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The theme of the talk: Yes, we can!

Most languages support overly rich library machinery for
encoding concurrent and reactive programs

In practice they are used in modes or design patterns
(concurrent threads, active objects, reactive GUI programming)

We can add language support for concurrent and reactive
programming to a programming language

We can do this without committing the language
Implementation to one specific mode (design pattern)
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Some recent related work

Concurrent programming
Manticore : Parallel case expressions and bindingSFiuetet. al, 08]
G5 : Concurrency using join patterns [Benton et al., 02]
C#,Scalajoins general purpose language[Russo, 07] [Haller et al., 08]
Erlang: Mailbox processors- as a library in F# [Armstrong, 96]

Reactive programming
F# event combinators: Declarative, but limited expressivity
LINQ to Events: Reusing general purpose feature (LINQ)

Ve ~ r ~ V4 "n
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Agenda

Background: event combinators andsync

Reactive programming usingasync
Writing user interface control logic
Introducing pattern matching on events
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Event stream as a design pattern
Embedding Joins in F# language
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Related ideas and future work
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Background: Events and event combinators

What is an event in .NET?

Listening point for registering callbacks
type IEvent <'T>=

abstract Add: (T -> unit) -> unit
abstract AddHandler : Handler<'T> -> unit
abstract RemoveHandler : Handler<'T> -> unit

We compose new event values using combinators:

- |Event <int > =

let clickCount

frm.Click

|> Event.map (
|> Event.scan

fun
(+) O

_-> 1)

There is often an imperative bit at the end:

clickCount.Add (fun n -> printtn  “"count=%d" n)

Reactive pattern matching for F#



Background: async{ ... }
70EOET ¢ AT AA OEAO AI AO160O
Synchronous code that runs asynchronous
7AEOEI C A& O AGOAOIl Al
0OEI EOEOA OOAA EI OAOEI OO
Fork/Join: running computations that involve 1/O

Background worker: task processing with state reporting
Mailbox processing: communicating active objects

AOAT OO

let http(url:string) =
async { let req = HttpWebRequest.Create (url )

let! rsp = req.AsyncGetResponse ()
let reader= new StreamReader(rsp.GetResponseStream ())

return!  reader.AsyncReadToEnd () }

let pages = Async.Parallel [ http(urll); http(url2) ]
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Background: Computation expressions

Asyncis one example of a general concept

Monads, but bett

string->int option brstandard computations

n= tryPa\r§: (strl)
m = tryParse (str2)
n+ms}

maybe { let!
let!
return

Provided by |mplement|ng welkknown functions

%onmblne For

F# a”i ot 150 ™ b e>pt Ibo 1
type Maybe =

member x.Bind (opt, f) =
match opt with
| Some(v) -> f(v)
| -> None
member x.Return (v) = Some(Vv)

let maybe = new MaybeBuilder ()
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Background: Functional reactive programming

Splits application into reactive components
Nice loosely coupled divisiol

(1T xAOAO8
How to express control logic
How to work with state? |

Encoding a state machine?
Challenging! 5.8 Which Switch?

Yampa provides a family of parallel switching combina-
tors. Two members are pSwitch and dpSwitch that have
exactly the same type signature, and as mentioned in sec-
tion 5.6, which one is chosen can have a significant impact

on the design of a program.
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Using async for reactive programming

AEETE 1T £ EO AO A OAAOECI
Traditionally, concurrent programming with multiple agents

Programming with multiple agents on asingle thread
Agents mostly wait for events, themreact quickly

Exampl it >Asynsunit> Je number of clicks

let rec loop(count) = IEvenk * PAsync 1]>
async {

let!  me = Async.AwaitEvent ( Ibl.MouseDown )
|4 Tailcall |MeBY int->Asyneunit> ]EEft then 1 else 0
b prlntf 70U rcouorit + add)
lettrn! = lcChread/AsyncSleep (1000)
return!  loop(count + add) }

loop( 0) |[> Async.Start

loop( 0) |[> Async.Start
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Towards joins on events
7A0 OA OAAT A C')El'
7A AAL AT AT AR AFT E

I A

| |Event< Alkvertk ' B-Asynx C h o i

AA A
C

let rec active{coun

match ev with
| ChoicedOf2(0)) - =>
return!  inactive()

let! ev = Async.AwaitEvent (frm.MouseDown, frm.KeyPress )

| Choice20f2()) - >->

printtn  “count = %d" (count+ 1)

inactive

return!  active(count + 1)}

MouseDown

MouseDown

and inactive() = async {

active(count)

let! me = Async.AwaitEvent (frm.MouseDown)
return! active( 0)}

Async.Start (inactive())

KeyPress
(increment count)
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Adding language support for joining
CAOBO OBAOO xEOE A OAOOEI |
let rec active(count) = async {
let frec¢ aetive(caantc\waitasync {frm.Click , frm.KeyPress )

match! efrmuClick , frm.KeyPress with

| ChoicelOf2( ) ->

returnh! inactive())
| Choice20f2( ) ->

printtn ~ "count = %d"  (count+ 1)
return!  active(count + 1)}

7TEAO EO OEA OAI AT OEAO 1T £ ¢
The author of the computation expression decides
In this casez waiting for the first occurrence of an event
3EI Ol A xA AgPAAO AT U OOI AO C
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IH

Syntax of the “match!” primitive
Extension to the computation expression syntax
Very experimental addition
match! <expr>,, <expr>,, ..with

| <cpat>, ;, <cpat>, ,, ..when <expr>-><cexpr>; 9
| <cpat>, ,, <cpat>, ,, ..-> <cexpr,

New syntactlc elementg commit pattern
<clause>::= <cpat] h cpat> |
<cpat> = _ |<pat>

Odat>0 OOAA O OANOEOA A OAIl Of
O 6 OO0AA xEAT xA AT 160 OANOE
4EAOA EO A AEAFAOAT AA AAOxAA
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Joining events

7A AAl xOEOA Ail<h#0x AOE OIOOI
Events can not be buffered (only through event queue)

7A AAT 11T OA OAI OAO xEAT xAdC
7A AAT 60 11T OA OAI OAO xEAT OA

Walit for the first occurrence of each event

let join() = async {
while true do
match! frm.MouseDown, frm.MouseUp with
|! md!mu -> printtin  "%A %A" (md.X, md.Y) ( mu.X, mu.Y)
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Joining events - semantics
First attempt

Walit for the first occurrence of each event ﬁl

Re-evaluate clauses after event happens
Can throw failure, but cannot overflow the buffer (no buffer!)

match! eventl, event2 with

Second att ‘H1!5t’at>1’! <pat>, -> <body>
Once we start listening, buffer all triggered values
UseCartesian producto find matching pair
Cannot fail, but can (rarely) overflow the buffer
-1 OA Al 10011 DAOOAOI O AAT AR

match! eventl, event2  with

|! <pat>,,! <pat>, -> <body>
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What can we tell about Async<T> type?

Represents process that runs and eventually yields T
Async<T> I_I |_| I_I > T

Async<unit> l_l _—— ?
(T xAOAOh EIT OAAI EOUh xAB60A C

B T A

O%OAT O OOOAAI 6 AAOA OAAI O Ol

L / /

EventStream<T>

~+ =]

RERN
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Supporting event stream in the library

Not a language feature: using computation expressions

let

rec active(count) :
match! frm.Click

, frm.KeyPress with

EventStream < > = eventStream {

| lca, -> return!  inactive()
| ,ka ->
yieldn (count+ — 1) (count + )
return!  active(count + 1)}
inactive().Add(  fun n -> printtn  "count=%d" n)

7EAO EO Al
Can repeatedly yield a value (just like an event)
Can eventually end, so we can concatenate them

Representsrunning computationwith state

Oppositetotheseqa 8 b AT T OOOOAO EI
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I Demo: Simple reactive game




Structuring the game source code

Three components of the game
Timer: Used to display time and to end the game
Clicks: Used to show score and to move smiley
Smiley location: Changes on click or after 600ms

Reactive components
Nice way to structure the code (like in Haskell FRP)
Have a private state and can yield some values
One component can start/stop listening to the other
Purecomponents with imperative message passingHrlang)
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Statefull event streams and stateless events

Listening to the component Multiple listeners can listen to the
OOAOOO A T Ax OOODAIEA COOGI IOBIAC A AA
7A AT O A AAAAOO OE AWhenaw® wantkd s@rdit multiple

instance and program with it times, make it a function
When we stop listening, the When we stop listening, it can
process should end AT 1T OET OA OOITETC

Attaching new handler will start We can start listening again

it again from the beginning Important for writing state machines
When no one is listening, Can be running even when there

AT T BT TAT O EOI 60 £ ibisteders
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Encoding Joinsusing computation expressions

Simple unbounded buffer in G

public class Buffer {
public async Put( string S);
public string Get() & Put( string s){ return s;}

}
Single synchronous method in join pattern
The caller blocks until the method returns
*TETO 1IT1T AEATTAI O Al AT AAA
let put= new Channel<_>()
let get= new Channel<ReplyChannel <_>>()

joinActor  { while true do
match! put, get  with
|'v,! chnl -> chnl.Reply (Vv)}|> Async.Spawn
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Combining joins with computation expressions

Joins can be expressed in general purpose language
C# Joinsz Using combinators and lambda functions
ScalaJoins 7 Uses generalized pattern matching iscala

How is our F# encoding different?
Matching on all the channels (not as nice syntax)
%i AAAAAA ET OEAA OAOUIT AEOITTT C
)y I 1 Al AT OAOEIT 1T EOI 60 AlITAEEI

Combiningjoin with computation expressionadds value!

Reactive pattern matching for F#



Relating “joins” and “event streams”

Joins: Matching on channels
Channels are (always) buffered
Values in channels represent the state
Designed to work in concurrent scenarios

Event streams: Matching on events
Streams are not buffered at all
1T AAT AOAEAOET ¢ OOAA xEAT AC
Values from channels trigger state transitions
Single threaded by design (schedules on GUI thread)
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Towards foundations: “match!” desugaring
Grammar extensionreacpitulation
<cpat> := | dpat>
<cexpr := match! <expr>;, <expr>,, ..with
| <cpat>, ,, <cpat>, ,, ..when <expr>-><cexpr>;
| <cpat>, ,, <cpat>, ,, ..-> <cexpr,

Syntactic translation to member calls (a bit ugly):
& match! <expr>,, <expr>,h with <clausex| <clauseszs @&

~

b.Match(<expr>,, <expr>h  @dtlausex(,y; 6<clausezt,,1 8 Y (J

a I<pat>, __ when <expr>-><cexpr>
b.MatchClausé
Somefunction <pat>->true | __->false), None,
Somefunction Somekpat>), when <expr> ->true | _ ->false),
(function Somegkpat>), when <expr>-><cexpr) )

The key point: | OOET O OPAAEAEAO E
8AO0 xEAO ANG@auahbld?0 OEIT OI A
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Towards foundations: “match!” rules (ideas)

Matching on one value with single clause:

a match! <expr>with !<pat>-><cexpr> a
a let! <pat> = €expr>in <cexpr> &

In other cases, the situation is not so clear:

For computation expressions withbind and return:
a let! newvar= <expr>
match newvarwith
| <pat>; when <expr>, -> <cexpr>,
| <pat>, when <expr>,-><cexpr>, 8

a match! <expr>with
| '<pat>; when <expr>,-><cexpr; |
| '<pat>, when <expr>,-><cexpr, 8 a

a ( let! <pat> =<expr>in
if <expr>;then <cexpr>;) S

( let! <pat>, =<expr>in
if <expr>,then <cexpr,d a 8

a match! <expr>with
| !<pat>; when <expr>,-><cexpr; |
| '<pat>, when <expr>,-><cexpr, 8 a

Future work: Does the following make sense faMlonadPIlu® e
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Towards simple foundations (ideas)

Of AOAEAG AT Ol A AA Al AT AAA

val Cross : M<'A>* M<'B> -> M<'A*'B>
val TryPick :M<'A>* (A -> 'B option) - > M<'B option>
val Choose : M<M<'A> option> list -> M<'A>

Last two could be combined into one

let CrossPick = Cross>> TryPick
val CrossPick :M<'A>*M<B> -> (A*'B -> 'C option) -> M<'C option>

The translation could look like this

a match! <expr>;, <expr>, with
| !<pat>, ,, I<pat> ,-><body>
| I<pat>,;, _-><body>
b.Choose
[ b.Crosg<expr>,,<expr>,) |>b.TryPick(fun (v, Vv,) ->
match vy, v, with | <pat>, ;, <pat> ,-> Somea<body> ¢, | __-> None);
b.Crosg<expr>;) |> b.Selectfun v, ->

match v, with | <pat>, ,-> Somea<body> ¢, |__-> None)]
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Agenda

Background: event combinators andsync

Reactive programming usingasync
Writing user interface control logic
Introducing pattern matching on events

%@Al DI AO | £ POl COAI I
Event stream as a design pattern
Embedding Joins in F# language

41T x AOAO &I O1 AAOGEIT 1T O
Related ideas and future work

Reactive pattern matching for F#



Other possible uses of “match!”

3ih AT AO EO | AEA OAT O
usual monads (or maybamonoids)?

Sequencing is important aspect of monads e
A OC

What about F# sequence expressions?

let join seql seq2 =
seq { match! seql, seq2 with
| 'a, b -> vyield a,b}

Joining two sequenceg as Iin data parallel languages
Could useCartesian producbr zip semantics
We can get additional features using active patterns

Reactive pattern matching for F#



Other possible uses of “match

3T h AT AO EO

IH

Sequencing is important aspect of monads
h | AEA OAT OA OC

usual monads (or maybamonoids)?

What about monadic parser combinators?

| 'num, _

[ —
let!
let!
return

let rec parseExpr = parser{
match! parseint |,

-> return  num
->
nl= expr in let!
n2= expr in let!
opnln2}

parseChar with

__=char

op = binaryOp

Different semantics, because parsers atdonadPlus
Desugaringis the same, but differentrules should hold

Reactive pattern matching for F#



Collectable Event Chains

Problem with F# event combinators
YT CAT AOAI h

/_\

/_\

xEOE AT U OOAOAI A

/_\

src.MouseDown (filter)

(map)

clicks handler

311 OOET 1

E O

Si

OOA OAAAE x,

We can propagate adding and removal of handlers

src.MouseDown (filter) (map) clicks handler

S  Program
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Thank you!

And thanks for a great internship

I Questions, suggestions, related work, ...

» For more information:
» 4AAET EAAT OAPI OO 11
»  Everything else is work in progress
} Mail: tomas@tomasp.net
+ No web yet, but eventuallyhttp://tomasp.net



mailto:tomas@tomasp.net
http://tomasp.net/
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Implicitly threaded parallelism using futures

Available as a .NET library usable from F#

let rec treeProduct tr =
match tr with

| Leaf(el) -> el
| Node(l, r) ->let sl = Future.Create (fun () -> treeProduct )
let sr = Future.Create (fun () -> treeProduct )

sl.Value * sr.Value

~uture Is a monad- think bind and return
Of AOAEAG AAAO DPAOAI I AMantidoe)O A

let rec treeProduct tr = future
match tr with

| Leaf(el) -> return el

| Node(l, r) -> match! treeProduct |, treeProduct r with
| 'a,0b_ | _,-! Or=> return O
| Ta, b ->return  a*b}

Can implement parallelchoiceand join operations
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Pattern matching for sequences

let join seql seqg2 =
seq { match! seql, seq2 with
| 'a, b -> vyield a,b}

For single sequencg enumerate over all elements

Two possible meaningg Cartesian productws.Zip
Cartesian producOA OAT AT AO OET ET 6 Al A
Zip looks more usefulz hard to implement otherwise

Can we use this to write anything else thamip?

let merge as bs =
seq { match! as, bs with

| (Take a), !(Peek b) when a<b ->yield a
| {(Peek a), |(Take b) whenb<=a ->yield b
| (Take v), | _, (Take v) -> yield v}
Of AOAEAOG x1T OEO xAl 1l xEOE AAC
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Pattern matching for parsers

Two ways of composing parsers
bind for sequential andmplus for parallel

Match combines thesensidecomputation expression:

let rec expr = parser{

match! wholeint ,char (" with

| 'num,  ->
return  num

| 1 ->
let! nl= expr in lett op= binaryOp
let! n2= expr in lett _ =char )
return opnln2 }

Meaning is slightly differentz both branches can be used
We can combine this with active patterns too

Reactive pattern matching for F#



ChallengeApplicative functors
30pP1 OOET C :1 &AM ADEN T-DAJIT O/
What does that mean for event streams?
Apply function to every value; function changes over time!

let (t ) fs xs =event{
let rec loop(f) =event{
match! fs, xs with
| 'f, -> return!  loop(f)  // New function has arrived
| ., X ->
yield f(x ) // New value: apply the current function & loop
return!  loop(f) }

/I Wait for the first function...
let I f= fs
return ! loop(f) }

val ( £ ): EventStream<'a ->'b> -> EventStream <'a> -> EventStream <'b>
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Reader-writer lock using Joinsin F#

let excl, shared = new Channel<_>(), new Channel<_>()
let releaseExcl = new Channel<ReplyChannel <unit>>()
let releaseShared = new Channel<ReplyChannel <unit>>()
let sharing = new Channel< >()

joinActor  {
while true do
match! excl, releaseExcl ,shared, releaseShared , sharing  with

|! ch, , ., ! 0 -> ch.Reply ()
| .0, ., ., _ -> sharing.Post (0)
| ., ! ch, ,In -> sharing.Post (n+ 1); ch.Reply ()
| . ., 10, !n -> sharing.Post (n - 1)} |>  Async.Spawn
7A T AAA OF OI AOCGAEAG6 11 Al
| AA O 6 A O AEATTAI O 110 EITC
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Adding pattern matching to F# monads
I AA Oi AOAEA6 Al 1 OOOOAO Ol

<cpat> | ¢pat>

<cexpr match! <expr>,, <expr>,, ..with
| <cpat>, ,, <cpat>, ,, ..when <expr>-><cexpr;
| <cpat>, ,, <cpat>, ,, ..-> <cexpr,

$ AEFEAOI O EIi bl MdtchAQladsé O EIOIO O 4&

type MatchClause <'T1, 'R> =

abstract Pattern : option<'T1 -> bool >
abstract Guard : option<option<'T1> -> bool >
abstract Body : option<'T1> -> 'R

type MatchClause <'T1, 'T2, 'R>=

abstract Pattern : option<'T1 - > bool > * option<'T2 -> bool >
abstract Guard : option<option<'T1> * option<'T2> -> bool >
abstract Body : option<'T1> * option<'T2> -> 'R

// plus a couple of more overloads...
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Reactive applications

Can we express everything we need?
F# event combinators are quite limited

$T A0 EO Al OOAOPTI T A xEOE Ol
Combinators work fine for simple problems
State machine becomes more natural for other cases

Can we compose pieces of code?
Nicely for F# event combinators and Haskell FRP
Without using explicit statefull components

Do we write code with sideeffects or mutable state?
Can we localize and understand them?
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Collectable Event Chains

Problem with F# event combinators
YT CAT AOAI h

/_\

/_\

xEOE AT U OOAOAI A

/_\

src.MouseDown (filter)

(map)

clicks handler

311 OOET 1

E O

Si

OOA OAAAE x,

We can propagate adding and removal of handlers

src.MouseDown (filter) (map) clicks handler

S  Program
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Collectable Event Chains

@waitEventd D OE |

7TEAO EA&

EOEOA
Adds handler, walits for the event, removes handler
x AwaitElehtA Ex BOB® OwOAT O8

x AEOO A&l

let

let

clicks =
src.MouseDown |> Event.filter
|> Event.map (

handler = new Handler<_>(...)

clicks.AddHandler  (handler)

(fun m-> m.Button = Left)
fun m-> (mX m.Y))

Objects and references created by this code:

src.MouseDown (f||ter)

(map)

C|ICkS

handler

e e
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Collectable Event Chains: The Problem

State of the chain after adding the handler:

src.MouseDown (filter) (map) clicks handler

Remove the handler and continue executing

P4 ~ L 7 —

OAl EAEO6 AT A OEAT Al AOo 11

8 AOO OEA AOAT O AEAEIT AATTI

~~ N .~ N\ ~—

src.MouseDown (filter) (map) clicks handler
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Collectable Event Chains: The Solution

Use backward references when creating the chain
No handlers registered at this point!

src.MouseDown (filter) (map) clicks handler

Register forward references when handler is added

src.MouseDown (filter) (map) clicks handler

\_/\_/

program

Remove forward links when all handlers are removed
Unreferenced chains without handlers can be collected

src.MouseDown (filter) (map) clicks handler

Reactive pattern matching for F#




Possible combinations of
Single threaded / buffered / multi triggered
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TODO

Design options
Adding / removing handlers (propagating)
Running that keeps itself alive vs. only event propagator

Statefull vs. Stateless
Adding multiple handlersz should it restart the component?

Delayed vsUndelayed
User isundelayed(we cannot start him when we wan)??

Scheduling through GUI
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More general than waiting for the first event
$ OAXxEIT C OAAOAT CI AO OOET C ¢
30A0A | AAEET A xEOE OxAEOET C6

let rec moving(start) = async {
match! frm.MouseMove, frm.MouseUp, frm.KeyDown with
|! mv _,  when mv.Buttons = MouseButtons.Left ->

updateRectangle (start.X , start.Y , mv.X, mv.Y)
return!  moving(start)

| ., my_ ->
finishRectangle (start.X , start.Y , mv.X, mv.Y)
return!  waiting()

| ., _, 'key when key.KeyCode = Keys.Escape ->
cancelRectangle ()
return!  waiting()

Clauses evaluated from top to bottom after each of the
events occur for the first time o concurrency)
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What does “match!” mean for events?

Everything is singlethreaded B —

No synchronization between threads | <clausel> -> contl
| <clause2> -> cont2

e () ()
T | N 0
| I
e = - — Qv
I Lo |
I . ||
LI \ ll @ AP
let vals= Some(v1), None let vals= Some(vi), Some(Vv.)
mclause.(clause(vals) P cont;) ? mclause.(clause(vals) P conty) ?
no © continue waiting no © match failure!
yes O run the continuation yes O run the continuation

Options: OAT T OET O Ipoddct usihgdavadadle values

Reactive pattern matching for F#



