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TT-calculus primer

cKV).P send VoncthenactasP

c?(x).P receive on c, bind to x, then actas P
P|Q do P and Q in parallel

ve (P) channel creation/binding [restriction]
' P process replication

0 iInactive process

(c?(x).P | cKV>.Q) — (P[V/x|]| Q) (3 reduction)

(commutativity) (associativity)

P1Q=QIP PI(QJR)=(P[Q)|R

(scope extrusion)

ve (P Q) = ve(P)[Q (ifc#Q)



Session primitives primer

c D> {Li:Py, .., Ly: Py} offer n choices

cdL;.P select label 1then act as P
/ dual end-point
(c D {L1:P1, ., Ly : P} | ¢ < Li. Q) (B reduction)
— (Pi] Q)

(c?(x).P | ckKV).Q) — (PIV/x]| Q) (B reduction)

\ dual end-point



Session types primer

[': A+-P

value environment /‘ L/ session environment

I''z:A; A,c: S

S], o Cn - Sn

i

(recv)

I's A, c: ?A].S

S+ P

)

— ¢?(x).P

I V:A

(send) ' A c
I'; A, c

[A]LS - WP



Session types primer (2)

dual session type —\
I''A,c: S5, ¢c: S+ P

(inact) I'; c:end =0  (restr)
I': A+~ ve.P

Duality: ensures absence of communication errors

?[Al.S = 1A].S  1ALS = ?|A].S end — end

eg W 0> [ €2(z)-€2(m) [ D)

[': A1 P ['; Ao @)
F;A1@A2I—P‘ ()

(par)



Session types primer (2)

~
I''A,c: 5, ¢c: S P

(inact) I'; c:end =0  (restr)
I': A+~ ve.P

Duality: ensures absence of communication errors

?[AL.S = 1A].S  1ALS = ?|A].S end — end

e.g. cl0).c c?(x) 0y | ¢?(x).d?(y) | dK1)

[': A1 P ['; Ao @)
F;A1®A2I—P‘ ()

(par)



Session types primer (3)

A e: Sy-Py ... Th5A,¢c: Sp Py
I's Ay c:&llp:So... In:5i] +
c D{ly:Py... I, : Py}

(branch)

', A,c: S+ P
' Ac:@l: S| +-cL.P

(select)

Duality:

&

o :Sp... ln: Sl =®|lp:50... I :8Sn
@l :Sp... In:S) =&|lp:50... I :




Effects in a TT : Variable agent

Store{c , x)




Effects in a TT : Variable agent

def Store(c, x) = ¢ > {get : cix).Storelc, x),
put : c?(y).Storelc, y,
stop : 0} in Storec , i)

Store{c , Xp




Effects in a TT : Variable agent

def Store(c, x) = ¢ > {get : c/x).Storelc, %),
put : c?(y).Store{c, y,

stop : 0}

get(c)(x).P = (¢  get).c?(x).P
put(c)<V).P = (¢ < put).cKV).P
stop = (¢ d stop).0

e.g. increment store

C .

C .

®
®

Server

in Store{c , 1)

get : 7| A]. S|
put : 1| A]. S]
Client

(get(c)(x).put(c)x+1).0 | Storec , 1))

c: ®lget : ?|Z|. ®|put : !|Z].end || + get(c)(x).put(c){x+1>.0

v —



I'M: 1

Effect system

monoid (F,e, o)

I'N'z:0- M: 7t I'-M:0—-7 I'EN:o r:o0€el
abs app var
I'-JAz.M:0— 1 I'- MN:z I'-xz:0
I'-M:TFo I'Cz:o0-N:TGT = M: 1
bind return
I'Fletz e Min N : T (FeG)1 I'-<M>:Tox

The marriage of effects and monads, Wadler & Thieman (1992)

Analysis style [Gifford, Lucassen (1986), etc.]

I'yx:0+- M:1, F Fl—M:oir,F I'=N:o, G

T aM:oo 1, o = MN:7,FeGeH




Effect system for state

Effect monoid:  (List {put t,gett|t e t}, ++, ||)

Fffect operations:  put: 7 — T |put 7| ()
get : T |get 7| 7

e.g. increment store

'+ let z < get in put (z + 1): T [get Z, put 7| ()

cf. session-typed Tr-calculus version

c: ®|get : ?|Z|. ®|put : !|Z].end || + get(c)(x).put(c)x+1>.0

=~ |get Z, put Z]



Effect systems describe side-effect behaviour
A-calculus as prototype

I'-M:TFo I,xz:0-N:TGT

I'Fletz e Min N: T (FeG)7

Session types describe communication behaviour

n-calculus as prototype

I'N'z:7; A, c: S — P

(recv)

I A c: 778 +=c?(x).P

Are they related!?



Sessions as effects

Effect handler process [e.g., variable agent]

[cf. Bauer; Pretnar “Progamming with algebraic effects and handlers.”]

Effect channel [a session channel for communicating with handler]

... whose session type is (encoding of) effect annotation
+ “Threading” effect channel through control flow of encoding

[cf. state (e, ) — (e’, s or monadic semantics a — M b ]



Sessions as effects

+ Encoding of general effect sequential composition

+ Parameterised, for a particular notion of effect by:

» Effect handler [variable agent]

* Interpretation of effects annotations into sessions

[[]] = end
[ (get7):F ] = ®|get: ?[«].LF1]

[(putt):Fl1=o|put: [z]. [T F 1
» Encoding of operations [get, put]

» using get(c)(x).P = (c < get).c!(x).P etc.



Embedding

[T+M:TFel” = [T1r: %], eff:[F T+ ..

[+ letx<=MinN :TF‘IZ]]67=
vs . ([MT | 200 NT)

¥ e

both using eff

Not well-typed wrt. sessions!



Embedding

[T+M:TFel” = [T1r:xl, eff:[F T+ ..

vei,eo . ((T F M :TFz)" 1 eildeffy.coleff’))

(DFM:TFt)"— vq.

[0, r:!tl, ei:MFegl,eo:'[eclt+ ...
- ™~

receive effect channel send effect channel

[ I Frun M : 7],
—veff . (ITFM:TFz1% | Hep)



Embeading

(' <M>:TOr [)fi’eo — ei?(c). ( M )r.eollc
where Vg. [I']; r:'l7], ei:gl,eo:'Mglt ei?c). (M)r.eolc)
(F-letx<=MinN:T(FeG) 7)™ =

v, a. (( M[)f]i’a | g7 (). Nbf’eo)
where vh . g : [o], ei:?l[FOh]],g,:!l[h]]I—(]Ml)f]i’“

h— Geh
Vh'. x:[[O]];TI ![[f]],&:?[[G.h’:[L Q:![[h’]]F(INDj,w



Embeading

(' <M>:TOr [)fi’eo — ei?(c). ( M )r.eollc
where Vg. [I']; r:'l7], ei:gl,eo:'Mglt ei?c). (M)r.eolc)
(F-letx<=MinN:T(FeG) 7)™ =

v, a. (( M[)f]i’a | g7 (). Nbf’eo)
where vh. q:!lol, ei:?[[F'G'h']],g:![[GOh']]I—(|M|)2i’“

h— Geh
Vh'. x:[[O]];TI ![[’L']],a,:?[[(?_.tff]]7 Q:![[h1]]|_(]NDj,eo



Example

[ LD, r:![intl, eff : [ |get Z, put Z] 1 +
[ I+ let x <= get in put (x+1):T[getZ,putZ]Z]]eﬁ

[Trrun M:c] = veff. (LT - M:TFe1” | Var(eff, 0)



Soundness
I'EM=N:TFz =
[T]; (r A[r]end, e : [F]) - [M]¢ ~ [N]¢

letx=Min<x> = M (left unit)
let x=<v>inM = M[v/x] (right unit)
let x<Min (let y <= N;in N;) = (associativity)

let y=(let x<=Min N;) in N, |if x# N

Completeness
[T1,r:tl eff:[F1- MDY = [NT."

— I'-FM=N:TFrt



Application

Use session-tt as intermediate language

» Effect-informed optimisations, e.g. implicit parallelism

fI'-M: Tooand ' N: TFEF¢t

then (letz < Min(lety < Nin P)|®"*°

(A

= va,s.eb. (M, | (NS | 32(@):57(0).0 PDE)

Tr

+ Semantics of concurrent effects

- e.g, hon-interference, atomicity via sessions



Effects as sessions (summary)

» Sessions and session types expressive enough to encode
effects with a causal effect system

» Per effect notion [e.g, state, counting, [/O];

effect mapping, handler, encoding operations
- Extended to case and fix effect-control-flow operator

- Set-based effect systems recovered by transforming causal

Details see dorchard.co.uk:
“Using session types as an effect system” (Orchard,Yoshida, PLACES 2015)




Effects as sessions

[T +M:TFt1? — [TLr: !t eff :[F1- P

Sessions as effects?

AP —— [I'] =M :T[ A ] unit

* Reuse existing effect-system approaches:
» Embedding effect systems in Haskell (Orchard, Petricek, 20 [4)

- Session types for existing libraries (e.g., CloudHaskell)



Send/receive as effects

I'Nx:A; A, c: S P I': A,c:SP I;,.-FV: A

(recv)

(send)
DA, c:?2AlL.SH ¢2(x).P  T:A, c:l[A.S+ ¢(V).P

+ Composition by prefixing

?-] : ty = (S — S) -] £S = ?[t].S
-] : ty — (S — S) -]t S =1t].S
end : S

* Equivalent to a list over token S (cf. different lists in Prolog)
7?7 1ty — S ++ . [S] = [S] — [S]
! .ty — S [] - [S.




Send/receive as effects

I'Nx:A; A, c: S P I': A,c:SP I,.-V: A

(recv)

(send)
DA, c:?2AL.SE ¢2(x).P DA, c:l[Al.S+ ¢V).P

* Decompose environment A

effects (List {c :?t, c:It}, ++, ||

recv :: Chan ct — T '"[c :7 t] t
send :: Chanct =t —= T '"[c :! t] (O



Effect-indexed monads

class Effect (t :: ef » * 5> *) where

type Unit t
type Plus t £ g

return :: a » t (Unit t) a
(>>=) :¢: t £f a->»> (a>»>t gb)->t (Plus t £ g) b

gives '-M:T fa I''z:atk-N:T gb
I'-dox« M; N : T (Plus T £ g) b

cf. I'-M:TFo I'N'e:o0-N:TG<
I'Fletz e Min N: T (FeG) 7

“The semantic marriage of effects and monads”, Orchard, Petricek, Mycroft (2014)]
“Parametric effect monads”, Katsumata (2014)]
“Embedding effect systems in Haskell”, Orchard, Petricek (2014)]




Session-indexed monads

data S a =C :2 a | C :! a

data Session (s :: [S *]) a = ..

instance Session where
type Unit m = ‘[]
type Plus m s t = s :++ t

return :: a »> m (Unit m) a
(>>=) s+t ms a > (a->m¢tb) > m (Plus m s t) b

recv :: Chan ¢ t — Session '[c :7 a] t
send :: Chan ¢ t — t — Session '[c :! t] (O



Duality and par

par :: Session s () =+ Session t ()
-+ Session (s :++ t) PId

new :: Duality c s =>
(Chan ¢ -> Session s a) - Session (Rem c s) a
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Conclusion

Effects into sessions

Shows the expressive power of session types
Incorporate effect information into specifications (e.g. Scribble)

Use pi-calculus as intermediate language

Sessions into effects

Embed session types into existing languages

Shows the expressive power of effect typing
“Type & Effect system: Behaviours for concurrency” Amtoft, Nielson, Nielson 1999

the tale of two type systems

Thanks!!!



