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Step 1 : the types

Step 2 : the processes

Step 3 : the properties of well-typed processes
Step 4 : advanced topics (delegation, static vs run-

time verification, asserted session types, relationships
with automata, session types for real-time systems)



Votivation

 Why multiparty sessions”?

 Why a theory of multiparty sessions?



Web service coordination

Web services : not just web-based RMI
Choreographies (WS-CDL Version 1.0 in 2005)

Buyer Seller CreditAgency Shipper

— QetQuote requestQuote —»

¢— getQuote:quoteResponse ——
when

— Upgat uote.r St e —o |—
pdateQuote:requestQuote barteringDone is true
|

<— updateQuote:quoteResponse — |
order:orderRequest ——p
v
L creditCheck.creditRequest —p
<« creditCheck.creditResponse — | when |
«— creditCheck creditFailure Cﬁd"CheCkO‘ IS true
4:“/
ship:shippingRequest >
- ship:shippingResponse
l@— Order.orderResponse .
https://www.w3.org/TR/ws-cdl-10-primer/

ﬁ_: modular

software development


https://www.w3.org/TR/ws-cdl-10-primer/

Choreography & realisation

"Using the Web Services Choreography specitfication, a contract
containing a global definition of the common ordering conditions and

constraints under which messages are exchanged, is produced [...].
Each party can then use the global definition to build and test solutions

that conform to it. The global specification is in turn realised by
combination of the resulting local systems [...]" [W3C's WS-CDL]

— WS-CDL

| global
definition
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Choreography & realisation

"Using the Web Services Choreography specitication, a contract
containing a global definition of the common ordering conditions and
constraints under which messages are exchanged, is produced [...].

Each party can then use the global definition to build and test solutions
that conform to it. The global specification is in turn realised by
combination of the resulting local systems [...]" [W3C's WS-CDL]
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Origin of Multiparty Session Types

Binary Session Types [CONCUR'93,PARLE94,ESOP’98]

Vv

Milner, Honda and Yoshida joined W3C WS-CDL (2002)

V

Formalisation of WS-CDL [ESOP’07]

v

Scribble at m4 Technology
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Multiparty Session Types [POPL08]
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WS—CDL & Global types & Scribble

package HelloWorld {
roleType YouRole, WorldRole;
participantType You{YouRole}, World{WorldRole};
relationshipType YouWorldRel between YouRole and WorldRole;
channelType WorldChannelType with roleType WorldRole;

choreography Main {
WorldChannelType worldChannel;

interaction operation=hello from=YouRole to=WorldRole

relationship=YouWorldRel channel=worldChannel {
request messageType=Hello;

By Nobuko Yoshida (Bertinoro SFM) in 2015 <— by Dr Gary Brown (Pi4 Tech) in 2007



E—
WS-CDL &IG\oba\ types & Scnbb\ej

You — World : (Hello). end

protocol HelloWorld {

role You, World:;
Hello from You to World;

By Nobuko Yoshida (Bertinoro SFM) in 2015



Motivation

 Why multiparty sessions”?

 Why a theory of multiparty sessions?



Binary Sessions (recap)

Buyer Seller

(branching)i ; date

T =!String; 7Int; @{ok : String;?Date;end, quit : end}
T =?String;Int; &{ok : ?String;!Date;end, quit : end}

If P and @ have dual types (e.g., T and T, respectively) then P | Q is typable.



Binary vs Multiparty

(branching)

Alice Seller Bob
title >

e quote quote >
quote S

€----n- ok --------1---
—— address ——
date -

Ié ------ quIt ===

Can you model this using binary types?



Binary vs Multiparty

Alice

Seller Bob
— title ——»
quote —— quote ——»| 2
quote
EEEEEE ok --------1---
<«— add —
address + (branching)
date —»|
|: ------ quit -------o -

... for example by combining binary session ...



Binary vs Multiparty

Alice Seller Bob
quote _%J
— title ——
3 l&—— quote —— quote ——»| 2

EEEEEE ok --------1---

<«— add —

address + (branching)
date —»|
|: ------ quit -------o -

No. Causalities may not be preserved across sessions



Therefore...

* Having session involving more than two roles allows to
model protocols that we could not model with binary
session types

* The challenges of Multiparty Session types:
e asynchrony + distribution
* network configuration
e extending duality to multiparty specifications

e realizability



Essential reading list

Honda,Yoshida,Carbone@POPL'08
“Multiparty asynchronous session types”

A e e e e e ——— N

Bettini et al. @ CONCUR'08
“Global Progress in Dynamically Interleaved Multiparty Sessions”

I ——————————— R ————————— — N e S N e S— R —

Coppo,Dezani-Ciancaglini,Padovani, Yoshida@SFM'15
“A Gentle Introduction to Multiparty Asynchronous Session Types”

e e e e R
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Multiparty Session Types : the method

type check p-" o

program
L ,_J
type check | |

type check

—_g¥loba| '  /
=

A — S : (String). !S<Sz§m’ng). s[B1]!(S, “Crime and punishment”).
S — A : (Int). ?S(Int). s[B1|?(S, ).

S — B: (Int). IB(Int). fo<7

A — B: (Int). then s[B1|!(B2,z). ...

else s[B1]!(B2,7). ...



Some considerations ...

type check |
program
’

type check
program

] -
type check | |
A ,

 Top down approach (global types known/agreed beforehand)

* Local verification of global properties: session tidelity, communication
safety, progress

* Tractability



Global types : syntax

G = p—q:(U).G Interaction
p—q:1li:Gitier Branching
ut. G Recursion
t Type variable
end End

U == Int| String| Bool |...|T| G



Three buyers protocol: global type

A — S: (String).
S — A: (Int).
S — B: (Int).
A — B: (Int).
B— S:{ok:B—S: (String).
S — B : (Date).end,

quit : end}



Semantics of global types

* Not directly given in [Honda,Yoshida, Carbone@POPL'08]
and [Bettini et al. @ CONCUR'08] (but via local types)

 Given in [Deniélou&Yoshida@ICALP'13]

* Key characteristics: asynchrony and distribution

R e e E————— - R R I - A —— R

Deniélou, Yoshida@|CALP'13
“Multioarty Compatibility in Communicating Automata:
Characterisation and Synthesis of Global Session Types.”

e




Communication channels

 Messages in transit stored in FIFO unbounded queues

* assume two channels tor each pair of roles”

o S
Lo oS
SA
AS

* [Honda,Yoshida, Carbone@POPL'08] gives explicit account of channel’s usage and requires

additional checks to prevent races. Above we follow [Bettini et a @ CONCUR'08]



Asynchrony

e Each interaction is made of a send action and a
(separated) receive action

* We will use the following (transition) labels

¢ == pa!U | pq?U | pa'l | pq?l

... and the
same with
branching
labels...

a message from p a

of type U message
of type U
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Distribution

e Participants have a limited knowledge of the global state

* Below, S and A act independently | which action(s) can be
executed from here?

SB']nt
S — B:

A— B:
G/

AB!Int

:
A~ B: (Int).
can AB?Int be G
executed from here



On the order of actions

* The subject of an action is the role who performs that

action .
subj(pq! U) = p

subj(pq? U) = q

* |n an execution, it Is possible to swap two contiguous
actions unless:

1. they have the same subject

2.they are corresponding send and receive actions
(e.q., of the form pa! U and pq? U)



Exerclse

p—>q:(U). tr —s:(U). end

* Which executions are possible?



Exerclse

 Enumerate all the possible executions of the
global type below:

p—q:(U).gq—=r:(U). end



Multicast vs point to point

A — S: (String). A — S : (String).

S — A: (Int). S — {A,B} : (Int).

S — B: (Int). A — B: (Int).

A — B: (Int). B — {S,A}: {ok: B — S: (String).

B — {S,A}: {ok:B — S: (String). S — B : (Date).end,
S — B : (Date).end, quit : end}

quit : end}



Unbounded bufters

G = p—>q:(U).G
p—q:{li:Gitier
ut. G

t

end

Exercise: think of an example of unbound bufters
(use the rules below)

Glut.G/t] S G G 5 G p,qd subj(f)

ut.G 5 G p~q:(U).G LN p~q:(U).G




Wrapping up

* Global types come with a concise notation

e ... butthe syntactic order may ditfer from the
execution order



Multiparty Session Types : the method

ﬁ q;;;al ] type check f‘—Jﬁ ]

B

. local

project ﬂ

\ - type

type check

 program |

‘ E I;ocal type check * o

* Projection yields a local type for each role
* Why bother?

e formal model for (modular) veritication

* check that the global type is realisable



| ocal types

Global Types Local Types

G = p—q:(U).G T == UNp,U).T Send
p—q:{li:Gitier 2p, U).T Receive
ut. G D(p, {l; : T3 }icr) Select
‘ &(p, {li : Ti}ier) Branch
end pt. T Rec

t Call
end End




Projectio

(W(p, U).G' | q ifq=p,
p—=p :(U).G)q=12p,U).G'Iq ifq=p,

4

Glq otherwise.

\

(B(p', {l; : G; | q}icr)if q = p,
&(p,{li : G;i | q}tier) if =179/,

Gio [ q if p, p" #q, 10 € I, and
\ Gi|q=G;|qloralle¢jel.
pt.(Glaq) UG J[q#t,
(utG)fq{ (GTa) .
end otherwise.
tq=t
end | g = end

e R R N R R R S e R A A

[-_If none of the conditions above applies, then G is not projectable I

.




Projection: example

G = A— S:{(String).
S — A: (Int).
S — B: (Int).
A — B: (Int).
B— S:{ok:B—S: (String).
S — B: (Date).end,
quit : end}



G

Projection : exercise

= M— W: (lask).
W— A{ ok :W— A: (data). A — M: (result).end,
stop: A — M: (error_code).end }



-Xercise : branching

* |s G projectable on M7

G = M—W: (task).
W— A{ ok :W— A: (data). A —M:{ok: A — M: (result).end},
stop: A—M: {stop: A — M: (error_code).end} }

* Not with the projection rules we have seen

e But it is projectable with a more powertul definition of projection
which include “mergeability” [Deniélou&Yoshida@POPL'11]

e in all branches the “third party” must receive a label from the same sender

 different labels are mergead

e same labels need to have same-continuation



Three buyer protocol with notification

A — S (String).
S — {A,B}: (Int).
A — B: (Int).
B— {S,A}:{ok:B — S: (String).
S — B : (Date).end,
quit : end}

A — S: (String).
S — {A,B}: (Int).

A — B: (Int).
B—S:{ok:B— A:{ok:B— S: (String).
see extras for > — B: <Dat6>'end}7
more on quit : B— A : {quit : end}}

merge...
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Recap

type check

C 1 type check
| ~ee

— & 1:{ -~\\\\222i

| "] type check

S

program m

S

program ﬁ

program

* Global and local types specify types of sessions

* Programs are

* code implementing roles in one or more sessions

e executed —> processes



Programs

, The system is a parallel
c&(p,{l; : P;}tier) composition of processes
L

?(p,y).P | ~
if e then P else () f

P|Q
0

(va)P

def D in P
X (e, c)




Programs

©

).

c&(p,{li : Pi}ier)
p'])-P

c?(p,y)-P

if e then P else ()

P

0

(va)P

def D in P

X (e, c)

establish sessions

INnteract In sessions

other constructs



Establishing sessions

service channels a, a’, ... session channels: s, s, ...
e used to Initiate sessions e fOr session communication
e shared e private
[Init]  aln|(y).-Pn | a[1)(y).P1 | ... | aln—1](y).Pr-1
—  (ws)(Pils[1]/y] | P2[s2]/y] | ... | Pulsinl/y] | s :0)

I Cjoppo et al @SFM’'15 I




Processes

programs

c?((p, y))oP

if e then P else ()
Pl

0

(va)P (9,P, )
def D in P (q7p7 l)
X e, c)

(VS})LP run-time processes
S .

gueue of messages in transit:



Processes

INnteract In sessions

if e then P else ()
Pl

0

(va)P

def D in P

X (e, c)



Sending a message

 What you need

* a process that is ready to send/select

* an established session (hence a queue)

slp|{q,e).P | s:h o



Sending a message

 What you need
* a process that is ready to send/select

e an established session (hence a queue)

slp|'{(q,e).P|s:h — Pls:h-(p,q,v) (e ] v)

s
 What you get
+ amessage is placed in the queue

» the process reduces to its continuation



Communications within sessions (1/2)

[Send] slp/{q,€).P|s:h — P|s:h-(p,qv) (elv)

[Rev]  s[pl?(q,z).P|s:(q,p,v)-h — Plv/x]|s:h
[ Coppo et al.@sFM15 ]

e Exercise: give the reduction of the process below

slpl?(a, ).s[p]’(q, +1).0 [ 5 : (q,p,5)



Communications within sessions (2/2)

[Sel]  slp/®(q,h.P|s:h — P|s:h-(p,q,l)

[Bra] s|p]&(q,{l; : P;i}ier) | s:(a,p,1j)-h — Pj|s:h
(J €1)

I Coppo et al. @SFM’'15 I




Recall (queues)

* Recall: we assume two queues for each pair of roles

AB
Ps / oA

6{ S (A B, WA CI.. = 53

AS

 FIFO must be preserved for messages “in the same queue”
* [he others may need to be swapped to allow reduction

— message permutation
s:hy - (p7q7 U) ' (plaqlavl) heg =sthy (p/’quvl) ' (pvqav) - g
if p#p orq#q.




Example (1/2)

A|l(C, “chocolate”).s|A|!(C, 10).0
B| @ (C,11).0
:C:@?(Aa x).s[C|7(A,y).s[Cl&(B, {l; : O}ic(1,2,3})

®wW W »W O

AJ1(C, 10).0

S
s|C|?7(A, x).s[C|7(A,y).s[Cl& (B, {li : O}ticf1,2,3))
s:(B,C,l1) - (A,C, “chocolate”)

s|C|7(A, x).s|C|7(A, y).5[Cl&(B, {li : O}icq1,2,3})
- s5:(B,C,l1) - (A,C, “chocolate”) - (A, C, 10)



Example (2/2)

s|C|7(A, x).s(C|7(A, y).5|C|&(B, {li : O}icf1,2,3})
- s:(B,C,l1) - (A,C, “chocolate”) - (A, C, 10)

e which of the following permutations are allowed?
s: (4,C, “chocolate”) - (B,C,11) - (4,C,10)
s : (4,C, “chocolate”) - (A,C,10) - (B,C,lh) /
s: (A,C,10) - (A, C, “chocolate”) - (B, C,|y) %



Programs

if e then P else ()

P|Q
0
(va) P other constructs

def D in P
X (e, c)



Example : recursive three buyer protocol

A — S: (String).
S — {A,B} : (Int).
ut.A — B (Int).
B— {S,A}:{ok:B — S: (String).
S — B : (Date).end,
more : T,
quit : end}

e Focusing on Bob

G | B=7(S, Int). ut. 7(A, Int). ® ({S,A},{ok : T, more : t, quit : end})
T =I(8, String).?(S, Date).end



An iImplementation of Bob

G | B=7(S, Int). ut. 7(A, Int). ® ({S,A}, {ok : T” more : t,quit : end})
T =I(8, String).?(S, Date).end

Bob = a[B|(¥).4'?(S, Tquote)-
def X(z,y) = P in X(0,y)
P — y?(A,xcontrib)-

if (xquote — Teontrib S 100)
then
y @ ({S, A}, ok).
y!l(S, “CT27NF”).
y‘7(S, xdat(z)-o
else
if (Tcontriv >  + 10) then y @ ({S,A}, quit).0
else y @ ({S,A}, more). X (Zcontribs Y)



An iImplementation of Bob

G | B=7(S, Int). ut. 7(A, Int). ® ({S, A}, {ok : T” more : t,quit : end})
T =I(8, String).?(S, Date).end

Bob = a[B|(y).y"7(S, Zquote)-
def X(z,y) =P in X{0,y')
p = y?(A, Teontrib)-

if (xquote — Teontrib S 100)
then
y @ ({S, A}, ok).
y!l(S, “CT27NF”).
y‘7(S, xdat(z)-o
else
if (Tcontriv >  + 10) then y @ ({S,A}, quit).0
else y @ ({S,A}, more). X (Zcontribs Y)



An iImplementation of Bob

G | B=7(S, Int). ut. 7(A, Int). ® ({S,A}, {ok : T’ more : t,quit : end})
T =I(8, String).?(S, Date).end

Bob = alB](y').4/?(S, Teuoe).
def X(z,y) = P in X(0,y")
P — y?(A, mcontrz’b)-

if (xquote — Teontrib S 100)
then
y @ ({S, A}, ok).
y!l(S, “CT27NF”).
y‘7(S, xdat(z)-o
else
if (Tcontriv >  + 10) then y @ ({S,A}, quit).0
else y @ ({S,A}, more). X (Zcontribs Y)



An iImplementation of Bob

G | B=7(S, Int). ut. 7(A, Int). ® ({S,A}, {ok : T” more : t,quit : end})
T =I(8, String).?(S, Date).end

Bob = a[B](¥')-¥'7(S, Zquote)-
def X(z,y) =P in X(0,9)
P — y?(A, xcontm’b)-

if (wquote — Zeontrib S 100)
then
y @ ({S, A}, ok).
y!(S, “CT27TNF”).
y‘7(S, wdatc)-o
else
if (Zeontrip > * + 10) then y @ ({S, A}, quit).0
else y @ ({S,A}, more). X (Zcontribs Y)



An iImplementation of Bob

G | B=7(S, Int). ut. 7(A, Int). ® ({S,A}, {ok : T” more : t,quit : end})
T =I(8, String).?(S, Date).end

Bob = a[B](¥')-¥'7(S, Zquote)-
def X(z,y) = P in X(0,y")
P — y?(A, xcontrib)-

if (mquote — Lcontrib S 100)
then
y @ ({S, A}, ok).
y!(S, “CT27TNF”).
y‘7(S, wdatc)-o
else
if (Zeontriv > © + 10) then y @ ({S, A}, quit).0
else y @ ({S,A}, more). X (Zcontrib, Y)



A bit of semantics by examples

[ ]( ) ,?( quote)
def X(z,y) = P in X(0,¢)

\ £

$B|?(S, Zquote)-
def X(z,y) = P in X (0, s|B|)

def X(z,y) = P|[150/z4yuote] in X (0, s[B|)



Semantics of recursion

[ProcCall]  def X(z,y) =P in (X{(e, s[p]) | Q)
— def X(z,y) = P in (Plv/z]|s[p|/y| | Q)

[ Goppo o1 el @5M 15 |

S e - e ——————

def X (z,y) = P[150/xqyote] in X (0, s|B|)

— def X(z,y) = P[150/Zquote| in P[150/Tqyote][0/x][s[B]/Y]



Semantics of recursion
det X(2,y) = P{150/Tquore] 1n{P[150/7quorc]

| S|B|7(A, Teontrib)- f
1 if (150 — Zeontrip < 100) ‘
| then
i s|B| & ({S,A}, ok).
s[BJI(S, “CT27NF”).
" SB?(S, xdate)-o

| else :
- if (Tcontris > 0+ 10) then s[B| ® ({S,A}, quit).0 |
else s|B| ® ({S,A}, more). X (Zcontrib, S|B|) :

e e e e — e —

...1gnoring the context and assuming (A,B,5) is in the queue...




Semantics of conditional

it (150 — o < 100)
then

S
S
S

B
B]
*

else
if (5 > 0+ 10) then s[B| & ({S, A}, quit).0
else s|B| & ({S,A}, more). X (5, s|B|)

® ({S, A}, ok).
I(S, “CT27NF”).
?(S, wdate)-o

[II_T] if ethen Pelse @ — P (el true)

F1 if ethen Pelse Q — @ (el false)

e . R

[_C_)Eppo et aI.T@SFI\/HS ]




Semantics of conditional

y 1 ¥ (150 — o < 100)
then
s[B] @ ({8, A}, ok).

s|B|I(S, “CT27NF”).

s|B|?(S, Zdate)-0

else
if (5> 0+ 10) then sB| d ({S,A}, quit).0
else sB| @ ({S,A}, more). X (5, s|B|)

...ignoring the context...



Back to recursion

def X (z,y) = P|[150/2quote] in X (5, s[B|)

P is executed again, within the same session
s[B], but with a different value for x

P = j/?(A, mcontrib)*
if (-’Equot(e — Lcontrib S 100)
then

y @ ({S, A}, ok).
y!l(S, “CT27NF”).
.(/?(Sa xdat(e)-o
else
if (Zeontriv > © + 10) then y @ ({S, A}, quit).0
else y @ ({S,A}, more). X (Zcontrib, Y)



Vore on the semantics...

- See extra at the end for quick reference
- See (better) the whole paper!

|

[Coppo et al. @SFM’15]



Wrapping up

 Jfoday we have seen

e types

* DroCESSES

e some hints on types-process “correspondence”
 Next time we will see

* typing

e properties guaranteed by typing
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Global semantics (part 1)

pp’! U

Snd]  Pp—P :(U).G »  p~p i (UG
Revl pp': (). 2 @

Iz
[Sel] P—Qa: {li : Gitier — P Qs Ui Gi}

Bra]  p~q:{li:G} 25 G

Glut.G/t] 5 G

[Rec] ; _—

/ adapted from
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Global semantics (part 2)

<l G 45 @ bi (¢

p—q:1li: Gitier # p—q:{li: Gl lier
G —— G p,q¢ subj(l)

p—q:(U).G _t, p—q:(U).G

[Async1’]

Gi —— G, p,qd subj(l)

[AsynCZ] p~q:{l:G;} L p~q:il;: G;,}

G 5 | bi (¢
Async?’ — E p,q & subj(¢)
p~>q:(U).G —— p~q:(U).G

adapted from
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Applying the global semantics

Viel G LN G’ p,q & subj(¢)

[Async] :
Pp—q:1li:Gitier —— p—q:1{li:Gllier
G —— G p,q¢ subj(l)

p—q:(U).G _t, p—q:(U).G

adapted from
Deniélou,Yoshida@ICALP’13

Exercise . Which labels can be produced by applying rule
[Asynch1]to G 7

G=p—q:{(U).p—>r:(U).s—=>t:{U).G

[Async1’]




Global semantics (part 3)

* A local semantics is also given

* each local type can make a send/receive step by
‘Interacting” with a queue

* when one local type makes a step then the whole
system make a step (interleaved semantics)

Theorem 3.1 (soundness and completeness). Let G be a global type with partici-
pantsPandlet T = {G | P }pep be the local types projected from G. Then G ~ (T;3).

I Deniélou,Yoshida@I|CALP’'13 I




Vliore on channels

* |In [Honda,Yoshida,Carbone@POPL'08] channels are
defined explicitly and each can be used by different
participants

e This creates risk of races on channel and requires extra
checks that channels are used linearly (with no races).

Figure 5 Causality Analysis
(1) Good (1) Bad (10) Good (10) Bad (00, 1I) Good (Ol) Bad
A—B:s A—B:s A—B:s A—B:s A—-B:s A—-B:s
C—-B:t C—B:s B—-C:t B—-C:s A—B:s C—oA:s
s!| 52,67 ¢! s!|s?7,5?7]| s! s s2,t!|1? s!|s?2;s!|s? sl;s!| 57,57 s!;57| 57| s!

I Honda,Yoshida,Carbone@POPL'08 I




Example: sending type G

((va)a'[1](y).y!(2,a).al2](y").P) | a'[2](y).y?(1, z).z[2](y').Q)
(Vj)(((va)S[i]!@,a>-5[2](y’)-P) | s[2]7(1, 2).2[2](y").Q | s : 0)
(VS(((V@)E[Q](?J’)-P) | s[2]7(1,2).2[2)(y').Q | 5: (1,2,0))
(VS(V@) al2|(y').-P) | al2](y).Q) [ s:0

%

(vs)(va)(vs') Pls'[2]/y'] | Qls'[1]/y'] [ s:0]s": 0



Mergeabillity

@(P', {lz' : Gy f q}i€I> if q=">P,

/ & , lz‘_ . Gz'_ i lf = ,,

p—=p :{li:Gilicr) Tq= (P 1 [ atien) . : ,p
icrGi | q ifp, p' #q

 Basically:

o the first action of g in all Gi must be receiving a label from a
unigue role

o the merge will include the union of the labels in all Gi (each
with the respective continuation)

e |f two or more Gi have the same label then their type
(projected on ) must be the same

l Deniélou, Yoshida@POPL 11 I




Cquivalence

P|0=P P|Q=Q|P (P[Q)|R=P[(Q|R)

(vr)P| Q= (vr)(P| Q) ifr¢fn(Q)
(vr)(vP)P=(vr)(vr)P  (va)0=0 (vs)(s:2)=0

where r :=a | s
def Din0=0 def Din(vr)P=(vr)def DinP ifr¢ fn(D)
(def DinP) |Q=def Din(P| Q) ifdpv(D)Nfpv(Q) =10

def D in (def D' in P) = def D’ in (def D in P)
if (dpv(D) Ufpv(D))Ndpv(D’) = dpv(D) N (dpv(D’) Ufpv(D’)) =0

s:h- (qapa C) ] (q,aP,,C,) W' =s:h- (q,aP,,C,) ' (qapa C) -H if p #pl or q7é q/
Table 3. Structural equivalence.

e . R —

[_C_)Bppo et aI.T@SFI\/HS ]




Semantics

al](y).Py | ... | a[n—=1](y).Po-1 | @[n](y).Pr—>

(v)PLST)/3} | o | Par{sln—11/3} | Pulsln)/v} | 5: 2) i)
slp|'{(q,e).P |s:h— P |s:h-(p,q,v) (elv) [Send]
slp]!{(q, S [p']))-P | s:h — P |s:h-(p,q,s'[p']) [Deleg]
sp|®(l,q).P|s:h— P|s:h-(p,q,l) [Sel]
slp|?(q,x).P | s: (q,p,v)-h — P{v/x} |s:h [Rev]
sp]?(q,y))-P | s: (a,p,5'[p']) -h — P{s'[p']/y} | s : [SRev]
slpl&(q,{li : P}icr) |s:(q,p,lj)-h—>Pj|s:h (jE€I) [Branch]

if ethen Pelse Q —» P (el true) ifethenPelseQ— Q (el false) [If-T, If-F]

def X(x,y) = Pin (X(e,s[p|) | Q) — def X(x,y) =P in (P{v/x}{s[p]/y} | @) (el v) [ProcCall]
P—P = &P]— &P [Ctxt]
P=PandP —Q and0=0Q0 = P—Q [Str]

Table 4. Reduction rules.
l Coppo et al. @SFM’'15 l




