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A	lot	of	Data

By	2020:	1.7MB	per	second	by	each	person		

2	years	=	90%	of	data	ever	generated



Real	Time	Processing

Real	Time	Business	
Intelligence	

Cloud	Monitoring

Fraud	Detection





https://www.nextbigfuture.com/2019/02/the-end-of-moores-law-in-detail-and-starting-a-new-golden-age.html

Moore's	Law	isn't	possible	anymore
Jensen	Huang,	Nvidia CEO,	Jan’19

Moore’s	Law	Is	Dead.	Now	What?
MIT	Technology	Review,	May’16

The	End	of	Moore’s	Law	&	Faster	
General	Purpose	Computing

John	Hennessy	Jul’18



Processing	at	the	Edge



Distributed	systems	are	

difficult	to	understand,	

design,	build,	and	operate.	

They	introduce	exponentially	

more	variables	into	a	design	

than	a	single	machine	does,	

[…]
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Languages	for
Distributed	Applications

Reactivity
Software	Design
Privacy	
Fault	tolerance
Consistency

SCALABLE

LOW	LATENCY

EVENT	BASED

DISTRIBUTED

HETEROGENEOUS

DATA-INTENSIVE	
DISTRIBUTED	APPLICATIONS



REACTIVITY



Observer	Pattern
”Define a	one-to-many

dependency between

objects so	that when

one object changes

state,	all	its dependents
are notified and	
updated automatically.”



Is	current	technology	enough?

imperative evt tick[Unit]
var hour:	Int =	0
var day:	Int =	0
var week:	Int =	0

tick	+=	nextHour
def nextHour()	{
hour	=	(hour	+	1)	%	24
}
evt newDay [Unit]	=	tick	&&	(()	=>	hour	==	0)
newDay +=	nextDay
def nextDay ()	{
day	=	(day	+	1)	%	7
}
evt newWeek [Unit]	=	...
newWeek +=	nextWeek
def nextWeek()	{
...
}

val tick	=	0	//	Increase	
val hour	<==	tick	%	24
val day	<==	(tick/24)%7	+	1	
val week	<==	...

EVENTS

ww:dd:hh
01:12:04

This	is	all	what	we	
want	to	express!



REScala:	Combining	Signals	and	Events

• Signals:	What	about	expressing	functional	
dependencies	as	constraints	?

val a	=	3
val b	=	7
val c	=	a	+	b	// Statement
…
println(c)
>	10
a=	4
println(c)
>	10
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…

val a	=	Var(3)
val b	=	Var(7)
val c	=	Signal{	a	+	b	}	// Constraint
…
println(c)
>	10
a=	4
println(c)
>	11

www.rescala-lang.com



Reactive	Programming:	Example

• Mixing	signals	and	events	

• Reactive	code	is	simple!

val position:	Signal[(Int,Int)]	=	mouse.position
val shiftedPosition:	Signal[(Int,Int)]	=	Signal{	mouse.position +	(10,	10)	}

evt clicked:	Event[Unit]	=	mouse.clicked
val lastClick:	Signal[(Int,Int)]	=	position	snapshot	clicked

(10,20)

(15,40)

(30,90)

OO	integration:	Both	
signals	and	events	are	
subject	to	inheritance	and	
runtime	polymorphism!

[Guido	Salvaneschi,	Mira	Mezini,	Reactive	Behavior	in	Object-oriented	
Applications:	An	Analysis	and	a	Research	Roadmap,	MODULARITY’13]



Claim:	RP	beats	OO	(Observer)

• Easier	to	compose

• Declarative	style	

• Easier	program	comprehension
• State	management	not	explicit

• Automatic	memory	management



The	study

• 10	applications,	~130	subjects
– RP	and	OO	group	(between subj.)

– Questions	for	comprehension

• What	to	measure?
– Time to	answer	a	question
– Amount	of	correct	answers

a

b

d

c

e



Results

• REScala increases correctness of	
program	comprehension

• In	REScala,	comprehension	is	
no	more	time-consuming

[Guido	Salvaneschi,	Sven	Amann,	Sebastian	Proksch,	Mira	Mezini,	An	Empirical	Study	on	
Program	Comprehension	with	Reactive	Programming, FSE’14.]
[G.	Salvaneschi,	S.	Proksch,	S.	Amann,	S.	Nadi,	M.	Mezini, On	the	Positive	Effect	of	Reactive	
Programming	on	Software	Comprehension:	An	Empirical	Study,	TSE’17]



Teaching	Reactive	Programming

Master	course	(9CP)
Software	Engineering:	Design	&	Construction

Design	patterns
Domain	specific	languages
Software	architectures

Reactive	Programming	with	REScala

...
HOW	TO	DEBUG
REACTIVE	PROGRAMS!?



Program	Stack

Step	over	
statements

Inspect	state

Traditional	debugging
(Imperative)

!?

Debugging	for	Reactive	Programing



A	Paradigm	Shift

Traditional	Debugging RP	Debugging
Stepping	over	statements Stepping	over	the	dependency	graph

Breakpoint	on	line	X Breakpoint	on node	X

Inspect memory	 Inspect	values	in	the	dependency	graph

Navigate	object	references Navigate signals	in	the	graph

Per-function	absolute	performance Per-node	relative	performance



Bug	Hunting	with	Reactive	Debugging

Bugs	in	signal	
expressions

Performance	bugs

Understanding	RP	programsMissing	dependencies

Memory	and	time	leaks

22



Reactive	Inspector
(Eclipse	plugin	- Scala	IDE)

NODE	
BREAKPOINTS

BACK-IN-TIME	
DEBUGGING

NODE	
SEARCH

NODE	
QUERIES

REACTIVE	
BREAKPOINTS

TREE	
INSPECTION 23



Evaluation

• 18	subjects,	2	groups	

• 6	applications,	
– 2D	simulation,	fisheye	animation,

reactive	network,	arcade	Pong,
RSS	Feed	reader,	shapes	animation

24[Guido	Salvaneschi,	Mira	Mezini,	Debugging	for	Reactive	Programming, ICSE’16]



[ASE’19]



Language	abstractions for	
OO	reactive	programming

Controlled	experiments	

Incremental changes

Distribution

Tools supporting	the	
development	process

Concurrency Fault	Tolerance

Semantics	of	
Event	Correlation

Versatile Event Correlation with Algebraic Effects 67:5

(a) cartesian (b) combineLatest (c) zip (d)affinely & combineLatest
Fig. 1. Example correlations over two reactives, represented by arrows. Colored marbles represent events.
Dashed lines indicate materialized pairings. The marble diagram notation is adopted from the Rx documenta-
tion.

2.3 Computational Interpretation

Here, we motivate the cartesian product with side effects view (Proposition 1.2). The most basic
correlation pattern we can define in Cartesius is an n-way cartesian product, i.e., the cartesian
definition in Figure 2, top left, which produces all combinations ⟨x,y⟩ from the left and right reactives
(Figure 1a). Predicates as in the preceding example reduce the number of generated combinations,
i.e., restrict the cartesian product. This is a simple and intuitive way to think about the semantics of
event correlation and close to a relational algebra interpretation.
We also want to derive the operational behavior of event correlation as a realistic basis for

concrete implementations in a programming language. The challenge is to keep the specification of
the operational behavior simple and extensible, ideally, close to the intuitive relational view while
achieving efficiency of the computation. A naïve implementation would generate all combinations
and then test against the predicate, which is expensive and leads to space leaks [Krishnaswami 2013;
Liu and Hudak 2007; Mitchell 2013]. Moreover, due to the asynchrony of reactives, we are forced
to observe event notifications one-by-one. Hence, applying lazy techniques from demand-driven
computation would not avoid the issue.

Our solution a priori avoids generating superfluous combinations. Specifically, we propose expos-
ing overloadable, user-defined effects in the cartesian product computation. Simply by reinterpreting
its effects, we force the computation into a specific operational behavior, so that the search space of
combinations is cut down. In this way, end users can work with a generic, naïve generate-then-test
implementation and turn it into a specialized, efficient computation.
For the concrete implementation of the operational behavior sketched above, Cartesius uses

an effect system based on Plotkin et. al’s algebraic effects and handlers [Plotkin and Power 2003;
Plotkin and Pretnar 2009]. Some elements of the correlation pattern syntax desugar into effect
operations. One such element is e.g., yield. By itself, yield has no semantics (i.e., implementation) –
it requires a run time context (a handler) in which it is interpreted. For now, it is not necessary
to understand this abstraction in detail. The only thing of note is that programmers can write
and apply effect handlers that give implementations to effect operations as a form of dynamic
overloading. Effect handlers are the main programming abstraction for customizing and specializing
joins. We explain the basics of effects and handlers in Section 3 and how they are used for event
correlation in Section 4.

2.4 Customizing Matching Behavior with Algebraic Effects

With the computational interpretation sketched above, modeling a specific correlation semantics
becomes a matter of adding the right mixture of effect handlers. This aspect of the language
design is crucial for defining extensions and mix-and-match style compositions of features. In the
following, we exemplify this by specifying different correlation behaviors in Cartesius using the
effect mechanism.

As a first example, we discuss the combineLatest combinator on asynchronous event sequences,
e.g., as featured in the Reactive Extensions (Rx) library [ReactiveX [n. d.]]. As illustrated in Figure 1b,
this combinator weakly aligns its inputs and always combines the most recently observed events.

Proc. ACM Program. Lang., Vol. 2, No. ICFP, Article 67. Publication date: September 2018.
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Configurable	Consistency



[OOPSLA’14]

• Synchronous	Semantics

• Decentralized

• Dynamic	Edges

27



• Synchronous	Semantics
• Fine-Grained	Parallelism
• Dynamic	Edges

[OOPSLA’18]



• Full	formalization
• CRDTs	between	graphs
• Recovery	after	disconnection

[OOPSLA’19]



www.rescala-lang.com



SOFTWARE	DESIGN





class TaskManagerGateway {
def disconnectFromJobManager(instanceId: InstanceID, cause: Exception,

mgr: ActorRef) = {
mgr ! Disconnect(instanceId, cause)

}
def stopCluster(applicationStatus: ApplicationStatus, message: String,

mgr: ActorRef) = {
mgr ! StopCluster(applicationStatus, message)

}
def requestStackTrace(mgr: ActorRef) = {

(mgr ? SendStackTrace).mapTo[StackTrace]
}
def submitTask(tdd: TaskDeploymentDescriptor, mgr: ActorRef) = {

(mgr ? SubmitTask(tdd)).mapTo[Acknowledge]
}
def stopTask(executionAttemptID: ExecutionAttemptID, mgr: ActorRef) = {

(mgr ? StopTask(executionAttemptID)).mapTo[Acknowledge]
}
def cancelTask(executionAttemptID: ExecutionAttemptID, mgr: ActorRef) = {

(mgr ? CancelTask(executionAttemptID).mapTo[Acknowledge]
}
def updatePartitions(executionAttemptID: ExecutionAttemptID,

partitionInfos: Iterable[PartitionInfo], mgr: ActorRef) = {
(mgr ? UpdateTaskMultiplePartitionInfos(executionAttemptID, partitionInfos))

.mapTo[Acknowledge]
}
def failPartition(executionAttemptID: ExecutionAttemptID, mgr: ActorRef) = {

mgr ! FailIntermediateResultPartitions(executionAttemptID)
}
def notifyCheckpointComplete(executionAttemptID: ExecutionAttemptID,

jobId: JobID, checkpointId: long, timestamp: long, mgr: ActorRef) = {
mgr ! NotifyCheckpointComplete(jobId, executionAttemptID, checkpointId,

timestamp)
}
def triggerCheckpoint(executionAttemptID: ExecutionAttemptID, jobId: JobID,

checkpointId: long, timestamp: long, checkpointOptions: CheckpointOptions,
mgr: ActorRef) = {

mgr ! TriggerCheckpoint(jobId, executionAttemptID, checkpointId, timestamp,
checkpointOptions)

}
def requestTaskManagerLog(logTypeRequest: LogTypeRequest, mgr: ActorRef) = {

(mgr ? RequestTaskManagerLog(logTypeRequest)).mapTo[BlobKey]
}

}

class TaskManager extends Actor {
def receive = {

case SendStackTrace => sendStackTrace() foreach { message =>
sender ! decorateMessage(message)

}
case Disconnect(instanceIdToDisconnect, cause) =>

if (instanceIdToDisconnect.equals(instanceID)) {
handleJobManagerDisconnect("JobManager requested disconnect: " +

cause.getMessage())
triggerTaskManagerRegistration()

} else {
log.debug("Received disconnect message for wrong instance id " +

instanceIdToDisconnect)
}

case StopCluster(applicationStatus, message) =>
log.info(s"Stopping TaskManager with final application status " +

s"$applicationStatus and diagnostics: $message")
shutdown()

case RequestTaskManagerLog(requestType) =>
blobService match {

case Some(_) =>
handleRequestTaskManagerLog(requestType, currentJobManager.get) match {

case Left(message) => sender() ! message
case Right(message) => sender() ! message

}
case None =>

sender() ! akka.actor.Status.Failure(new IOException(
"BlobService not available. Cannot upload TaskManager logs."))

}
case UpdateTaskMultiplePartitionInfos(executionID, partitionInfos) =>

sender ! decorateMessage(updateTaskInputPartitions(executionID, partitionInfos))
case FailIntermediateResultPartitions(executionID) =>

log.info(s"Discarding the results produced by task execution $executionID")
try {

network.getResultPartitionManager.releasePartitionsProducedBy(executionID)
} catch {

case t: Throwable => killTaskManagerFatal(
"Fatal leak: Unable to release intermediate result partition data", t)

}
case SubmitTask(tdd) =>

sender ! decorateMessage(submitTask(tdd))
case StopTask(executionID) =>

val task = runningTasks.get(executionID)
if (task != null) {

try {
task.stopExecution()
sender ! decorateMessage(Acknowledge.get())

} catch {
case t: Throwable =>

sender ! decorateMessage(Status.Failure(t))
}

} else {
log.debug(s"Cannot find task to stop for execution $executionID)")
sender ! decorateMessage(Acknowledge.get())

}
case CancelTask(executionID) =>

val task = runningTasks.get(executionID)
if (task != null) {

task.cancelExecution()
sender ! decorateMessage(Acknowledge.get())

} else {
log.debug(s"Cannot find task to cancel for execution $executionID)")
sender ! decorateMessage(Acknowledge.get())

}
case TriggerCheckpoint(jobId, taskExecutionId, checkpointId, timestamp,

checkpointOptions) =>
log.debug(s"Receiver TriggerCheckpoint $checkpointId@$timestamp " +

s"for $taskExecutionId.")
val task = runningTasks.get(taskExecutionId)
if (task != null) {

task.triggerCheckpointBarrier(checkpointId, timestamp, checkpointOptions)
} else {

log.debug(s"TaskManager received a checkpoint request " +
s"for unknown task $taskExecutionId.")

}
case NotifyCheckpointComplete(jobId, taskExecutionId, checkpointId, timestamp) =>

log.debug(s"Receiver ConfirmCheckpoint $checkpointId@$timestamp " +
ś"for $taskExecutionId.")

val task = runningTasks.get(taskExecutionId)
if (task != null) {

task.notifyCheckpointComplete(checkpointId)
} else {

log.debug(s"TaskManager received a checkpoint confirmation " +
s"for unknown task $taskExecutionId.")

}
}

}





Multitier	Language

Single	Compilation	Unit

ScalaLoci Programming	Framework

Placement	Types

[P.Weisenbureger,	M.Koehler,	G.Salvaneschi,	Distributed	System	Development	with	ScalaLoci, OOPSLA’18]

[P.Weisenbureger,	G.Salvaneschi,	Multitier	Modules, ECOOP’19]

www.scala-loci.github.io



Placement	Types

val message: Event[String] on Registry

trait Registry extends Peer
trait Node extends Peer

Peers

Placement	Types

= placed { getMessageStream() }



Architecture

trait Registry extends Peer
trait Node extends Peer

{ type Tie = Multiple[Node] }
{ type Tie = Single[Registry] with Multiple[Node]

Registry

Node

Node

Node

Node

Architecture	Specification	
through	Peer	Types

Architecture-Based	Remote	
AccessNode



Data	Flow

Node Registry

message

result

process	message

val message = Event[String]()
val result = message map processMessage
val ui = new UI(result)



Node Registry

message

result

process	message

Distributed	Data	Flow

val message =                Event[String]()
val result =                    message         map processMessage
val ui =                new UI(result        )

placed[Node] {                 }: Event[String] on Node
placed[Registry] {                                    }

placed[Node] {        result          }
.asLocal

result.asLocal



Complete	Distributed	Chat
@multitier object Chat {

}

trait Server extends Peer { type Tie = Multiple[Client] }
trait Client extends Peer { type Tie = Single[Server] }

val message = placed[Client] { Evt[String] }

placed[Client].main {

for (line <- io.Source.stdin.getLines)
message fire line }

val publicMessage = placed[Server] {
message.asLocalFromAllSeq map { case (_, msg) => msg } }

publicMessage.asLocal observe println

Client

Server

Client

messageprintln

public
Message

messageprintln



Porting	to	Distribution

val ballSize = 20
val maxX = 800
val maxY = 400
val leftPos = 30
val rightPos = 770
val initPosition = Point(400, 200)
val initSpeed = Point(10, 8)

val ball: Signal[Point] = tick.fold(initPosition) {
(ball, _) => ball + speed.get }

val areas = {
val racketY = Seq(
Signal { UI.mousePosition().y },
Signal { ball().y })

val leftRacket = Racket(leftRacketPos, racketY(0))
val rightRacket = Racket(rightRacketPos, racketY(1))
val rackets = List(leftRacket, rightRacket)
Signal { rackets map { _.area() } } }

val leftWall = ball.changed && { _.x < 0 }
val rightWall = ball.changed && { _.x > maxX }

val xBounce = {
val ballInRacket = Signal { areas() exists { _ contains ball() } }
val collisionRacket = ballInRacket changedTo true
leftWall || rightWall || collisionRacket }

val yBounce = ball.changed &&
{ ball => ball.y < 0 || ball.y > maxY }

val speed = {
val x = xBounce toggle (initSpeed.x, -initSpeed.x)
val y = yBounce toggle (initSpeed.y, -initSpeed.y)
Signal { Point(x(), y()) } }

val score = {
val leftPoints = rightWall.iterate(0) { _ + 1 }
val rightPoints = leftWall.iterate(0) { _ + 1 }
Signal { leftPoints() + " : " + rightPoints() } }

val ui = new UI(areas, ball, score)

trait Server extends ServerPeer[Client]
trait Client extends ClientPeer[Server]

val ballSize = 20
val maxX = 800
val maxY = 400
val leftPos = 30
val rightPos = 770
val initPosition = Point(400, 200)
val initSpeed = Point(10, 8)

val clientMouseY = placed[Client] {
  Signal { UI.mousePosition().y } }

val isPlaying = placed[Server].local {
  Signal { remote[Client].connected().size > 2 } }

val ball: Signal[Point] on Server = placed {
tick.fold(initPosition) { (ball, _) =>
if (isPlaying.get) ball + speed.get else pos } }

val players = placed[Server].local { Signal {
  remote[Client].connected() match {
    case left :: right :: _ => Seq(Some(left), Some(right))
    case _ => Seq(None, None) } } }

val areas = placed[Server] {
val racketY = Signal { players() map { _ map {

    client => (clientMouseY from client).asLocal() } getOrElse
    initPosition.y } }
val leftRacket = Racket(leftPos, Signal { racketY()(0) })
val rightRacket = Racket(rightPos, Signal { racketY()(1) })
val rackets = List(leftRacket, rightRacket)
Signal { rackets map { _.area() } } }

val leftWall = placed[Server].local { ball.changed && { _.x < 0 } }
val rightWall = placed[Server].local { ball.changed && { _.x > maxX } }

val xBounce = placed[Server].local {
val ballInRacket = Signal { areas() exists { _ contains ball() } }
val collisionRacket = ballInRacket changedTo true
leftWall || rightWall || collisionRacket }

val yBounce = placed[Server].local { ball.changed &&
{ ball => ball.y < 0 || ball.y > maxY } }

val speed = placed[Server].local {
val x = xBounce toggle (initSpeed.x, - initSpeed.x)
val y = yBounce toggle (initSpeed.y, - initSpeed.y)
Signal { Point(x(), y()) } }

val score = placed[Server] {
val leftPoints = rightWall.iterate(0) { _ + 1 }
val rightPoints = leftWall.iterate(0) { _ + 1 }
Signal { leftPoints() + " : " + rightPoints() } }

val ui = placed[Client] {
new UI(areas.asLocal, ball.asLocal, score.asLocal) }

val ballSize = 20
val maxX = 800
val maxY = 400
val leftPos = 30
val rightPos = 770
val initPosition = Point(400, 200)
val initSpeed = Point(10, 8)

class Server extends Actor {
def receive = addPlayer orElse mouseYChanged

val clients = Var(Seq.empty[ActorRef])

val mousePositions = Var(Map.empty[ActorRef, Int])

def mouseYChanged: Receive = { case MouseYChanged(y) =>
  mousePositions transform { _ + (sender -> y) } }

val isPlaying = Signal { clients().size >= 2 }

val ball: Signal[Point] =
tick.fold(initPosition) { (ball, _) =>
if (isPlaying.get) ball + speed.get else ball }

def addPlayer: Receive = { case AddPlayer =>
clients transform { _ :+ sender } }

val players = Signal {
clients() match {
case left :: right :: _ => Seq(Some(left), Some(right))
case _ => Seq(None, None) } }

val areas = {
val racketY = Signal {

     players() map {
        _ flatMap { mousePositions() get _ } getOrElse initPosition.y } }

val leftRacket = new Racket(leftRacketPos, Signal { racketY()(0) })
val rightRacket = new Racket(rightRacketPos, Signal { racketY()(1) })
val rackets = List(leftRacket, rightRacket)
Signal { rackets map { _.area() } } }

val leftWall = ball.changed && { _.x < 0 }
val rightWall = ball.changed && { _.x > maxX }

val xBounce = {
val ballInRacket = Signal { areas() exists { _ contains ball() } }
val collisionRacket = ballInRacket changedTo true
leftWall || rightWall || collisionRacket }

val yBounce = ball.changed &&
{ ball => ball.y < 0 || ball.y > maxY }

val speed = {
val x = xBounce toggle (Signal { initSpeed.x }, Signal { -initSpeed.x })
val y = yBounce toggle (Signal { initSpeed.y }, Signal { -initSpeed.y })
Signal { Point(x(), y()) } }

val score = {
val leftPlayerPoints = rightWall.iterate(0) { _ + 1 }
val rightPlayerPoints = leftWall.iterate(0) { _ + 1 }
Signal { leftPlayerPoints() + " : " + rightPlayerPoints() } }

  areas observe { areas => clients.now foreach { _ ! UpdateAreas(areas) } }
  ball observe { ball => clients.now foreach { _ ! UpdateBall(ball) } }
  score observe { score => clients.now foreach { _ ! UpdateScore(score) } }

  clients observe { _ foreach { client =>
    client ! UpdateAreas(areas.now)
    client ! UpdateBall(ball.now)
    client ! UpdateScore(score.now) } }
}

abstract class Client(server: ActorSelection) extends Actor {
  val areas = Var(List.empty[Area])~
  val ball = Var(Point(0, 0))~
  val score = Var("0 : 0")~

mousePosition observe { pos =>
~server ! MouseYChanged(pos.y)~ }

val ui = new UI(areas, ball, score)

  def receive = {~
    case UpdateAreas(areas) => this.areas set areas
    case UpdateBall(ball) => this.ball set ball
    case UpdateScore(score) => this.score set score }

  server ! AddPlayer
}

val ballSize = 20
val maxX = 800
val maxY = 400
val leftPos = 30
val rightPos = 770
val initPosition = Point(400, 200)
val initSpeed = Point(10, 8)

@remote trait Server {
  def addPlayer(client: Client): Unit
  def mouseYChanged(client: Client, y: Int): Unit }

class ServerImpl extends Server {
  val clients = Var(Seq.empty[Client])

  val mousePositions = Var(Map.empty[Client, Int])

  def mouseYChanged(client: Client, y: Int) = synchronized {
    mousePositions() = mousePositions.get + (client -> y) }

  val isPlaying = Signal { clients().size >= 2 }

val ball: Signal[Point] =
tick.fold(initPosition) { (ball, _) =>
if (isPlaying.get) ball + speed.get else ball }

  def addPlayer(client: Client) = synchronized {
    clients transform { _ :+ client } }

  val players = Signal {
    clients() match {
      case left :: right :: _ => Seq(Some(left), Some(right))
      case _ => Seq(None, None) } }

val areas = {
val racketY = Signal {

      players() map {
        _ flatMap { mousePositions() get _ } getOrElse initPosition.y } }

val leftRacket = new Racket(leftRacketPos, Signal { racketY()(0) })
val rightRacket = new Racket(rightRacketPos, Signal { racketY()(1) })
val rackets = List(leftRacket, rightRacket)
Signal { rackets map { _.area() } } }

val leftWall = ball.changed && { _.x < 0 }
val rightWall = ball.changed && { _.x > maxX }

val xBounce = {
val ballInRacket = Signal { areas() exists { _ contains ball() } }
val collisionRacket = ballInRacket changedTo true
leftWall || rightWall || collisionRacket }

val yBounce = ball.changed &&
{ ball => ball.y < 0 || ball.y > maxY }

val speed = {
val x = xBounce toggle (initSpeed.x, -initSpeed.x)
val y = yBounce toggle (initSpeed.y, -initSpeed.y)
Signal { Point(x(), y()) } }

val score = {
val leftPoints = rightWall.iterate(0) { _ + 1 }
val righrPoints = leftWall.iterate(0) { _ + 1 }
Signal { leftPoints() + " : " + righrPoints() } }

  areas observe { updateAreasClients(clients.get, _) }
  ball observe { updateBallClients(clients.get, _) }
  score observe { updateScoreClients(clients.get, _) }

  clients observe { clients =>
    updateAreasClients(clients, areas.get)
    updateBallClients(clients, ball.get)
    updateScoreClients(clients, score.get) }

  def updateAreasClients(clients: Seq[Client], areas: List[Area]) =
    clients foreach { _ updateAreas areas }
  def updateBallClients(clients: Seq[Client], ball: Point) =
    clients foreach { _ updateBall ball }
  def updateScoreClients(clients: Seq[Client], score: String) =
    clients foreach { _ updateScore score }
}

@remote trait Client {
  def updateAreas(areas: List[Area]): Unit
  def updateBall(ball: Point): Unit
  def updateScore(score: String): Unit }

class ClientImpl(server: Server) extends Client {
val self = makeStub[Client](this)

  val areas = Var(List.empty[Area])
  val ball = Var(Point(0, 0))
  val score = Var("0 : 0")

UI.mousePosition observe { pos =>
server mouseYChanged (self, pos.y) }

val ui = new UI(areas, ball, score)

  def updateAreas(areas: List[Area]) = synchronized { this.areas() = areas }
  def updateBall(ball: Point) = synchronized { this.ball() = ball }
  def updateScore(score: String) = synchronized { this.score() = score }

  server addPlayer self
}

Local ScalaLoci Akka RMI

multi-user	support

distribution



class TaskManagerGateway {
def disconnectFromJobManager(instanceId: InstanceID, cause: Exception,

mgr: ActorRef) = {
mgr ! Disconnect(instanceId, cause)

}
def stopCluster(applicationStatus: ApplicationStatus, message: String,

mgr: ActorRef) = {
mgr ! StopCluster(applicationStatus, message)

}
def requestStackTrace(mgr: ActorRef) = {
(mgr ? SendStackTrace).mapTo[StackTrace]

}
def submitTask(tdd: TaskDeploymentDescriptor, mgr: ActorRef) = {
(mgr ? SubmitTask(tdd)).mapTo[Acknowledge]

}
def stopTask(executionAttemptID: ExecutionAttemptID, mgr: ActorRef) = {
(mgr ? StopTask(executionAttemptID)).mapTo[Acknowledge]

}
def cancelTask(executionAttemptID: ExecutionAttemptID, mgr: ActorRef) = {
(mgr ? CancelTask(executionAttemptID).mapTo[Acknowledge]

}
def updatePartitions(executionAttemptID: ExecutionAttemptID,

partitionInfos: Iterable[PartitionInfo], mgr: ActorRef) = {
(mgr ? UpdateTaskMultiplePartitionInfos(executionAttemptID, partitionInfos))
.mapTo[Acknowledge]

}
def failPartition(executionAttemptID: ExecutionAttemptID, mgr: ActorRef) = {
mgr ! FailIntermediateResultPartitions(executionAttemptID)

}
def notifyCheckpointComplete(executionAttemptID: ExecutionAttemptID,

jobId: JobID, checkpointId: long, timestamp: long, mgr: ActorRef) = {
mgr ! NotifyCheckpointComplete(jobId, executionAttemptID, checkpointId,
timestamp)

}
def triggerCheckpoint(executionAttemptID: ExecutionAttemptID, jobId: JobID,

checkpointId: long, timestamp: long, checkpointOptions: CheckpointOptions,
mgr: ActorRef) = {

mgr ! TriggerCheckpoint(jobId, executionAttemptID, checkpointId, timestamp,
checkpointOptions)

}
def requestTaskManagerLog(logTypeRequest: LogTypeRequest, mgr: ActorRef) = {
(mgr ? RequestTaskManagerLog(logTypeRequest)).mapTo[BlobKey]

}
}

class TaskManager extends Actor {
def receive = {
case SendStackTrace => sendStackTrace() foreach { message =>
sender ! decorateMessage(message)

}
case Disconnect(instanceIdToDisconnect, cause) =>
if (instanceIdToDisconnect.equals(instanceID)) {
handleJobManagerDisconnect("JobManager requested disconnect: " +
cause.getMessage())

triggerTaskManagerRegistration()
} else {
log.debug("Received disconnect message for wrong instance id " +
instanceIdToDisconnect)

}
case StopCluster(applicationStatus, message) =>
log.info(s"Stopping TaskManager with final application status " +
s"$applicationStatus and diagnostics: $message")

shutdown()
case RequestTaskManagerLog(requestType) =>
blobService match {
case Some(_) =>
handleRequestTaskManagerLog(requestType, currentJobManager.get) match {
case Left(message) => sender() ! message
case Right(message) => sender() ! message

}
case None =>
sender() ! akka.actor.Status.Failure(new IOException(
"BlobService not available. Cannot upload TaskManager logs."))

}
case UpdateTaskMultiplePartitionInfos(executionID, partitionInfos) =>
sender ! decorateMessage(updateTaskInputPartitions(executionID, partitionInfos))

case FailIntermediateResultPartitions(executionID) =>
log.info(s"Discarding the results produced by task execution $executionID")
try {
network.getResultPartitionManager.releasePartitionsProducedBy(executionID)

} catch {
case t: Throwable => killTaskManagerFatal(
"Fatal leak: Unable to release intermediate result partition data", t)

}
case SubmitTask(tdd) =>
sender ! decorateMessage(submitTask(tdd))

case StopTask(executionID) =>
val task = runningTasks.get(executionID)
if (task != null) {
try {
task.stopExecution()
sender ! decorateMessage(Acknowledge.get())

} catch {
case t: Throwable =>
sender ! decorateMessage(Status.Failure(t))

}
} else {
log.debug(s"Cannot find task to stop for execution $executionID)")
sender ! decorateMessage(Acknowledge.get())

}
case CancelTask(executionID) =>
val task = runningTasks.get(executionID)
if (task != null) {
task.cancelExecution()
sender ! decorateMessage(Acknowledge.get())

} else {
log.debug(s"Cannot find task to cancel for execution $executionID)")
sender ! decorateMessage(Acknowledge.get())

}
case TriggerCheckpoint(jobId, taskExecutionId, checkpointId, timestamp,

checkpointOptions) =>
log.debug(s"Receiver TriggerCheckpoint $checkpointId@$timestamp " +
s"for $taskExecutionId.")

val task = runningTasks.get(taskExecutionId)
if (task != null) {
task.triggerCheckpointBarrier(checkpointId, timestamp, checkpointOptions)

} else {
log.debug(s"TaskManager received a checkpoint request " +
s"for unknown task $taskExecutionId.")

}
case NotifyCheckpointComplete(jobId, taskExecutionId, checkpointId, timestamp) =>
log.debug(s"Receiver ConfirmCheckpoint $checkpointId@$timestamp " +
ś"for $taskExecutionId.")

val task = runningTasks.get(taskExecutionId)
if (task != null) {
task.notifyCheckpointComplete(checkpointId)

} else {
log.debug(s"TaskManager received a checkpoint confirmation " +
s"for unknown task $taskExecutionId.")

}
}

}

@multitier trait TaskManagerGatewayClusterTask {
trait JobManager extends Peer { type Tie <: Multiple[TaskManager] }
trait TaskManager extends Peer { type Tie <: Single[JobManager] }
def disconnectFromJobManager(instanceId: InstanceID, cause: Exception,

mgr: Remote[TaskManager]) = placed[JobManagerPeer] {
remote.on(mgr).capture(instanceId, cause){
if (instanceId.equals(instanceID)) {
handleJobManagerDisconnect(s"JobManager requested disconnect: " +
cause.getMessage())

triggerTaskManagerRegistration()
} else {
log.debug(s"Received disconnect message for wrong instance id " +
instanceId)

}
}

}
def stopCluster(applicationStatus: ApplicationStatus, message: String,

mgr: Remote[TaskManager]) = placed[JobManagerPeer] {
remote.on(mgr).capture(applicationStatus, message){
log.info(s"Stopping TaskManager with final application status " +
s"$applicationStatus and diagnostics: $message")

shutdown()
}

}
def requestStackTrace(mgr: Remote[TaskManager]) = placed[JobManagerPeer] {
remote.on(mgr).capture(tdd){ sendStackTrace() }.asLocal.map(_.left.get)

}
def submitTask(tdd: TaskDeploymentDescriptor,

mgr: Remote[TaskManager]) = placed[JobManagerPeer] {
remote.on(mgr).capture(tdd){ submitTask(tdd) }.asLocal.map(_.left.get)

}
def stopTask(executionAttemptID: ExecutionAttemptID,

mgr: Remote[TaskManager]) = placed[JobManagerPeer] {
remote.on(mgr).capture(executionAttemptID){
val task = runningTasks.get(executionAttemptID)
if (task != null) {
try {
task.stopExecution()
Left(Acknowledge.get())

} catch {
case t: Throwable =>
Right(Status.Failure(t))

}
} else {
log.debug(s"Cannot find task to stop for execution $executionAttemptID)")
Left(Acknowledge.get())

}
}.asLocal.map(_.left.get)

}
def cancelTask(executionAttemptID: ExecutionAttemptID,

mgr: Remote[TaskManager]) = placed[JobManagerPeer] {
remote.on(mgr).capture(executionAttemptID){
val task = runningTasks.get(executionAttemptID)
if (task != null) {
task.cancelExecution()
Acknowledge.get()

} else {
log.debug(s"Cannot find task to cancel for execution $executionAttemptID")
Acknowledge.get()

}
}.asLocal

}
}

@multitier trait TaskManagerGatewayPartitionCheckLog {
trait JobManager extends Peer { type Tie <: Multiple[TaskManager] }
trait TaskManager extends Peer { type Tie <: Single[JobManager] }
def updatePartitions(

executionAttemptID: ExecutionAttemptID,
partitionInfos: java.lang.Iterable[PartitionInfo],
mgr: Remote[TaskManager]) = placed[JobManagerPeer] {

remote.on(mgr).capture(executionAttemptID, partitionInfos){
updateTaskInputPartitions(executionAttemptID, partitionInfos)

}.asLocal.map(_.left.get)
}
def failPartition(executionAttemptID: ExecutionAttemptID,

mgr: Remote[TaskManager]) = placed[JobManagerPeer] {
remote.on(mgr).capture(executionAttemptID){
log.info(s"Discarding the results produced by task execution $executionID")
try {
network.getResultPartitionManager.releasePartitionsProducedBy(executionID)

} catch {
case t: Throwable => killTaskManagerFatal(
"Fatal leak: Unable to release intermediate result partition data", t)

}
}

}
def notifyCheckpointComplete(executionAttemptID: ExecutionAttemptID,

jobId: JobID, checkpointId: Long, timestamp: Long,
mgr: Remote[TaskManager]) = placed[JobManagerPeer] {

remote.on(mgr).capture(executionAttemptID, jobId, checkpointId, timestamp){
log.debug(s"Receiver ConfirmCheckpoint $checkpointId@$timestamp " +
s"for $executionAttemptID.")

val task = runningTasks.get(executionAttemptID)
if (task != null) {
task.notifyCheckpointComplete(checkpointId)

} else {
log.debug(s"TaskManager received a checkpoint confirmation " +
s"for unknown task $taskExecutionId.")

}
}

}
def triggerCheckpoint(executionAttemptID: ExecutionAttemptID, jobId: JobID,

checkpointId: Long, timestamp: Long, checkpointOptions: CheckpointOptions,
mgr: Remote[TaskManager]) = placed[JobManagerPeer] {

remote.on(mgr).capture(executionAttemptID, jobId, checkpointId, timestamp,
checkpointOptions){

log.debug(s"Receiver TriggerCheckpoint $checkpointId@$timestamp " +
s"for $executionAttemptID.")

val task = runningTasks.get(executionAttemptID)
if (task != null) {
task.triggerCheckpointBarrier(checkpointId, timestamp, checkpointOptions)

} else {
log.debug(s"TaskManager received a checkpoint request " +
s"for unknown task $executionAttemptID.")

}
}

}
def requestTaskManagerLog(logTypeRequest: LogTypeRequest,

mgr: Remote[TaskManager]) = placed[JobManagerPeer] {
remote.on(mgr).capture(logTypeRequest){
blobService match {
case Some(_) =>
handleRequestTaskManagerLog(logTypeRequest, currentJobManager.get)

case None =>
Right(akka.actor.Status.Failure(new IOException(
"BlobService not available. Cannot upload TaskManager logs.")))

}
}.asLocal.map(_.left.get)

}
}

Eliminated	23 non-exhaustive	pattern	matches	
and	8 type	casts



class TaskManagerGateway {
def disconnectFromJobManager(instanceId: InstanceID, cause: Exception,

mgr: ActorRef) = {
mgr ! Disconnect(instanceId, cause)

}
def stopCluster(applicationStatus: ApplicationStatus, message: String,

mgr: ActorRef) = {
mgr ! StopCluster(applicationStatus, message)

}
def requestStackTrace(mgr: ActorRef) = {

(mgr ? SendStackTrace).mapTo[StackTrace]
}
def submitTask(tdd: TaskDeploymentDescriptor, mgr: ActorRef) = {

(mgr ? SubmitTask(tdd)).mapTo[Acknowledge]
}
def stopTask(executionAttemptID: ExecutionAttemptID, mgr: ActorRef) = {

(mgr ? StopTask(executionAttemptID)).mapTo[Acknowledge]
}
def cancelTask(executionAttemptID: ExecutionAttemptID, mgr: ActorRef) = {

(mgr ? CancelTask(executionAttemptID).mapTo[Acknowledge]
}
def updatePartitions(executionAttemptID: ExecutionAttemptID,

partitionInfos: Iterable[PartitionInfo], mgr: ActorRef) = {
(mgr ? UpdateTaskMultiplePartitionInfos(executionAttemptID, partitionInfos))

.mapTo[Acknowledge]
}
def failPartition(executionAttemptID: ExecutionAttemptID, mgr: ActorRef) = {

mgr ! FailIntermediateResultPartitions(executionAttemptID)
}
def notifyCheckpointComplete(executionAttemptID: ExecutionAttemptID,

jobId: JobID, checkpointId: long, timestamp: long, mgr: ActorRef) = {
mgr ! NotifyCheckpointComplete(jobId, executionAttemptID, checkpointId,

timestamp)
}
def triggerCheckpoint(executionAttemptID: ExecutionAttemptID, jobId: JobID,

checkpointId: long, timestamp: long, checkpointOptions: CheckpointOptions,
mgr: ActorRef) = {

mgr ! TriggerCheckpoint(jobId, executionAttemptID, checkpointId, timestamp,
checkpointOptions)

}
def requestTaskManagerLog(logTypeRequest: LogTypeRequest, mgr: ActorRef) = {

(mgr ? RequestTaskManagerLog(logTypeRequest)).mapTo[BlobKey]
}

}

class TaskManager extends Actor {
def receive = {

case SendStackTrace => sendStackTrace() foreach { message =>
sender ! decorateMessage(message)

}
case Disconnect(instanceIdToDisconnect, cause) =>

if (instanceIdToDisconnect.equals(instanceID)) {
handleJobManagerDisconnect("JobManager requested disconnect: " +

cause.getMessage())
triggerTaskManagerRegistration()

} else {
log.debug("Received disconnect message for wrong instance id " +

instanceIdToDisconnect)
}

case StopCluster(applicationStatus, message) =>
log.info(s"Stopping TaskManager with final application status " +

s"$applicationStatus and diagnostics: $message")
shutdown()

case RequestTaskManagerLog(requestType) =>
blobService match {

case Some(_) =>
handleRequestTaskManagerLog(requestType, currentJobManager.get) match {

case Left(message) => sender() ! message
case Right(message) => sender() ! message

}
case None =>

sender() ! akka.actor.Status.Failure(new IOException(
"BlobService not available. Cannot upload TaskManager logs."))

}
case UpdateTaskMultiplePartitionInfos(executionID, partitionInfos) =>

sender ! decorateMessage(updateTaskInputPartitions(executionID, partitionInfos))
case FailIntermediateResultPartitions(executionID) =>

log.info(s"Discarding the results produced by task execution $executionID")
try {

network.getResultPartitionManager.releasePartitionsProducedBy(executionID)
} catch {

case t: Throwable => killTaskManagerFatal(
"Fatal leak: Unable to release intermediate result partition data", t)

}
case SubmitTask(tdd) =>

sender ! decorateMessage(submitTask(tdd))
case StopTask(executionID) =>

val task = runningTasks.get(executionID)
if (task != null) {

try {
task.stopExecution()
sender ! decorateMessage(Acknowledge.get())

} catch {
case t: Throwable =>

sender ! decorateMessage(Status.Failure(t))
}

} else {
log.debug(s"Cannot find task to stop for execution $executionID)")
sender ! decorateMessage(Acknowledge.get())

}
case CancelTask(executionID) =>

val task = runningTasks.get(executionID)
if (task != null) {

task.cancelExecution()
sender ! decorateMessage(Acknowledge.get())

} else {
log.debug(s"Cannot find task to cancel for execution $executionID)")
sender ! decorateMessage(Acknowledge.get())

}
case TriggerCheckpoint(jobId, taskExecutionId, checkpointId, timestamp,

checkpointOptions) =>
log.debug(s"Receiver TriggerCheckpoint $checkpointId@$timestamp " +

s"for $taskExecutionId.")
val task = runningTasks.get(taskExecutionId)
if (task != null) {

task.triggerCheckpointBarrier(checkpointId, timestamp, checkpointOptions)
} else {

log.debug(s"TaskManager received a checkpoint request " +
s"for unknown task $taskExecutionId.")

}
case NotifyCheckpointComplete(jobId, taskExecutionId, checkpointId, timestamp) =>

log.debug(s"Receiver ConfirmCheckpoint $checkpointId@$timestamp " +
ś"for $taskExecutionId.")

val task = runningTasks.get(taskExecutionId)
if (task != null) {

task.notifyCheckpointComplete(checkpointId)
} else {

log.debug(s"TaskManager received a checkpoint confirmation " +
s"for unknown task $taskExecutionId.")

}
}

}

Crosscutting	functionality	separated
among	compilation	units

Developers	are	not forced	to
modularize	along	network	boundaries

@multitier trait TaskManagerGateway {
@peer type JobManager <: { type Tie <: Multiple[TaskManager] }
@peer type TaskManager <: { type Tie <: Single[JobManager] }
def disconnectFromJobManager(instanceId: InstanceID, cause: Exception,

mgr: Remote[TaskManager]) = on[JobManagerPeer] {
on(mgr).run.capture(instanceId, cause) {

if (instanceId.equals(instanceID)) {
handleJobManagerDisconnect(s"JobManager requested disconnect: " +

cause.getMessage())
triggerTaskManagerRegistration()

} else {
log.debug(s"Received disconnect message for wrong instance id " +

instanceId)
}

}
}
def stopCluster(applicationStatus: ApplicationStatus, message: String,

mgr: Remote[TaskManager]) = on[JobManagerPeer] {
on(mgr).run.capture(applicationStatus, message) {

log.info(s"Stopping TaskManager with final application status " +
s"$applicationStatus and diagnostics: $message")

shutdown()
}

}
def requestStackTrace(mgr: Remote[TaskManager]) = on[JobManagerPeer] {

on(mgr).run.capture(tdd) { sendStackTrace() }.asLocal.map(_.left.get)
}
def submitTask(tdd: TaskDeploymentDescriptor,

mgr: Remote[TaskManager]) = on[JobManagerPeer] {
on(mgr).run.capture(tdd) { submitTask(tdd) }.asLocal.map(_.left.get)

}
def stopTask(executionAttemptID: ExecutionAttemptID,

mgr: Remote[TaskManager]) = on[JobManagerPeer] {
on(mgr).run.capture(executionAttemptID) {

val task = runningTasks.get(executionAttemptID)
if (task != null) {

try {
task.stopExecution()
Left(Acknowledge.get())

} catch {
case t: Throwable =>

Right(Status.Failure(t))
}

} else {
log.debug(s"Cannot find task to stop for execution $executionAttemptID)")
Left(Acknowledge.get())

}
}.asLocal.map(_.left.get)

}
def cancelTask(executionAttemptID: ExecutionAttemptID,

mgr: Remote[TaskManager]) = on[JobManagerPeer] {
on(mgr).run.capture(executionAttemptID) {

val task = runningTasks.get(executionAttemptID)
if (task != null) {

task.cancelExecution()
Acknowledge.get()

} else {
log.debug(s"Cannot find task to cancel for execution $executionAttemptID")
Acknowledge.get()

}
}.asLocal

}
def updatePartitions(

executionAttemptID: ExecutionAttemptID,
partitionInfos: java.lang.Iterable[PartitionInfo],
mgr: Remote[TaskManager]) = on[JobManagerPeer] {

on(mgr).run.capture(executionAttemptID, partitionInfos) {
updateTaskInputPartitions(executionAttemptID, partitionInfos)

}.asLocal.map(_.left.get)
}
def failPartition(executionAttemptID: ExecutionAttemptID,

mgr: Remote[TaskManager]) = on[JobManagerPeer] {
on(mgr).run.capture(executionAttemptID) {

log.info(s"Discarding the results produced by task execution $executionID")
try {

network.getResultPartitionManager.releasePartitionsProducedBy(executionID)
} catch {

case t: Throwable => killTaskManagerFatal(
"Fatal leak: Unable to release intermediate result partition data", t)

}
}

}
def notifyCheckpointComplete(executionAttemptID: ExecutionAttemptID,

jobId: JobID, checkpointId: Long, timestamp: Long,
mgr: Remote[TaskManager]) = on[JobManagerPeer] {

on(mgr).run.capture(executionAttemptID, jobId, checkpointId, timestamp) {
log.debug(s"Receiver ConfirmCheckpoint $checkpointId@$timestamp " +

s"for $executionAttemptID.")
val task = runningTasks.get(executionAttemptID)
if (task != null) {

task.notifyCheckpointComplete(checkpointId)
} else {

log.debug(s"TaskManager received a checkpoint confirmation " +
s"for unknown task $taskExecutionId.")

}
}

}
def triggerCheckpoint(executionAttemptID: ExecutionAttemptID, jobId: JobID,

checkpointId: Long, timestamp: Long, checkpointOptions: CheckpointOptions,
mgr: Remote[TaskManager]) = on[JobManagerPeer] {

on(mgr).run.capture(executionAttemptID, jobId, checkpointId, timestamp,
checkpointOptions) {

log.debug(s"Receiver TriggerCheckpoint $checkpointId@$timestamp " +
s"for $executionAttemptID.")

val task = runningTasks.get(executionAttemptID)
if (task != null) {

task.triggerCheckpointBarrier(checkpointId, timestamp, checkpointOptions)
} else {

log.debug(s"TaskManager received a checkpoint request " +
s"for unknown task $executionAttemptID.")

}
}

}
def requestTaskManagerLog(logTypeRequest: LogTypeRequest,

mgr: Remote[TaskManager]) = on[JobManagerPeer] {
on(mgr).run.capture(logTypeRequest) {

blobService match {
case Some(_) =>

handleRequestTaskManagerLog(logTypeRequest, currentJobManager.get)
case None =>

Right(akka.actor.Status.Failure(new IOException(
"BlobService not available. Cannot upload TaskManager logs.")))

}
}.asLocal.map(_.left.get)

}
}

That's	only	half	the	battle!

How	to	modularize	code	along	
(distributed)	system	functionalities?



Multitier	Modules

Distributed	functionality	=	Module

Composing	modules	=	Composing	subsystems

WorkerMaster

task

result

Handle	large	
code	bases



Stacking	Multitier	Modules

Worker

Master

Offloading

Monitoring

Master

Worker

TaskScheduler
Worker

Master

@multitier trait Offloading[T] {
@peer type Master <: { type Tie <: Multiple[Worker] }
@peer type Worker <: { type Tie <: Single[Master] }
def run(task: Task[T]): Future[T] on Master =
placed { (remote(selectWorker()) call execute(task)).asLocal }

private def execute(task: Task[T]): T on Worker =
placed { task.process() }

}

@multitier trait Monitoring {
@peer type Master <: { type Tie <: Multiple[Worker] }
@peer type Worker <: { type Tie <: Single[Master] }
def monitoredTimedOut(monitored: Remote[Worker]): Unit on Master

}

@multitier trait TaskScheduler[T] extends
Offloading[T] with
Monitoring



Flink Case	Study

@multitier object TaskDistributionSystem extends
TaskManager with
TaskManagerActions with
CheckpointResponder with
ResultPartitionConsumableNotifier with
PartitionProducerStateChecker with
KvStateRegistryListener

TaskManger

TaskManger

TaskManger

TaskManger

JobManger

JobManger
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TaskMangerJobManger

TaskMangerJobManger

TaskManager

TaskManagerActions
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ResultPartitionConsumableNotifier

PartitionProducerStateChecker

KvStateRegistryListener



@multitier trait TaskDistributionSystem extends CheckpointResponder with KvStateRegistryListener with PartitionProducerStateChecker with ResultPartitionConsumableNotifier with TaskManagerGateway with TaskManagerActions

@multitier trait TaskManagerGateway {
@peer type JobManager <: { type Tie <: Multiple[TaskManager] }
@peer type TaskManager <: { type Tie <: Single[JobManager] }
def disconnectFromJobManager(instanceId: InstanceID, cause: Exception,

mgr: Remote[TaskManager]) = on[JobManager] {
on(mgr).run.capture(instanceId, cause) {
if (instanceId.equals(instanceID)) {
handleJobManagerDisconnect(s"JobManager requested disconnect: " +
cause.getMessage())

triggerTaskManagerRegistration()
} else {
log.debug(s"Received disconnect message for wrong instance id " +
instanceId)

}
}

}
def stopCluster(applicationStatus: ApplicationStatus, message: String,

mgr: Remote[TaskManager]) = on[JobManager] {
on(mgr).run.capture(applicationStatus, message) {
log.info(s"Stopping TaskManager with final application status " +
s"$applicationStatus and diagnostics: $message")

shutdown()
}

}
def requestStackTrace(mgr: Remote[TaskManager]) = on[JobManager] {
on(mgr).run.capture(tdd) {
sendStackTrace()

}.asLocal.map(_.left.get)
}
def submitTask(tdd: TaskDeploymentDescriptor,

mgr: Remote[TaskManager]) = on[JobManager] {
on(mgr).run.capture(tdd) {
submitTask(tdd)

}.asLocal.map(_.left.get)
}
def stopTask(executionAttemptID: ExecutionAttemptID,

mgr: Remote[TaskManager]) = on[JobManager] {
on(mgr).run.capture(executionAttemptID) {
val task = runningTasks.get(executionAttemptID)
if (task != null) {
try {
task.stopExecution()
Left(Acknowledge.get())

} catch {
case t: Throwable =>
Right(Status.Failure(t))

}
} else {
log.debug(s"Cannot find task to stop for execution $executionAttemptID)")
Left(Acknowledge.get())

}
}.asLocal.map(_.left.get)

}
def cancelTask(executionAttemptID: ExecutionAttemptID,

mgr: Remote[TaskManager]) = on[JobManager] {
on(mgr).run.capture(executionAttemptID) {
val task = runningTasks.get(executionAttemptID)
if (task != null) {
task.cancelExecution()
Acknowledge.get()

} else {
log.debug(s"Cannot find task to cancel for execution $executionAttemptID")
Acknowledge.get()

}
}.asLocal

}
def updatePartitions(

executionAttemptID: ExecutionAttemptID,
partitionInfos: java.lang.Iterable[PartitionInfo],
mgr: Remote[TaskManager]) = on[JobManager] {

on(mgr).run.capture(executionAttemptID, partitionInfos) {
updateTaskInputPartitions(executionAttemptID, partitionInfos)

}.asLocal.map(_.left.get)
}
def failPartition(executionAttemptID: ExecutionAttemptID,

mgr: Remote[TaskManager]) = on[JobManager] {
on(mgr).run.capture(executionAttemptID) {
log.info(s"Discarding the results produced by task execution $executionID")
try {
network.getResultPartitionManager.releasePartitionsProducedBy(executionID)

} catch {
case t: Throwable => killTaskManagerFatal(
"Fatal leak: Unable to release intermediate result partition data", t)

}
}

}
def notifyCheckpointComplete(executionAttemptID: ExecutionAttemptID,

jobId: JobID, checkpointId: Long, timestamp: Long,
mgr: Remote[TaskManager]) = on[JobManager] {

on(mgr).run.capture(executionAttemptID, jobId, checkpointId, timestamp) {
log.debug(s"Receiver ConfirmCheckpoint $checkpointId@$timestamp " +
s"for $executionAttemptID.")

val task = runningTasks.get(executionAttemptID)
if (task != null) {
task.notifyCheckpointComplete(checkpointId)

} else {
log.debug(s"TaskManager received a checkpoint confirmation " +
s"for unknown task $taskExecutionId.")

}
}

}
def triggerCheckpoint(executionAttemptID: ExecutionAttemptID, jobId: JobID,

checkpointId: Long, timestamp: Long, checkpointOptions: CheckpointOptions,
mgr: Remote[TaskManager]) = on[JobManager] {

on(mgr).run.capture(executionAttemptID, jobId, checkpointId, timestamp,
checkpointOptions) {

log.debug(s"Receiver TriggerCheckpoint $checkpointId@$timestamp " +
s"for $executionAttemptID.")

val task = runningTasks.get(executionAttemptID)
if (task != null) {
task.triggerCheckpointBarrier(checkpointId, timestamp, checkpointOptions)

} else {
log.debug(s"TaskManager received a checkpoint request " +
s"for unknown task $executionAttemptID.")

}
}

}
def requestTaskManagerLog(logTypeRequest: LogTypeRequest,

mgr: Remote[TaskManager]) = on[JobManager] {
on(mgr).run.capture(logTypeRequest) {
blobService match {
case Some(_) =>
handleRequestTaskManagerLog(logTypeRequest, currentJobManager.get)

case None =>
Right(akka.actor.Status.Failure(new IOException(
"BlobService not available. Cannot upload TaskManager logs.")))

}
}.asLocal.map(_.left.get)

}
}

@multitier trait TaskManagerActions {
@peer type TaskManager <: { type Tie <: Single[TaskManager] }
def notifyFinalState(executionAttemptID: ExecutionAttemptID) =

on[TaskManager] {
on[TaskManager].run.capture(executionAttemptID) {
unregisterTaskAndNotifyFinalState(executionAttemptID)

}
}
def notifyFatalError(message: String, cause: Throwable) = on[TaskManager] {
on[TaskManager].run.capture(message, cause) {
killTaskManagerFatal(message, cause)

}
}
def failTask(executionAttemptID: ExecutionAttemptID,

cause: Throwable) = on[TaskManager] {
on[TaskManager].run.capture(executionAttemptID, cause) {
val task = runningTasks.get(executionAttemptID)
if (task != null) {
task.failExternally(cause)

} else {
log.debug(s"Cannot find task to fail for execution $executionAttemptID)")

}
}

}
def updateTaskExecutionState(

taskExecutionState: TaskExecutionState) = on[TaskManager] {
on[TaskManager].run.capture(taskExecutionState) {
currentJobManager foreach { jobManager =>
val futureResponse = (jobManager ?
decorateMessage(UpdateTaskExecutionState(taskExecutionState)))(
askTimeout)

futureResponse.mapTo[Boolean].onComplete {
case scala.util.Success(result) =>
if (!result) {
self ! decorateMessage(
FailTask(
taskExecutionState.getID,
new Exception("Task has been cancelled on the JobManager."))

)
}

case scala.util.Failure(t) =>
self ! decorateMessage(FailTask(
taskExecutionState.getID,
new Exception("Failed to send ExecutionStateChange notification " +
"to JobManager", t))

)
}(context.dispatcher)

}
}

}
}

@multitier trait CheckpointResponder {
@peer type JobManager <: { type Tie <: Multiple[TaskManager] }
@peer type TaskManager <: { type Tie <: Single[JobManager] }
def acknowledgeCheckpoint(jobID: JobID, executionAttemptID: ExecutionAttemptID,

checkpointId: Long, checkpointMetrics: CheckpointMetrics,
checkpointStateHandles: SubtaskState) = on[TaskManager] {

on[JobManager].run.capture(
jobID, executionAttemptID, checkpointId,
checkpointMetrics, checkpointStateHandles) {

currentJobs.get(jobID) match {
case Some((graph, _)) =>
val checkpointCoordinator = graph.getCheckpointCoordinator()
if (checkpointCoordinator != null)
future {
try if (!checkpointCoordinator.receiveAcknowledgeMessage(

AcknowledgeCheckpoint(jobID, executionAttemptID,
checkpointId,checkpointMetrics, checkpointStateHandles)))

log.info("Received message for non-existing checkpoint " +
checkpointId)

catch {
case t: Throwable => log.error("Error in CheckpointCoordinator " +
"while processing acknowledge message", t)

}
}(context.dispatcher)

else log.error(
s"Received AcknowledgeCheckpoint message for job $jobID with no " +
"CheckpointCoordinator")

case None =>
log.error(s"Received AcknowledgeCheckpoint for unavailable job $jobID")

}
}

}
def declineCheckpoint(jobID: JobID, executionAttemptID: ExecutionAttemptID,

checkpointId: Long, reason: Throwable) = on[TaskManager] {
on[JobManager].run.capture(

jobID, executionAttemptID, checkpointId, reason) {
currentJobs.get(jobID) match {
case Some((graph, _)) =>
val checkpointCoordinator = graph.getCheckpointCoordinator()
if (checkpointCoordinator != null)
future {
try checkpointCoordinator.receiveDeclineMessage(DeclineCheckpoint(

jobID, executionAttemptID, checkpointId, reason))
catch {
case t: Throwable => log.error("Error in CheckpointCoordinator " +
"while processing decline message", t)

}
}(context.dispatcher)

else log.error("Received DeclineCheckpoint message " +
s"for job $jobID with no CheckpointCoordinator")

case None =>
log.error(s"Received DeclineCheckpoint for unavailable job $jobID")

}
}

}
}

@multitier trait KvStateRegistryListener {
@peer type JobManager <: { type Tie <: Multiple[TaskManager] }
@peer type TaskManager <: { type Tie <: Single[JobManager] }
def notifyKvStateRegistered(jobId: JobID, jobVertexId: JobVertexID,

keyGroupRange: KeyGroupRange, registrationName: String,
kvStateId: KvStateID) = on[TaskManager] {

on[JobManager].run.capture(
jobId, jobVertexId, keyGroupRange, registrationName,
kvStateId, kvStateServerAddress) {

currentJobs.get(jobId) match {
case Some((graph, _)) =>
try {
log.debug(s"Key value state registered for job $jobId " +
s"under name $registrationName.")

graph.getKvStateLocationRegistry.notifyKvStateRegistered(
jobVertexId, keyGroupRange, registrationName,
kvStateId, kvStateServerAddress)

} catch {
case t: Throwable => log.error(
"Failed to notify KvStateRegistry about registration.")

}
case None =>
log.error("Received state registration for unavailable job.")

}
}

}
def notifyKvStateUnregistered(jobId: JobID, jobVertexId: JobVertexID,

keyGroupRange: KeyGroupRange,
registrationName: String) = on[TaskManager] {

on[JobManager].run.capture(
jobId, jobVertexId, keyGroupRange, registrationName) {

currentJobs.get(jobId) match {
case Some((graph, _)) =>
try graph.getKvStateLocationRegistry.notifyKvStateUnregistered(

jobVertexId, keyGroupRange, registrationName)
catch {
case t: Throwable => log.error(
s"Failed to notify KvStateRegistry about registration.")

}
case None =>
log.error("Received state unregistration for unavailable job.")

}
}

}
}

@multitier trait PartitionProducerStateChecker {
@peer type JobManager <: { type Tie <: Multiple[TaskManager] }
@peer type TaskManager <: { type Tie <: Single[JobManager] }
def requestPartitionProducerState(jobId: JobID,

intermediateDataSetId: IntermediateDataSetID,
resultPartitionId: ResultPartitionID) = on[TaskManager] { new FlinkFuture(

on[JobManager].run.capture(
jobId, intermediateDataSetId, resultPartitionId) {

currentJobs.get(jobId) match {
case Some((executionGraph, _)) =>
try {
val execution = executionGraph.getRegisteredExecutions
.get(resultPartitionId.getProducerId)

if (execution != null)
Left(execution.getState)

else {
val intermediateResult = executionGraph
.getAllIntermediateResults.get(intermediateDataSetId)

if (intermediateResult != null) {
val execution = intermediateResult
.getPartitionById(resultPartitionId.getPartitionId)
.getProducer.getCurrentExecutionAttempt

if (execution.getAttemptId() == resultPartitionId.getProducerId())
Left(execution.getState)

else Right(Status.Failure(new PartitionProducerDisposedException(
resultPartitionId)))

}
else Status.Failure(new IllegalArgumentException(
s"Intermediate data set with ID $intermediateDataSetId not found."))

}
} catch {
case e: Exception => Right(
Status.Failure(new RuntimeException("Failed to look up " +
"execution state of producer with ID " +
s"${resultPartitionId.getProducerId}.", e)))

}
case None => Right(Status.Failure(new IllegalArgumentException(
s"Job with ID $jobId not found.")))

}
}.asLocal.mapTo[ExecutionState])

}
}

@multitier trait ResultPartitionConsumableNotifier {
@peer type JobManager <: { type Tie <: Multiple[TaskManager] }
@peer type TaskManager <: { type Tie <: Single[JobManager] }
def notifyPartitionConsumable(jobId: JobID, partitionId: ResultPartitionID,

taskActions: TaskActions) = on[TaskManager] {
on[JobManager].run.capture(jobId, partitionId) {
currentJobs.get(jobId) match {
case Some((executionGraph, _)) =>
try {
executionGraph.scheduleOrUpdateConsumers(partitionId)
Acknowledge.get()

} catch {
case e: Exception => Failure(
new Exception("Could not schedule or update consumers.", e))

}
case None =>
log.error(s"Cannot find execution graph for job ID $jobId " +
"to schedule or update consumers.")

Failure(new IllegalStateException("Cannot find execution graph " +
s"for job ID $jobId to schedule or update consumers."))

}
}.asLocal.failed foreach { failure =>
LOG.error("Could not schedule or update consumers at the JobManager.", failure)
taskActions.failExternally(new RuntimeException(
"Could not notify JobManager to schedule or update consumers",
failure))

}
}

}

@multitier trait TaskManagerGateway {
@peer type JobManager <: { type Tie <: Multiple[TaskManager] }
@peer type TaskManager <: { type Tie <: Single[JobManager] }
def disconnectFromJobManager(instanceId: InstanceID, cause: Exception,

mgr: Remote[TaskManager]) = on[JobManagerPeer] {
on(mgr).run.capture(instanceId, cause) {

if (instanceId.equals(instanceID)) {
handleJobManagerDisconnect(s"JobManager requested disconnect: " +

cause.getMessage())
triggerTaskManagerRegistration()

} else {
log.debug(s"Received disconnect message for wrong instance id " +

instanceId)
}

}
}
def stopCluster(applicationStatus: ApplicationStatus, message: String,

mgr: Remote[TaskManager]) = on[JobManagerPeer] {
on(mgr).run.capture(applicationStatus, message) {

log.info(s"Stopping TaskManager with final application status " +
s"$applicationStatus and diagnostics: $message")

shutdown()
}

}
def requestStackTrace(mgr: Remote[TaskManager]) = on[JobManagerPeer] {

on(mgr).run.capture(tdd) { sendStackTrace() }.asLocal.map(_.left.get)
}
def submitTask(tdd: TaskDeploymentDescriptor,

mgr: Remote[TaskManager]) = on[JobManagerPeer] {
on(mgr).run.capture(tdd) { submitTask(tdd) }.asLocal.map(_.left.get)

}
def stopTask(executionAttemptID: ExecutionAttemptID,

mgr: Remote[TaskManager]) = on[JobManagerPeer] {
on(mgr).run.capture(executionAttemptID) {

val task = runningTasks.get(executionAttemptID)
if (task != null) {

try {
task.stopExecution()
Left(Acknowledge.get())

} catch {
case t: Throwable =>

Right(Status.Failure(t))
}

} else {
log.debug(s"Cannot find task to stop for execution $executionAttemptID)")
Left(Acknowledge.get())

}
}.asLocal.map(_.left.get)

}
def cancelTask(executionAttemptID: ExecutionAttemptID,

mgr: Remote[TaskManager]) = on[JobManagerPeer] {
on(mgr).run.capture(executionAttemptID) {

val task = runningTasks.get(executionAttemptID)
if (task != null) {

task.cancelExecution()
Acknowledge.get()

} else {
log.debug(s"Cannot find task to cancel for execution $executionAttemptID")
Acknowledge.get()

}
}.asLocal

}
def updatePartitions(

executionAttemptID: ExecutionAttemptID,
partitionInfos: java.lang.Iterable[PartitionInfo],
mgr: Remote[TaskManager]) = on[JobManagerPeer] {

on(mgr).run.capture(executionAttemptID, partitionInfos) {
updateTaskInputPartitions(executionAttemptID, partitionInfos)

}.asLocal.map(_.left.get)
}
def failPartition(executionAttemptID: ExecutionAttemptID,

mgr: Remote[TaskManager]) = on[JobManagerPeer] {
on(mgr).run.capture(executionAttemptID) {

log.info(s"Discarding the results produced by task execution $executionID")
try {

network.getResultPartitionManager.releasePartitionsProducedBy(executionID)
} catch {

case t: Throwable => killTaskManagerFatal(
"Fatal leak: Unable to release intermediate result partition data", t)

}
}

}
def notifyCheckpointComplete(executionAttemptID: ExecutionAttemptID,

jobId: JobID, checkpointId: Long, timestamp: Long,
mgr: Remote[TaskManager]) = on[JobManagerPeer] {

on(mgr).run.capture(executionAttemptID, jobId, checkpointId, timestamp) {
log.debug(s"Receiver ConfirmCheckpoint $checkpointId@$timestamp " +

s"for $executionAttemptID.")
val task = runningTasks.get(executionAttemptID)
if (task != null) {

task.notifyCheckpointComplete(checkpointId)
} else {

log.debug(s"TaskManager received a checkpoint confirmation " +
s"for unknown task $taskExecutionId.")

}
}

}
def triggerCheckpoint(executionAttemptID: ExecutionAttemptID, jobId: JobID,

checkpointId: Long, timestamp: Long, checkpointOptions: CheckpointOptions,
mgr: Remote[TaskManager]) = on[JobManagerPeer] {

on(mgr).run.capture(executionAttemptID, jobId, checkpointId, timestamp,
checkpointOptions) {

log.debug(s"Receiver TriggerCheckpoint $checkpointId@$timestamp " +
s"for $executionAttemptID.")

val task = runningTasks.get(executionAttemptID)
if (task != null) {

task.triggerCheckpointBarrier(checkpointId, timestamp, checkpointOptions)
} else {

log.debug(s"TaskManager received a checkpoint request " +
s"for unknown task $executionAttemptID.")

}
}

}
def requestTaskManagerLog(logTypeRequest: LogTypeRequest,

mgr: Remote[TaskManager]) = on[JobManagerPeer] {
on(mgr).run.capture(logTypeRequest) {

blobService match {
case Some(_) =>

handleRequestTaskManagerLog(logTypeRequest, currentJobManager.get)
case None =>

Right(akka.actor.Status.Failure(new IOException(
"BlobService not available. Cannot upload TaskManager logs.")))

}
}.asLocal.map(_.left.get)

}
}
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