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Programming Distributed Systems

Developing distributed systems is hard
Consistency
Replication
Fault Tolerance

Distributed functionalities and communication
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@—@) Generic Distributed Architectures
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Placement Types

@peer type Master

@peer type Worker Peers

val tasks: List[Task] on Master Placement
= placed { getTaskList() } Types



Architecture

@peer type Master { type Tie <: Multiple[Worker] }
@peer type Worker { type Tie <: Single[Master] with Multiple[Worker] }

Architecture Specification
through Peer Types
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Crosscutting functionality separate
among compilation units
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That's only half the battle!

How to modularize code into
distributed) system functionalities?
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Distributed Functionalities
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Distributed Multitier Functionalities
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Multitier Modules

= Handle large code bases
= Modularize distributed system functionalities
= Compose subsystems

Abstract Peer Types

disentangle
distribution

and
modularization
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Abstract Peer Types

= Define multitier modules on abstract peer types
= Compose functionality of different modules by identifying abstract peer types

Abstract Peer Types

disentangle
distribution

and

_ -

Scala Traits and Objects
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Stacking Multitier Modules

Offloading

Worker
Master

Ny

Monitoring

I a——

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)).aslLocal }

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]):

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

14

}

Unit on Master



Abstract Multitier Modules

BackupService

Storage
Processor

FileBackup

Storage

Processor
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Interfaces for Subsystems

@multitier trait BackupService {
@peer type Processor <: { type Tie <: Single[Storage] } Subsystem
@peer type Storage <: { type Tie <: Single[Processor] } Architecture

upper bound allows for refinement

def store(id: Long, data: Data): Unit on Processor
def load(id: Long): Future[Data] on Processor

Placed Methods

Modularization
) Across Peers

16



Implementations for Subsystems

@multitier trait FileBackup extends BackupService {
def store(id: Long, data: Data): Unit on Processor =
{ write(id, data) } Implementation for
def load(id: Long): Future[Data] on Processor = Abstract Methods
{ read(id)). }

private def write(id: Long, data: Data): Unit on Storage =

{ writeToFile(data, ) } ,
private def read(id: Long): Data on Storage = Encapsulation
{ readFromFile] ] ( ) }

17



References to Multitier Modules

Editor BackupService

Storage
Processor
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Composing Multitier Modules by References

@multitier trait Editor {

abstract module reference

val backup: BackupService

Module

Composition

peer refinement

@peer type Client <: backup.Processor {

type Tie <: Single[Server] with Single[backup.Storage] }
@peer type Server <: backup.Storage {

type Tie <: Single[Client] with Single[backup.Processor] }

Peer
Composition

@multitier object editor extends Editor {
@multitier object backup extends FileBackup

}

Instantiation

19



Distributed Mutual Exclusion Algorithm

= Nodes elect a leader
= Followers acquire locks

= Leader grants or denies the lock

20



Mixing Constrained Modules

MutualExclusion

Randomintid

Randomlintld

LeaderElection
A

HirschbergSinclair

requires |d

Ring HirschbergSinclair

MutualExclusion

Architecture
A

requires lLeaderElection
Architecture

21



Leader Election Case Study

@multitier trait MutualExclusion[T] { @multitier trait HirschbergSinclair[T]
this: Architecture with LeaderElection[T] => extends LeaderElection[T] {
def lock(id: T): Boolean on Node = { ... } this: Ring with Id[T] =>
def unlock(id: Id): Unit on Node = { ... } def electLeader() = on[Node] { elect(0) }
} private def elect(phase: Int) = on[Node] { }
private def propagate(remoteId: T, hops: Int,
@multitier trait LeaderElection[T] { direction: Direction) = on[Node] { }
this: Architecture with Id[T] => }
def electLeader(): Unit on Node
def electedAsLeader(): Unit on Node @multitier object locking extends
} MutualExclusion[Int] with
HirschbergSinclair[Int] with pea
@multitier abstract class Id[T: Ordering] { Ring with
this: Architecture => RandomIntId AT
val id: Local[T] on Node S
}

requires LeaderElection
Architecture

‘ MutualExclusion

22
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Tog.error("Received state registration for unavailable job.")

@multitier trait ResultPartitionConsumableNotifie
@peer type JobManager <: { type Tie <: Multiele[TaskManager }
@peer type TaskManager <: { :ype Tie <: Sing’

e[JobManager]

on capture(
current]obs ?et(]ob d)
Samei executmnGraph

par
)J =
exe:monaraph scheduleOrUpdateConsuners (partitionId)
, Acknauledge. get ()
case e: Exception => Failure(
Rew Exception("Could not schedule or update consuners.”, e))

case None =
Tog. error (s Cannot find execution graph for job ID $jobId " +
chedule or update consumers.
Feflure (e Tllege1 stateException (1Cemnot tind! execution) graph s
; ob I $jobId to schedule or update consumers."))
.astocal.failed foreach { failure =>

askActions. failExternally(new Runtinetxception
“Could not notify JobManager to schedule or update consumers",
failure))

ex1d, keyGroupRange, registrationName:
get (jobTd) match § H

h, 1))
Faph_getKystateLocat ionRegistry. notifykvstateUnregistered(
obVertexId, keyGroupRange, registrationName)

d
case t: Throuable = logerror(
s"Failed to notify KvStateRegistry about registration.")

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

enuteitier tratt PartitionProducerstateChecker {
cer type Joanager <; { type Te <t Hultiple[Tackdanager) }
Fr BB e e e T R

intermediateDataSetId: IntermediateDataSeti,

jobId, rmedia taSetId, resultPartitionId) {
current_‘lobs %et ]obId) uateh {
case ({executionGraph, _)) =>

(resu\tParutmnId getﬁroauceridi
if ?executm nu
Left(exe:utmn getStatei

else
val internediateResult = executionGraph
e t(intermedi 1d)
ermedlateResult T ity
N intermediateResult
getPartitionById(resultPart tiontd. getPartitionTd)
etProdcer. getCurrentExecut lonAt tempt
it fexecution. gethtte nptid() PeSuLtPa i tionId.getProducerTd()

Left (execution.getSta
else Right(Status. Fauureqnew PartitionProducerDisposedException(
resultPartitionid)))

else status. Failure(new Illegalprgunentexceptiont
"Internediate data set with ID SintermediateDataSetId not found."))

} catch {
case e: Exception => Ri
Status.Failure(new RuNtimeException(” Failed to look up " +
“execution state of producer wi
s"${resultPartitionId.getProducerld}.", e)))

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




Flink Case Study

@multitier object TaskManager { @multitier object TaskDistributionSystem extends
@peer type JobManager <: { type Tie <: Multiple[TaskManager] } TaskManager with
@peer type TaskManager <: { type Tie <: Single[JobManager] } TaskManagerActions with
CheckpointResponder with
def submitTask(td: TaskDeployment, tm: Remote[TaskManager]) = ResultPartitionConsumableNotifier with
on[JobManager] { (remote(tm) call startTask(td)).asLocal } PartitionProducerStateChecker with

def startTask(td: TaskDeployment) = on[TaskManager] { KvStateRegistrylListener
val task = new Task(td) e il . ,
task.start()

Acknowledge()

}
}
@multitier object TaskManagerActions { ... }
@multitier object CheckpointResponder { ... }
@multitier object ResultPartitionConsumableNotifier { ... }
@multitier object PartitionProducerStateChecker { ... }
@multitier object KvStateRegistrylListener { ... }
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Concepts Step-by-Step Example Getting Started Showcases Publications

ah .
Scalaloci

A programming language for
distributed applications

Unified Universal Safe

Implement all components Freely express any Enjoy static type-safety
of a distributed application distributed architecture across components an
in a single language static checks for
architectural constraints

Specify Architecture O vhe Tie < WeLtipiarciient]
Define the architectural relation of
the components of the distributed

system @peer type Client <: {

type Tie <: Single[Server]
}

‘ ‘ Specify Placement val items: Items on Server = placed {

getCurrentItems()
Control where data is located and
computations are executed
val ui: UI on Client = placed {
new UL

}




Scalaloci: scala-loci.github.io

.. Multitier Modules

._. Abstract Peer Types

Pascal Weisenburger, Mirko Kohler, and Guido Salvaneschi. 2018. Distributed System Development
with Scalaloci. Proceedings of the ACM on Programming Languages 2, OOPSLA, Article 129.

Pascal Weisenburger and Guido Salvaneschi. 2019. Multitier Modules. In Proceedings of the 33rd
European Conference on Object-Oriented Programming, ECOOQOP.
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