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Petri nets and interconnectability

M-structures and Star

* Petri net structures are used to identify synchronously fully distributed and
asynchronously fully distributed process calcull
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Petri nets and interconnectability

M-structures and Star

 synchronously fully distributed and asynchronously fully distributed
process calculi

Linear Logic-based Pi

CMV : Fundamental Session Pi-Calculus (Branching and Selection) [Vasconcelos 2012]

CMV+ : Mixed Sessions [Casal, Mordito and Vasconcelos 2022]
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LL-Based Session Types (Too Many to List)

Balzer and Pfenning, Manifest sharing with session types, ICFP'17
Rocha and Caires, Propositions-as-types and shared state, ICFP'21
Zien et al, Client-server sessions in linear logic, ICFP'21

Frumin et al, A propositions-as-sessions interpretation of bunched
implications in channel-based concurrency, OOPSLA’22

e Jacobs et al., Multiparty GV: Functional Multiparty Session Types With
Certified Deadlock Freedom




Global Protocols

Linkage between Session Types and Communicating Automata







Bi'narY Session Types: Buyer - Seller Protoco]
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COMMUnTmﬂﬁj AUTO matQq UQSOS‘] [Brand & Zafiropulo '83]




CFS M S 112U 7 ITU notation SDL - MSCS -
ACFSM M= (.,C, 90, 2,5 )

Q. a fmite set of states

C = § pg € Particpant | P#q Y
g0 mttal state

57, o fintte alphabet of messages

6 C QX(CX{Y,?SXZ)XQ, a finrte Set of
transitions
CS  S= (M) pe farticipant






Basic CFSMs
A CFSM s Basic if deterministic

directed, has no mixed States
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Ring Protocol

G:,ut.A%B:{add(iBQ).B%C:{ add(i32).C — A : {add(i32).t} }}

sub(132).C — A : {sub(i32).t}
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Ring Protocol

G:,ut.A%B:{a,dd(iBQ).B%C:{ add(i32).C — A : {add(i32).t} }}

sub(132).C — A : {sub(i32).t}

C?add(i32) Cladd(i32)

a Bladd(i32) G a A?qdd(132) a

C?sub(i32) Clsub(i32)




Ring Protocol

G:,ut.A%B:{a,dd(iBQ).B%C:{ add(i32).C — A : {add(i32).t} }}

sub(132).C — A : {sub(i32).t}

C?add(132) Cladd(i32)

a Bladd(i32) G a A?qadd(132) a

C?sub(i32) Clsub(i32)




Challenge

* (GGlobal types are inherently



Challenge
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Challenge

* |nteractions can be for efficiency while
preserving safety
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preserving safety




Challenge

* |nteractions can be for efficiency while
preserving safety




Challenge

1. Data must be preserved



Challenge

2. and asynchronous reordering
rules must be found



Rumpsteak Framework (Rust)

G Global Type M Finite State Machine (FSM) M’  Optimised FSM A Rust API P Rust Process
G User-Written Generated G
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Ring Protocol

G:,ut.A%B:{a,dd(iBQ).B%C:{ add(i32).C — A : {add(i32).t} }}

sub(132).C — A : {sub(i32).t}

C?add(i32) Cladd(i32)

a Bladd(i32) G a A?qdd(132) a
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Ring Protocol

Cladd(i32)

Clsub(i32)




Ring Protocol

Al|B|]|C
Cladd(i32)

Al|B|]|C

@ A?add(132) G
Al|B|]|C
N\

Clsub(i32)

Al|B|]|C




Ring Protocol

Al|lB|]|C
Clsub(i32)
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vScr

n vScr live X nuscr/nuscr: A toolkit to man X +

“— ® © & https://nuscr.github.io/nuscr/ Uy C IN ®@ © 0 <« & 8 @ Hl & © =

g vScr Documentation GitHub

vScr live

e |t’s small and easy to modify

Global protocol Local types

. dule Adder; a i
e Available on opam rodute Adder e e ]

type <java> "java.lang.Integer" from "“rt.jar" as int;

global protocol Adder(role C, role S)
{

rec Loop {
Py HELgo(u:int) from C to S;
choice at C
{

ADD(w:int) from C to S;
ADD(v:int) from C to S;
RES(f:int) from S to C;

* Available on GitHub A

¢ SIBYE()S!ADD(w: int) ~ [S?RES(f: int)
BYE() from C to S;
} BYE() from S to C;
® } }
 Available on the web
Y/
Load an example j

o Analyse


https://github.com/nuscr
https://nuscr.dev

Ring Protocol

#[derive(Role)]
#[message(Label) ]
struct B(#[route(A)] Receiver, #[route(C)] Sender):

Clsub(i32)

Q A?add(i32) G

Cladd(i32)




Ring Protocol

Clsub(i32)

Q A?add(i32) G

Cladd(i32)

#[derive(Message) ]
enum Label {
Add (Add),
Sub(Sub),
s

struct Add(i32):
struct Sub(i32):



Ring Protocol

Clsub(i32)

A?add(132)

Cladd(i32) #[session]
type RingB = Select<(C, RingBChoice>;

#[session]

enum RingBChoice {
Add (Add, Receive<A, Add, RingB>),
Sub(Sub, Receive<A, Add, RingB>),



Ring Protocol

Clsub(i32)

Q A?add(132) G

Cladd(i32)



Ring Protocol

Clsub(i32)

Q A?add(132) G

Cladd(i32)



Ring Protocol

async fn ring_b(
role: &mut B,
mut 1input: 132,
) —> Result<Infallible> {
try_session(role, |[mut s: RingB<'_, _>] async {
loop {
let x = 1nput x 2;

Clsub(i32)

s = if x > 0 {
let s = s.select(Add(x)).await?;
let (Add(y), s) = s.receive().await?;
input = y + X;
S
} else {
Cladd(i32) let s = s.select(Sub(x)).await?;
let (Add(y), s) = s.receive().await?;
input =y — X;
S

A?add(i32)

&
})

.awailt



Ring Protocol

loop {
let x = 1nput x 2;

Clsub(i32)

s = if x > 0 {
let s = s.select(Add(x)).await?;
let (Add(y), s) = s.receive().await?;
input = y + X;
S
} else {

let s = s.select(Sub(x)).await?;

let (Add(y), s) = s.receive().await?;
input =y — X;

S

A?add(i32)

Cladd(i32)

&



Ring Protocol

loop {
let x = 1nput x 2;

Clsub(i32)

s = if x > 0 {
let s = s.select(Add(x)).await?;
let (Add(y), s) = s.receive().await?;
input = y + X;
S
} else {

let s = s.select(Sub(x)).await?;

let (Add(y), s) = s.receive().await?;
input =y — X;

S

A?add(i32)

Cladd(i32)

&



Ring Protocol

loop {
let x = 1nput x 2;

Clsub(i32)

s = if x > 0 {
let s = s.select(Add(x)).await?;
let (Add(y), s) = s.receive().await?;
input = y + X;
S
} else {

let s = s.select(Sub(x)).await?;

let (Add(y), s) = s.receive().await?;
input =y — X;

S

A?add(i32)

Cladd(i32)

&



Ring Protocol

loop {
let x = 1nput x 2;

Clsub(i32)

s = if x > 0 {
let s = s.select(Add(x)).await?;
let (Add(y), s) = s.receive().await?;
input = y + X;
S
} else {

let s = s.select(Sub(x)).await?;

let (Add(y), s) = s.receive().await?;
input =y - X;

S

A?add(i32)

Cladd(i32)

&



Ring Protocol

Clsub(i32)

let s = s.select(Add(x)).await?;
1 , = S, ' . 1t 7?:
e A?add(i32) G let (Add(y), s) = s.receive().await

Cladd(i32)



Ring Protocol

Clsub(i32)

let s = s.select(Add(x)).await?;
let (A , = S, ' . 1t 7?:
Q A?add(i32) G let (Add(y), s) = s.receive().awai

Cladd(i32)



Ring Protocol

Clsub(i32)
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Ring Protocol

Clsub(i32)

let s = s.select(Add(x)).await?;
1 , = S, ' . 1t 7?:
e A?add(i32) G let (Add(y), s) = s.receive().await

Cladd(i32)



Ring Protocol

Clsub(i32)
Llet s = s.select(Add(x)).await?;
— . I . i 7;
a A?add(i32) G let (Add(y), s) = s.receive().await
4




Ring Protocol

Clsub(i32)

e 2,
let (Add(y), s) = s.receive().await?;

0000000000000 000000000 o

method not found in rumpsteak::Select<'_, B, C, RingBChoice<' , B>>"




Rumpsteak Framework

G Global Type
G
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(a) Top-down

M Finite State Machine (FSM)

Rust Typecheck

User-Written

M’  Optimised FSM

Generated

k-Multiparty Compatibility
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A Rust API P Rust Process
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(c) Hybrid



Theories for Communication Optimisation

How do we check that asynchronous reorderings are ?



Theories for Communication Optimisation

1. Asynchronous subtyping [Ghilezan, Pantvic, Prokic, Scalas and NY

]



Theories for Communication Optimisation

2. k-multiparty compatibility [Lange and NY, ]



cladd(i32)
cladd(i32) Safe?

é<dd<>@
é<dd<>©

clsub(i32)
clsub(i32)




add(132) cladd(i32)

@ bladd(i32) ) @d(iw)Q

c?sub(i32) clsub(i32)

Safe?






A

| - buffer execution

i Mi: does action &

then (M;)zeP\t do dction 1
after some Annany




Definition 4 (k-Safety). S is k-safe if the conditions below hold for all s =
(g;w) € RSk(S):

Ta
1. For all pq e C, if wpq = a - w', then s —»p* ——,.

Ta

2. For all p € P, if ¢, is a receiving state, then s —,* ——. for some q € P
and a € 2.

We say that S is safe if it validates the unbounded version of k-safety (co-safe).

Definition 5 (Stable). S has the stable property (Sp) if Vs € RS(S) : d(q;€) €
RS(S) : s »*(q;€).

Definition 9 (k-Exhaustivity). S is k-exhaustive if for all s = (q;w) €
RSk(S) and p € P, if qp is a sending state, then Y(qp,?,q,) € 0p : 3¢ € A* :

4
S ¢’k > L andp¢¢.




k-Multiparty Compatibility [cavi19;

.
k-0BI and 1BI Communicating Session Automata

3S-k-bounded (Def. 23)

N\

3-k-bounded (Def. 22)
k-synchronisable (Def. 24)

k-exhaustive (Def. 9)

'Eventual reception (Def. 4 (1))
‘Stable (Def. 5)
‘Safe (Def. 4)

® ® ® @

k—mic (Def. 10)




Asynchronous Subtyping

* Relation given by [Ghilezan et al., POPL 2021]

Internal and external choices can be decomposed into single input and
single output trees



Asynchronous Subtyping

» Sound

Internal and external choices can be decomposed into single input and
single output trees



Asynchronous Subtyping

» Complete

Internal and external choices can be decomposed into single input and
single output trees



Asynchronous Subtyping

» Decidable [Bravetti et al., Lange and NY] X

Internal and external choices can be decomposed into single input and
single output trees



Asynchronous Subtyping

 Our aim is a sound and decidable algorithm

Internal and external choices can be decomposed into single input and
single output trees



Asynchronous Subtyping

Internal and external choices can be decomposed into single input and
single output trees



Asynchronous Subtyping

€ empty prefix
pl(S) message send
p?l(S) message receive

T1 .79 concatenation



Asynchronous Subtyping

A®) = q20(S) | q7¢(S).A®)  (p#q)

S <. S
(p?0(S).m, A®) p24(S") 7" — (7, AP .7/

RED-A
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A®) = q20(S) | q7¢(S).A®)  (p#q)

S <. S
(p?0(S).m, A®) p24(S").7") — (7, AP .7/

RED-A



Asynchronous Subtyping

A®) = q20(S) | q7¢(S).A®)  (p#q)

S <. S
(p?4(S).m, A®) . p24(S") 7" — (7, A®) .7/

RED-A



Asynchronous Subtyping

A®) = q20(S) | q7¢(S).A®)  (p#q)

S <. S
(p?0(S).m, A®) .p24(S"). 7w — (7, A®) .7/

RED-A



Asynchronous Subtyping

(p?0(S).q?m(S"), q?m(S").p?(S)) = (q?m(S"), q?m(S"))



Asynchronous Subtyping

(p?0(S).q?m(S"), q?m(S").p?(S)) = (q?m(S"), q?m(S"))



Asynchronous Subtyping

(p24(S).q?m(S"), q?m(S").p?(S)) = (q?m(S"),q?m(S"))



Asynchronous Subtyping

(p?0(S).q?m(S"), q?m(S").p?(S)) = (q?m(S"), q?m(S"))



Asynchronous Subtyping




Asynchronous Subtyping

(?

(P?L(S).p?m(S"), p?m(S").p?L(S)) — (p?m(S"),p?m(S"))



Asynchronous Subtyping

?

(p?L(S).p?m(S"), p?m(S").p?(S)) — (p?m(S"),p?m(S"))



Asynchronous Subtyping

?

(R?L(S).p?m(S"), p?m(S").p?L(S)) — (p?m(S"),p?m(S"))



Asynchronous Subtyping

?

(p?0(S).p?m(S"), p?m(S").p?4(S)) — (p?m(S’"),p?m(S")) AK




Asynchronous Subtyping




Asynchronous Subtyping




Theorems

Lemma 3. Given finite prefixes = and n’, {(; || ©”) can be reduced only a finite number of times.
Theorem 4 (Termination). Our subtyping algorithm always eventually terminates.

Theorem 5 (Soundness). Our subtyping algorithm is sound.

Lemma 6. Given finite prefixes t and r’, the time complexity of reducing (x || #’) is O (min(|xz|, |7’])).

Theorem 7 (Complexity). Consider T and T’ as (possibly infinite) trees 7 (T) and 7 (T’) with asymptotic branching factors b
and b’ respectively. Our algorithm has time complexity O(nmin(b, b")") and space complexity O(nmin(b, b")) in the worst case to
determine if T < T’ with bound n.



Evaluation

—{1+— SESH MuLTICRUSTY FERRITE —O— RUSTFFT - O- RUMPSTEAK --O-- RuUMPSTEAK (optimised)
Stream Double Buffering FFT
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16-core AMD OpteronTM 6200 Series CPU @ 2.6GHz with hyperthreading, 128GB of RAM, Ubuntu 18.04.5 LTS and Rust Nightly 2021-07-06.
We use version 0.3.5 of the Criterion.rs library and a multi-threaded asynchronous runtime from version 1.11.0 of the Tokio library.



Evaluation

Running time (log s)
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Choreography Automata

Tuosto et al

!

wallet — customer :

><§>
customer — wallet : login

'

customer — wallet : pin

retry|«

wallet — customer : loginOK

'

wallet — vendor : loginOK

'

vendor — customer : request

l

Y
wallet — customer : loginDenied

I

¥

customer — wallet : authorise

|

customer — vendor : pay

L

1

customer — wallet : reject

|

customer — vendor : reject

J

AN <

&



Swam protocols
Kuhn et al [ECOOP 2023}

Offer@T Record QT

Recenpt@O

Request@P Select@P Arrive@T Start@P Finish@P
Cancel@P




Top-down
* Less is more [Scalas and NY, POPL'19]
 End-Point Projections with Sums (by Scalas and NY, 2019)
* Plain projection [POPL'08] has no issue (Two Buyer Protocol)

 Meageability is sound but the proof of subject reduction was incorrect
(balanced called coherence is too strong)

[ = {s[p] :Sp}pel s¢ ' consistent(I'’) ©-T, I+ P
O-TF (vs:T")P

[ T-vCLASSIC]



Bottom-up

 Promoting a use of model checking

* [yping rule for bottom-up

"= {s[pl:Sp},; @(T') s¢I' ©-T,T'+P
O-T'k (vs:IT'")P




End Point Projection and Merge Operators
* A Diagram frc_>m SY19

IN G- @

live++




Proving Subject Reduction with Global Types

 Change consistency up-to-subtyping [DSHY’17]

* Use projection for the initial (starting) processes then use safety for running
processes [HFDG’21, LNY’22]

* Use global types directly as a type of a multiparty session (precise
synchronous multiparty session types) [GJPSY’19]

 Use between the global and local types up-to-subtyping
IBHYZ’ 22]

GC, T’ s¢T' ©-T,'FP
O-TF (vs:I') P




Top-Down (Global Protocols)

* Global protocols help to visualise the whole interactions
 Correctness by contraction (safe, deadlock-free and live)
 Helpful to prove subject reductions
» Effective inductive projection [Tirore et at 23]

« Complete Projection of MPSTs with Automata [Li et al 23]
 Comositionariity [Gheri & NY OOPSLA 2023, Dezani et al (many)]

 Asynchronous subtyping: many other progress on sound algorithms [TACAS’23, Bocchi et al.,
ESOP’23, Li et al.,]

» Users need to write a protocol

» Realisabillity is usually non-trivial, often difficult to produce a sound and complete set of deadlock-free and
live local behaviours

* Global types might be getting complicated (Choreography Automata, Swams, Refinements, Timers, etc).



Bottom Up (Local Protocols)

Sound and Complete w.r.t. the Properties by construction

No need to write a global protocol

Easy to extend the syntax of local types

State Explosion Problem (off-the-shelf model checking tools)
Extraction of behavioural types from programs is very tedious and hard
Gap between type-level properties and process behaviours (liveness)

Undecidable for Asynchronous MPST (Communicating Automata) —Ilimit to
synchrony (no buffer)

Need to check a combination of safety and deadlock-freedom (or other property)



Why model-checking tool ImMCRL2)?

 Can analyse properties than the top-down approach

e Can scale
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Future Directions

* Applications

 Beyond Academic Irials, Industry production level applications

 Benchmark Sets (Distributed Systems)

» Failures / Recovery

* Cyber Physical Systems, Quantum Computing, (Federate) ML, HPC, ...
 Foundations

* Typed Behavioural Semantics

* Relationship with (Concurrent ?) Effect Systems
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