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Al and Strachey
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» Types = abstract and digest computation (data types, polymorphism)
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» Structured programming = High-level programming
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e Session types (concurrency & communication)



Al and Strachey

1916-1975

» Structured programming = protocols
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Actor Models

. Carl Hewitt (MIT)

1944-2020

 Mathematical Models for Concurrent Computations

 Asynchronous Message Passings among Concurrent and Distributed
Independent Agents

e Concurrent Object Oriented Languages
* Multi Agent Systems
 Web Services and Simple Object Access (SOAP)

 Mathematical Models (Logics and Process Algebra)



Communications are Ubiquitous

e Increasingly, communications are the
way to organise software and
systems.

e Industry trend — programming
languages with explicit message-
passing primitives.
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Problems: Ambiguity

RFC 821 August 1982

e Protocol descriptions are ambiguous simple Mail Transfer Protocol

e SMTP: simple mail transfer protocol taoLe or covteTs
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Problems: Ambiguity

e Protocol descriptions are ambiguous

e SMTP: simple mail transfer protocol
o They are written in English, often very long

3.1. MAIL

There are three steps to SMTP mail transactions. The transaction
is started with a MAIL command which gives the sender
identification. A series of one or more RCPT commands follows
giving the receiver information. Then a DATA command gives the
mail data. And finally, the end of mail data indicator confirms
the transaction.

The first step in the procedure is the MAIL command. The
<reverse-path> contains the source mailbox.

MAIL <SP> FROM:<reverse-path> <CRLF>

This command tells the SMTP-receiver that a new mail
transaction is starting and to reset all its state tables and
buffers, including any recipients or mail data. It gives the
reverse-path which can be used to report errors. If accepted,
the receiver-SMTP returns a 250 OK reply.

The <reverse-path> can contain more than just a mailbox. The
<reverse-path> is a reverse source routing list of hosts and
source mailbox. The first host in the <reverse-path> should be
the host sending this command.

The second step in the procedure is the RCPT command.
RCPT <SP> TO:<forward-path> <CRLF>

This command gives a forward-path identifying one recipient.

If accepted, the receiver-SMTP returns a 250 OK reply, and
stores the forward-path. If the recipient is unknown the
receiver-SMTP returns a 550 Failure reply. This second step of
the procedure can be repeated any number of times.



Problems: Concurrency Bugs

e Communications increase concurrency bugs

O SUI’VG)’ of 4k users [golang.org] *

o Analysis of 6 large software systems [aspLos 19] docker  kubernetes . =X
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)
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The Go Gopher
Do not communicate by sharing memory;
® / share memory by communicating

— Go Philosophy
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Problems: Concurrency Bugs

e Communications increase concurrency bugs

O SUI’VG)’ of 4K users [golang.org] deadlock
o Analysis of 6 large software systems [aspLos 19]

channel errors

More than a half of concurrency bugs in Go

are caused by communications.
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Problems: Concurrency Bugs

e Communications increase concurrency bugs
O SUI’VG)’ of 4k users [golang.org] dea( 0 '
o Analysis of 6 large software systems iaseios 1o ;

cniqnne; crrors

More than a half of concurrency bugs in Go |
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are caused by communications. . @
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* Prevent concurrency bugs.
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* Can abstract, implement and manage communications as Protocols.
* Clean, Cheap and Retrofittable.
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Choreography Description Language (W3C)

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;

iInteraction operation=hello from=YouRole to=WorldRole
relationship=YouWorldRel channel=worldChannel {
request message I ype=Hello;



Why Session Types, Why Now?

Significant academic and industry interests via fundamental breakthroughs

Binary Session Types | ESOP’98 m

Joined W3C Standardization 2002
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Why Session Types, Why Now?

Significant academic and industry interests via fundamental breakthroughs

Binary Session Types | ESOP’98 m
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Why Session Types, Why Now?

Significant academic and industry interests via fundamental breakthroughs

Binary Session Types | ESOP’98 m
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Why Session Types, Why Now?

Significant academic and industry interests via fundamental breakthroughs

ETAPS Test Time Award 2019 Binary Session Types | ESOP’98 m

Joined W3C Standardization 2002

|

POPL Influential Paper Award 2018 Multiparty Session Types POPL 08
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What is a concept of iIn Programming?

* [ypes can avoid runtime error

100 x 200

100 x true



What is a concept of /ypes in Programming?

* [ypes can avoid runtime error

100 x 200 Correct

100 x true Wrong

Types for Protocol?
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Some Applications on Multiparty Session Types
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Optimising Asynchronous
Communication in & Rust

Deadlock-Free Message Reordering
with Multiparty Session Types

p*
o0,

Zak Cutner, NY and Martin Vassor



Introduction

 Modern systems language focussed on and



Introduction

 “Most loved language” for past five years on StackOverflow



Introduction

* Particular emphasis on safe concurrency using



Introduction

. type system is well-suited to session types
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Ring Protocol

G:,ut.A%B:{a,dd(iBQ).B%C:{ add(i32).C — A : {add(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(132) Cladd(i32)
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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
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Ring Protocol
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Cladd(i32)
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Ring Protocol

Al|lB|]|C
Clsub(i32)
Al|lB|]|C
e A?add(i32) G A
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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

Scribble

global protocol Ring(role A, role B, role C) {
Add(i32) from A to B;
choice at B {
Add(i32) from B to C;
Add(i32) from C to A;
do Ring(A, B, C);
} or {
Sub(i32) from B to C;
Sub(i32) from C to A;
do Ring(A, B, C);
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Ring Protocol

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

Clsub(i32)
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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>),
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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
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loop {
let x = 1nput x 2;
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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;
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S
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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)
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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>>"
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Theories for Communication Optimisation

How do we check that asynchronous reorderings are ?



Theories for Communication Optimisation

1. Asynchronous subtyping relation [Ghilezan et al., POPL'2021]



Theories for Communication Optimisation

2. k-multiparty compatibility [Lange and Yoshida, CAV'2019]



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?



Asynchronous Subtyping

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



Asynchronous Subtyping

» Sound



Asynchronous Subtyping

» Complete



Asynchronous Subtyping

» Decidable [Lange and Yoshida, FoSSaCs 2017] X



Asynchronous Subtyping

 Our aim is a sound and decidable algorithm!



Algorithm for Asynchronous Subtyping

1. the number of times we unroll recursions

2. Only unwrap choice



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



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



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
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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.
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Evaluation

Protocol AMR SESH FERRITE MuULTICRUSTY RUMPSTEAK k-MC SOUNDBINARY
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Stream
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n Number of participants AMR Asynchronous message reordering

Expressible Expressible using endpoint types (but without deadlock-freedom guarantee) x Not expressible
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Mini-Project Proposals

 Automatic App Navigation (with Amazon Web Services) conducted by
Amazon Prime Video Team at London

 Rust Programming for Actor Languages (with AcTyx AG (https://
www.actyx.com/))

* Verified Multi-Agent Programming with Actor Models (Model Checking of
Go)
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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
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Basic CFSMs
A CFSM s Basic if deterministic

directed, has no mixed States




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)




Elnhal protocol Proto(role A, role C, role 5)
I

cholce

fu

from 5 to

C:
from C to A;

0 =] 5

Auth(i32) from A to 5;
Auth(i32) from 5 to C;

again(i from A
again(i

quit(i32) from C to .
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{Eaﬁcel, End),
(Login, Branch-A, ProtoS2-),

(Again, C, Again, End-),
(Auth, C, Auth, End-=},




/ For the

( (1),
let end cont.

(((), end))

{ (1), cont) 1
let end cont. I (1)).await?;

(((), end))




(role: ) () dyn Error

(role, s
match s.

[ (1), continuation)
ontinuation. [ (1)) .¢

[ (_1), continuation)
Change here for something !'= 10, s nat authentication fails.
ontinuation [ it?,;
()

("Authenticated

(((), end))
(_1i, end)

("Authenticati

(((), end))




7 async fn (role:
(role,
/4 Change here

let 1i:

5)
5: Proto5<'_,
for something

Ff For the sake of

/Hlet continuation
match s. ().awalt
(i), cont)

let end I:cn:unt. (
(((), end])

[

let end cont.

(((), end])

the example,

1

o I e e
i T N O R Y L%

nartin@reivax (master)= cargo run

Compiling rumpsteak vB.1.0 (fhnmefmartlnfﬂxfnrdfﬂent

: no method named "branch™ found for struct
examples/oauth.rs:194:17

match s.branch().await? {

For more information about this error, try
: could not compile rumpsteak due to previous er

18, so that authentication

5.5elect(Login(

(1), cont)

(

oF

async {

dyn Error

{

fails.
let assume that we newer Cancel
1)) .await?,

—{

(1)).await?,

1

(1)) .awalt?;

30 Dl 2ﬂ23frumpstea< 1/rumpsteak)
‘rumpsteak::5elect” in the current scope

‘rustc --explain E@590°,

ror




Nar CLN@relvax I 25 lles )= cargo run
Compiling rumpsteak v@.1.0 (/home/ nch.rTJ_ Jimperial/r
Finished dev llrIIIFITlﬂ'Ij_:EI'| + debuginfo] target(s

Running target/debug/examples/oauth

Authentication failed

nartin@reivax [test_examples)= |]

artin@reivax ItE 18 '“amp19f13 cargo run --example
Compiling rumpsteak v@.1. B (/home/martin/ "imperial/rumpsteak)
Finished dev _unuptLMLEHd ¥ dEhuuleu] target(s) in 1.93s
Running target/debug/examples/oauth
Authenticated




