Thanks
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