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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)

Reactive pattern matching for F#



Some recent related work

}Concurrent programming

}Manticore : Parallel case expressions and bindings   [Fluet et. al, 08]

}Cʖ: 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)

}FRP in Haskell: $ÅÃÌÁÒÁÔÉÖÅ Ǫ ȰÐÕÒÅȱȟ ÂÕÔ ÓÏÍÅ ÔÈÉÎÇÓ ÁÒÅ ÄÉÆÆÉÃÕÌÔ
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Background: Events and event combinators

}What is an event in .NET?

} Listening point for registering callbacks

}We compose new event values using combinators:

}There is often an imperative bit at the end:

let clickCount : IEvent <int > = 
frm.Click |> Event.map ( fun _ - > 1)

|> Event.scan (+) 0

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

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

Reactive pattern matching for F#



Background: async { … }

}7ÒÉÔÉÎÇ ÃÏÄÅ ÔÈÁÔ ÄÏÅÓÎȭÔ ÂÌÏÃË ÔÈÒÅÁÄÓ

}Synchronous code that runs asynchronous 

}7ÁÉÔÉÎÇ ÆÏÒ ÅØÔÅÒÎÁÌ ÅÖÅÎÔÓ ÄÏÅÓÎȭÔ ÂÌÏÃË /3 ÔÈÒÅÁÄ

}0ÒÉÍÉÔÉÖÅ ÕÓÅÄ ÉÎ ÖÁÒÉÏÕÓ ÃÏÎÃÕÒÒÅÎÔ ȰÄÅÓÉÇÎ ÐÁÔÔÅÒÎÓȱ

}Fork/Join: running computations that involve I/O

}Background  worker: task processing with state reporting

}Mailbox processing: communicating active objects

Reactive pattern matching for F#

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(url1); http(url2) ]



Background: Computation expressions

}Asyncis one example of a general concept

}Monads, but better thought of as non-standard computations

}Provided by implementing well-known functions

}F# allows a few other primitives: Delay, Combine, For

Reactive pattern matching for F#

maybe { let! n = tryParse (str1)
let! m = tryParse (str2)
return n + m }

type MaybeBuilder () =
member x.Bind (opt, f) = 

match opt with
| Some(v) - > f(v) 
| _ - > None 

member x.Return (v) = Some(v)

let maybe = new MaybeBuilder ()

string -> int option

‘a option -> (‘a -> ‘b option) -> ‘b option



Background: Functional reactive programming

}Splits application into reactive components

}Nice loosely coupled division

}(Ï×ÅÖÅÒȣ

}How to express control logic?

}How to work with state?

Encoding a state machine?
Challenging!

Reactive pattern matching for F#

?
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Using async for reactive programming

}4ÈÉÎË ÏÆ ÉÔ ÁÓ Á ȰÄÅÓÉÇÎ ÐÁÔÔÅÒÎȱ

}Traditionally, concurrent programming with multiple agents

}Programming with multiple agents on a single thread

}Agents mostly wait for events, then react quickly

}Example: counting the number of clicks

Reactive pattern matching for F#

let rec loop(count) = 
async {       

let! me = Async.AwaitEvent ( lbl.MouseDown )
let add = if me.Button = MouseButtons.Left then 1 else 0
lbl.Text <- sprintf "Clicks: %d" (count + add)
return! loop(count + add) }

loop( 0) |> Async.Start

let rec loop(count) = 
async {       

let! me = Async.AwaitEvent ( lbl.MouseDown )
let add = if me.Button = MouseButtons.Left then 1 else 0
lbl.Text <- sprintf "Clicks: %d" (count + add)
let! _ = Thread.AsyncSleep ( 1000)
return! loop(count + add) }

loop( 0) |> Async.Start

Tail-call

IEvent<‘T> -> Async<‘T>

int -> Async<unit>

int -> Async<unit>



Towards joins on events

Reactive pattern matching for F#

}7ÅȭÖÅ ÓÅÅÎ Á ÓÉÍÐÌÅ ÓÔÁÔÅ ÍÁÃÈÉÎÅ ÉÎ ÔÈÅ ÐÒÅÖÉÏÕÓ ÓÌÉÄÅ

}7Å ÃÁÎ ÅÎÃÏÄÅ ÃÈÏÉÃÅ ÂÅÔ×ÅÅÎ ÔÒÁÎÓÉÔÉÏÎÓ ÕÓÉÎÇ ȬÓÅÌÅÃÔȭ

let rec active(count) = async {    
let! ev = Async.AwaitEvent ( frm.MouseDown, frm.KeyPress )
match ev with
| MouseDown(_) - >

return! inactive()
| KeyPress(_) - >

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

and inactive() = async {
let! me = Async.AwaitEvent ( frm.MouseDown)
return! active( 0) }

Async.Start (inactive())

let rec active(count) = async {    
let! ev = Async.AwaitEvent ( frm.MouseDown, frm.KeyPress )
match ev with
| Choice1Of2(_) - >

return! inactive()
| Choice2Of2(_) - >

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

and inactive() = async {
let! me = Async.AwaitEvent ( frm.MouseDown)
return! active( 0) }

Async.Start (inactive())

inactive

KeyPress

(increment count)

MouseDown

active(count)

MouseDown

starting

IEvent<‘A> * IEvent<‘B> -> Async<Choice<‘A * ‘B>>



let rec active(count) = async {    

match! frm.Click , frm.KeyPress with

| !ca, _ - >

return! inactive()

| _, !ka - >

printfn "count = %d" (count + 1) 

return! active(count + 1) }

},ÅÔȭÓ ÓÔÁÒÔ ×ÉÔÈ Á ÖÅÒÓÉÏÎ ÆÒÏÍ ÔÈÅ ÐÒÅÖÉÏÕÓ ÓÌÉÄÅ

}7ÈÁÔ ÉÓ ÔÈÅ ÓÅÍÁÎÔÉÃÓ ÏÆ ȰÍÁÔÃÈȦȱ ÐÒÉÍÉÔÉÖÅȩ

}The author of the computation expression decides

} In this case ɀwaiting for the first occurrence of an event

}3ÈÏÕÌÄ ×Å ÅØÐÅÃÔ ÁÎÙ ÒÕÌÅÓ ÔÏ ÈÏÌÄȩ -ÏÒÅ ÏÎ ÔÈÁÔ ÌÁÔÅÒȣ

let rec active(count) = async {    

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

match ev with

| Choice1Of2(_) - >

return! inactive()

| Choice2Of2(_) - >

printfn "count = %d" (count + 1) 

return! active(count + 1) }

Adding language support for joining

Reactive pattern matching for F#

let rec active(count) = async {    

match! frm.Click , frm.KeyPress with

| Choice1Of2(_) - >

return! inactive()

| Choice2Of2(_) - >

printfn "count = %d" (count + 1) 

return! active(count + 1) }



Syntax of the “match!” primitive

Reactive pattern matching for F#

}Extension to the computation expression syntax

}Very experimental addition

}New syntactic elements ɀcommit pattern

}ȰȦ<pat>ȱ ÕÓÅÄ ÔÏ ÒÅÑÕÉÒÅ Á ÖÁÌÕÅ ÆÒÏÍ Á ÃÏÍÐÕÔÁÔÉÏÎ

}Ȱͺȱ ÕÓÅÄ ×ÈÅÎ ×Å ÄÏÎȭÔ ÒÅÑÕÉÒÅ Á ÖÁÌÕÅ

}4ÈÅÒÅ ÉÓ Á ÄÉÆÆÅÒÅÎÃÅ ÂÅÔ×ÅÅÎ Ȱͺȱ ÁÎÄ ȰȦͺȱ

match! <expr>1, <expr>2, ... with
| <cpat>1,1, <cpat>1,2, ... when <expr> -> <cexpr>1

| <cpat>2,1, <cpat>2,2, ... -> <cexpr>2

<clause> ::= <cpatЈȟ ȣȟ Їcpat>
<cpat> ::= __  |  !<pat>

?



Joining events

Reactive pattern matching for F#

}7Å ÃÁÎ ×ÒÉÔÅ ÃÏÄÅ ×ÉÔÈ ÍÕÌÔÉÐÌÅ ȰȦ<pat>ȱ ÃÏÎÓÔÒÕÃÔÓ

}Events can not be buffered (only through event queue)

}7Å ÃÁÎ ÌÏÓÅ ÖÁÌÕÅÓ ×ÈÅÎ ×ÅȭÒÅ ×ÁÉÔÉÎÇ ÆÏÒ ÏÔÈÅÒ ÅÖÅÎÔÓ

}7Å ÃÁÎȭÔ ÌÏÓÅ ÖÁÌÕÅÓ ×ÈÅÎ ÒÅÁÃÔÉÎÇ ÔÏ ÅÖÅÎÔ

}Wait for the first occurrence of each event

let join() = async {
while true do

match! frm.MouseDown, frm.MouseUp with
| ! md, !mu - > printfn "%A- %A" ( md.X, md.Y) ( mu.X, mu.Y)



Joining events - semantics

Reactive pattern matching for F#

}First attempt

}Wait for the first occurrence of each event

}Re-evaluate clauses after event happens

}Can throw failure, but cannot overflow the buffer (no buffer!)

}Second attempt

}Once we start listening, buffer all triggered values

}Use Cartesian productto find matching pair

}Cannot fail, but can (rarely) overflow the buffer

}-ÏÒÅ ÃÏÎÔÒÏÌ ÐÁÔÔÅÒÎÓ ÃÁÎ ÂÅ ÅØÐÒÅÓÓÅÄ ÏÎÌÙ ÕÓÉÎÇ ȰÍÁÔÃÈȦȱ

match! event1, event2 with
| ! <pat> 1, ! <pat> 2 - > <body>

match! event1, event2 with
| ! <pat> 1, ! <pat> 2 - > <body>

?
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What can we tell about Async<T> type?

Reactive pattern matching for F#

}Represents process that runs and eventually yields T

}(Ï×ÅÖÅÒȟ ÉÎ ÒÅÁÌÉÔÙȟ ×ÅȭÒÅ ÕÓÉÎÇ ÉÍÐÅÒÁÔÉÖÅ ÌÁÎÇÕÁÇÅȡ

}Ȱ%ÖÅÎÔ ÓÔÒÅÁÍȱ ÃÁÓÅ ÓÅÅÍÓ ÔÏ ÂÅ ÖÅÒÙ ÕÓÅÆÕÌȡ

Async<T> T

Async<unit> ?

Async<unit>

EventStream<T>

T T T T T



Supporting event stream in the library

}Not a language feature: using computation expressions

}7ÈÁÔ ÉÓ ÁÎ ȰÅÖÅÎÔ ÓÔÒÅÁÍȱȩ

}Can repeatedly yield a value (just like an event)

}Can eventually end, so we can concatenate them

}Represents running computationwith state

}Opposite to the seqɑ ȣ ɒ ÃÏÎÓÔÒÕÃÔ ÉÎ &Π

Reactive pattern matching for F#

let rec active(count) = async {    

match! frm.Click , frm.KeyPress with

| !ca, _ - > return! inactive()

| _, !ka - >

printfn "count = %d" (count + 1) 

return! active(count + 1) }

let rec active(count) : EventStream <_> = eventStream {    

match! frm.Click , frm.KeyPress with

| !ca, _ - > return! inactive()

| _, !ka - >

printfn "count = %d" (count + 1) 

return! active(count + 1) }

let rec active(count) : EventStream <_> = eventStream {    

match! frm.Click , frm.KeyPress with

| !ca, _ - > return! inactive()

| _, !ka - >

yield (count + 1) 

return! active(count + 1) }

inactive().Add( fun n - > printfn "count=%d" n) 



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 

}Pure components with imperativemessage passing (Erlang)

Reactive pattern matching for F#



Statefull event streams and stateless events

Stateless (unit -> event stream) Statefull (event stream)

Reactive pattern matching for F#

} Listening to the component 
ÓÔÁÒÔÓ Á ÎÅ× ȰÒÕÎÎÉÎÇȱ ÉÎÓÔÁÎÃÅ

} 7Å ÃÏÕÌÄ ÁÃÃÅÓÓ ÔÈÅ ȰÒÕÎÎÉÎÇȱ 
instance and program with it

} When we stop listening, the 
process should end

} Attaching new handler will start 
it  again from the beginning

} When no one is listening, 
ÃÏÍÐÏÎÅÎÔ ÉÓÎȭÔ ÒÕÎÎÉÎÇ

} Multiple listeners can listen to the 
ÓÁÍÅ ȰÒÕÎÎÉÎÇȱ ÃÏÍÐÏÎÅÎÔ

} When we want to start it multiple 
times, make it a function

} When we stop listening, it can 
ÃÏÎÔÉÎÕÅ ÒÕÎÎÉÎÇȣ

} We can start listening again 

} Important for writing state machines

} Can be running even when there 
are no listeners



Encoding Joinsusing computation expressions

Reactive pattern matching for F#

}Simple unbounded buffer in Cʖ

}Single synchronous method in join pattern

}The caller blocks until the method returns

}*ÏÉÎÓ ÏÎ ÃÈÁÎÎÅÌÓ ÅÎÃÏÄÅÄ ÕÓÉÎÇ ȰȦȱ ÐÁÔÔÅÒÎÓȡ

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

}

let put = new Channel<_>()
let get = new Channel<ReplyChannel <_>>()

joinActor { while true do

match! put, get with

| !v, ! chnl - > chnl.Reply (v) } |> Async.Spawn



Combining joins with computation expressions

}Joins can be expressed in general purpose language

}C# Joins ɀUsing combinators and lambda functions

}ScalaJoins ɀUses generalized pattern matching in Scala

}How is our F# encoding different?

}Matching on all the channels (not as nice syntax)

}%ÍÂÅÄÄÅÄ ÉÎÓÉÄÅ ȰÁÓÙÎÃÈÒÏÎÏÕÓ ÃÏÍÐÕÔÁÔÉÏÎÓȱ

})ÍÐÌÅÍÅÎÔÁÔÉÏÎ ÉÓÎȭÔ ÂÌÏÃËÉÎÇ ÁÎÙ /3 ÔÈÒÅÁÄÓ

Combining join with computation expressionsadds 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

},ÏÃÁÌ ÂÕÆÆÅÒÉÎÇ ÕÓÅÄ ×ÈÅÎ ÅÖÁÌÕÁÔÉÎÇ ȰÍÁÔÃÈȦȱ

}Values from channels trigger state transitions

}Single threaded by design (schedules on GUI thread)

Reactive pattern matching for F#
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Towards foundations: “match!” desugaring

}Grammar extension reacpitulation

}Syntactic translation to member calls (a bit ugly):

}The key point: !ÕÔÈÏÒ ÓÐÅÃÉÆÉÅÓ ×ÈÁÔ ȰÍÁÔÃÈȦȱ ÍÅÁÎÓ

}ȣÂÕÔ ×ÈÁÔ ÅÑÕÁÔÉÏÎÓ ÓÈÏÕÌÄ usuallyhold?

Reactive pattern matching for F#

<cpat> ::= __  |  !<pat>
<cexpr> ::=   match! <expr>1, <expr>2, ... with

| <cpat>1,1, <cpat>1,2, ... when <expr> -> <cexpr>1

| <cpat>2,1, <cpat>2,2, ... -> <cexpr>2

ἀ  match! <expr>1, <expr>2ȟ ȣ with <clause>1 | <clause>2ȿ ȣ  ἁc
 b.Match(<expr>1, <expr>2ȟ ȣȟ ɍ ἀ<clause>1ἁccl ; ἀ<clause>2ἁccl Ƞ ȣ ɎɊ

ἀ  !<pat>, __  when <expr> -> <cexpr> ἁccl

 b.MatchClause(
Some(function <pat> -> true | __ -> false),  None,
Some(function Some(<pat>), __ when <expr> -> true | __ -> false) ,
(function Some(<pat>), __ when <expr> -> <cexpr>) )



Towards foundations: “match!” rules (ideas)

}Matching on one value with single clause:

} In other cases, the situation is not so clear:

} For computation expressions with bind and return:

} Future work: Does the following make sense for MonadPlus?

Reactive pattern matching for F#

ἀmatch! <expr>with !<pat> -> <cexpr> ἁ

ἀlet! <pat> = <expr> in <cexpr>  ἁ

ἀmatch! <expr>with
| !<pat>1 when <expr>1 -> <cexpr>1

| !<pat>2 when <expr>2 -> <cexpr>2 ȣ  ἁ

ἀlet! newvar= <expr>
match newvarwith
| <pat>1 when <expr>1 -> <cexpr>1

| <pat>2 when <expr>2 -> <cexpr>2 ȣ  ἁ

ἀmatch! <expr>with
| !<pat>1 when <expr>1 -> <cexpr>1

| !<pat>2 when <expr>2 -> <cexpr>2 ȣ  ἁ

ἀ( let! <pat>1 = <expr> in
if  <expr>1 then <cexpr>1 ) ṥ

( let! <pat>2 = <expr> in
if  <expr>2 then <cexpr>2Ɋ   ȣ  ἁ

?



Towards simple foundations (ideas)

Reactive pattern matching for F#

}ȰÍÁÔÃÈȦȱ ÃÏÕÌÄ ÂÅ ÅÎÃÏÄÅÄ ÕÓÉÎÇ ÔÈÒÅÅ ÐÒÉÍÉÔÉÖÅÓȡ

} Last two could be combined into one

}The translation could look like this
ἀ  match! <expr>1, <expr>2 with 

| !<pat>1,1, !<pat>1,2 -> <body>1

| !<pat>2,1,  __-> <body>2 ἁc
b.Choose

[ b.Cross(<expr>1, <expr>2) |> b.TryPick(fun (v1, v2) ->
match v1, v2  with | <pat>1,1, <pat>1,2 -> Some ἀ <body>1  ἁc | __ -> None );

b.Cross(<expr>1) |> b.Select(fun v1 ->
match v1 with | <pat>2,1 -> Some ἀ <body>2  ἁc | __ -> None ) ]

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>

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

?
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Other possible uses of “match!”

}Sequencing is important aspect of monads

}3Ïȟ ÄÏÅÓ ÉÔ ÍÁËÅ ÓÅÎÓÅ ÔÏ ÕÓÅ ȰÊÏÉÎȱ ÏÎ ÏÔÈÅÒ 
usual monads (or maybe monoids)?

}What about F# sequence expressions?

} Joining two sequences ɀas in data parallel languages

}Could use Cartesian product or zip semantics

}We can get additional features using active patterns

Reactive pattern matching for F#

let join seq1 seq2 = 
seq { match! seq1, seq2 with

| !a, !b - > yield a, b }

?



Other possible uses of “match!”

}Sequencing is important aspect of monads

}3Ïȟ ÄÏÅÓ ÉÔ ÍÁËÅ ÓÅÎÓÅ ÔÏ ÕÓÅ ȰÊÏÉÎȱ ÏÎ ÏÔÈÅÒ 
usual monads (or maybe monoids)?

}What about monadic parser combinators?

}Different semantics, because parsers are MonadPlus

}Desugaringis the same, but different rules should hold

Reactive pattern matching for F#

let rec parseExpr = parser { 
match! parseInt , parseChar with
| !num, _ - > return num
| _, ! '(' - >

let! n1 = expr in let! op = binaryOp
let! n2 = expr in let! _  = char ')'
return op n1 n2  }

?



Collectable Event Chains

}Problem with F# event combinators

})Î ÇÅÎÅÒÁÌȟ ×ÉÔÈ ÁÎÙ ÓÔÁÔÅÌÅÓÓ ȰÒÕÎÎÉÎÇȱ ÒÅÐÒÅÓÅÎÔÁÔÉÏÎ

}3ÏÌÕÔÉÏÎ ÉÓ ÔÏ ÕÓÅ ȰÂÁÃË×ÁÒÄȱ ÌÉÎËÓ

}We can propagate adding and removal of handlers

Reactive pattern matching for F#

 

src.MouseDown (filter) (map) clicks

program

handler

 

src.MouseDown (filter) (map) clicks

program

handler

 src.MouseDown (filter) (map) clicks

program

handler

 

src.MouseDown (filter) (map) clicks

program

handler
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Thank you!
And thanks for a great internship

Questions, suggestions, related work, …

}For more information:

} 4ÅÃÈÎÉÃÁÌ ÒÅÐÏÒÔ ÏÎ Ȱ#ÏÌÌÅÃÔÁÂÌÅ %ÖÅÎÔ #ÈÁÉÎÓȱ

} Everything else is work in progress

} Mail: tomas@tomasp.net

} No web yet, but eventually: http://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#

}Future is a monad - think bind and return

}ȰÍÁÔÃÈȦȱ ÁÄÄÓ ÐÁÒÁÌÌÅÌ ÃÁÓÅ ÅØÐÒÅÓÓÉÏÎ ɉÓÅÅ ÁÌÓÏ Manticore)

}Can implement parallel choice and join operations

Reactive pattern matching for F#

let rec treeProduct tr =
match tr with
| Leaf(el)   - > el
| Node(l, r) - > let sl = Future.Create ( fun () - > treeProduct l)

let sr = Future.Create ( fun () - > treeProduct r)
sl.Value * sr.Value

let rec treeProduct tr = future {
match tr with
| Leaf(el)   - > return el
| Node(l, r) - > match! treeProduct l, treeProduct r with

| !a, !b - > return a * b }

let rec treeProduct tr = future {
match tr with
| Leaf(el)   - > return el
| Node(l, r) - > match! treeProduct l, treeProduct r with

| ! 0, _ | _, ! 0 - > return 0
| !a, !b - > return a * b }



Pattern matching for sequences

Reactive pattern matching for F#

}For single sequence ɀenumerate over all elements

}Two possible meanings ɀCartesian productvs. Zip

}Cartesian product ÒÅÓÅÍÂÌÅÓ ȰÊÏÉÎȱ ÃÌÁÕÓÅ ÆÒÏÍ 31,

}Zip looks more useful ɀhard to implement otherwise

}Can we use this to write anything else than zip?

}ȰÍÁÔÃÈȦȱ ×ÏÒËÓ ×ÅÌÌ ×ÉÔÈ ÁÃÔÉÖÅ ÐÁÔÔÅÒÎÓ

let join seq1 seq2 = 
seq { match! seq1, seq2 with

| !a, !b - > yield a, b }

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

| !(Take a), !(Peek b) when a < b - > yield a 
| !(Peek a), !(Take b) when b <= a - > yield b
| !(Take v), _ | _, !(Take v) - > yield v }



Pattern matching for parsers

}Two ways of composing parsers

} bind for sequential and mplus for parallel

}Match combines these insidecomputation expression:

}Meaning is slightly different ɀboth branches can be used

}We can combine this with active patterns too

Reactive pattern matching for F#

let rec expr = parser { 
match! wholeInt , char '(' with
| !num, _ - >

return num
| _, !_ - >

let! n1 = expr in let! op = binaryOp
let! n2 = expr in let! _  = char ')'
return op n1 n2  }



Challenge: Applicative functors

}3ÕÐÐÏÒÔÉÎÇ ÏÐÅÒÁÔÉÏÎ ṫ: -ЇȬÁ -Ј ȬÂЈ -Ј -ЇȬÁЈ -Ј -ЇȬÂЈ 

}What does that mean for event streams?

}Apply function to every value; function changes over time!

Reactive pattern matching for F#

let ( ṫ ) 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) }

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

val ( ṫ ) : EventStream <'a - > 'b> - > EventStream <'a> - > EventStream <'b>



Reader-writer lock using Joins in F#

Reactive pattern matching for F#

}7Å ÎÅÅÄ ÔÏ ȰÍÁÔÃÈȦȱ ÏÎ ÁÌÌ ÃÈÁÎÎÅÌÓ ÐÒÅÓÅÎÔ ÉÎ ÊÏÉÎÓ

}!ÄÄ Ȱͺȱ ÆÏÒ ÃÈÁÎÎÅÌÓ ÎÏÔ ÉÎÖÏÌÖÅÄ ÉÎ ÊÏÉÎ

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 ()

| _, !(),   _,   _,  _ - > sharing.Post ( 0)

| _,   _, ! ch,   _, !n - > sharing.Post (n + 1); ch.Reply ()

| _,   _,   _, !(), !n - > sharing.Post (n - 1) } |> Async.Spawn



Adding pattern matching to F# monads

}!ÄÄ ȰÍÁÔÃÈȦȱ ÃÏÎÓÔÒÕÃÔ ÔÏ ÃÏÍÐÕÔÁÔÉÏÎ ÅØÐÒÅÓÓÉÏÎÓȡ

}$ÅÆÁÕÌÔ ÉÍÐÌÅÍÅÎÔÁÔÉÏÎ ÏÆ ȰMatchClauseȱ ÊÕÓÔ ÃÒÅÁÔÅÓȡ

Reactive pattern matching for F#

<cpat> ::= __  |  !<pat>
<cexpr> ::=   match! <expr>1, <expr>2, ... with

| <cpat>1,1, <cpat>1,2, ... when <expr> -> <cexpr>1

| <cpat>2,1, <cpat>2,2, ... -> <cexpr>2

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...



Reactive applications

}Can we express everything we need?

}F# event combinators are quite limited

}$ÏÅÓ ÉÔ ÃÏÒÒÅÓÐÏÎÄ ×ÉÔÈ ÔÈÅ ȰÍÅÎÔÁÌ ÉÍÁÇÅȱȩ

}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 side-effects or mutable state?

}Can we localize and understand them?

Reactive pattern matching for F#



Collectable Event Chains

}Problem with F# event combinators

})Î ÇÅÎÅÒÁÌȟ ×ÉÔÈ ÁÎÙ ÓÔÁÔÅÌÅÓÓ ȰÒÕÎÎÉÎÇȱ ÒÅÐÒÅÓÅÎÔÁÔÉÏÎ

}3ÏÌÕÔÉÏÎ ÉÓ ÔÏ ÕÓÅ ȰÂÁÃË×ÁÒÄȱ ÌÉÎËÓ

}We can propagate adding and removal of handlers

Reactive pattern matching for F#
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Collectable Event Chains

}ȰAwaitEventȱ ÐÒÉÍÉÔÉÖÅ ×ÁÉÔÓ ÆÏÒ ÔÈÅ ÆÉÒÓÔ ÏÃÃÕÒÒÅÎÃÅ

}Adds handler, waits for the event, removes handler

}7ÈÁÔ ÉÆ ×Å ÃÏÍÂÉÎÅ ȰAwaitEventȱ ×ÉÔÈ Ȱ%ÖÅÎÔȢÍÁÐȱ ÅÔÃȢȩ

}Objects and references created by this code:

Reactive pattern matching for F#

let clicks = 
src.MouseDown |> Event.filter ( fun m - > m.Button = Left)

|> Event.map ( fun m - > ( m.X, m.Y))

let handler = new Handler<_>(...)
clicks.AddHandler (handler)

 

src.MouseDown (filter) (map) clicks

program

handler



Collectable Event Chains: The Problem

}State of the chain after adding the handler:

}Remove the handler and continue executing

}ȰÃÌÉÃËÓȱ ÁÎÄ ȰÈÁÎÄÌÅÒȱ ÎÏ ÌÏÎÇÅÒ ÒÅÆÅÒÅÎÃÅÄ

}ȣ ÂÕÔ ÔÈÅ ÅÖÅÎÔ ÃÈÁÉÎ ÃÁÎÎÏÔ ÂÅ ÇÁÒÂÁÇÅ ÃÏÌÌÅÃÔÅÄȦ

Reactive pattern matching for F#
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Collectable Event Chains: The Solution

}Use backward references when creating the chain

}No handlers registered at this point!

}Register forward references when handler is added

}Remove forward links when all handlers are removed

}Unreferenced chains without handlers can be collected

Reactive pattern matching for F#

 src.MouseDown (filter) (map) clicks

program

handler

 src.MouseDown (filter) (map) clicks

program

handler

 

src.MouseDown (filter) (map) clicks

program

handler



Reactive pattern matching for F#

}Possible combinations of 

}Single threaded / buffered / multi triggered



TODO

}Design options 

}Adding / removing handlers (propagating)

}Running that keeps itself alive vs. only event propagator

}Statefull vs. Stateless

}Adding multiple handlers ɀshould it restart the component?

}Delayed vs. Undelayed

}User is undelayed(we cannot start him when we want)??

}Scheduling through GUI

Reactive pattern matching for F#



More general than waiting for the first event

Reactive pattern matching for F#

}$ÒÁ×ÉÎÇ ÒÅÃÔÁÎÇÌÅÓ ÕÓÉÎÇ ȰÄÒÁÇȱ ÇÅÓÔÕÒÅÓ

}3ÔÁÔÅ ÍÁÃÈÉÎÅ ×ÉÔÈ Ȭ×ÁÉÔÉÎÇȭ ÁÎÄ ȬÍÏÖÉÎÇȭ ÓÔÁÔÅÓ

}Clauses evaluated from top to bottom after each of the 
events occur for the first time (no concurrency!)

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)

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

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



What does “match!” mean for events?

}Everything is single-threaded

}No synchronization between threads

}Options: ȰÃÏÎÔÉÎÕÏÕÓȱ ÃÒÏÓÓ-product using available values

Reactive pattern matching for F#

let vals = Some(v1), None
cɱlause.(clause(vals) b  cont1) ?

no  Ocontinue waiting
yes  Orun the continuation

let vals = Some(v1), Some(v2)
cɱlause.(clause(vals) b  cont2) ?

no  Omatch failure!
yes  Orun the continuation

e1

e2

match! e1, e2 with
| <clause1> - > cont1
| <clause2> - > cont2


