Why Languages for Distributed
Systems are Inevitable®

*With a tip of the hat to Jonathan Aldrich
[Jonathan Aldrich. The power of interoperability:
why objects are inevitable, Onward! 2013]
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Real Time Processing
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Structured and Unstructured Data
IDC and EMC project that data will grow

to 40 ZB by 2020
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UNIPROCESSOR PERFORMANCE

(SINGLE CORE)

Intel Core i7 4 cores 4.2 GHz (Boost to 4.5 GHz)
Intel Core i7 4 cores 4.0 GHz (Boost 10 4 2 GHz)
Intel Core i7 4 cores 4.0 GHz (Boost to 4.2 GHz)
Intel Xeon 4 cores 3.7 GHz (Boost to 4.1 GHz)
100,000 Intel Xeon 4 cores 3.6 GHz (Boost to 4.0 GHz)
Intel Xeon 4 cores 3.6 GHz (Boost to 4.0 GHz)
Intel Core i7 4 cores 3.4 GHz (boost to 3.8 GHz)
Intel Xeon 6 cores, 3.3 GHz (boost to 3.6 GHz) 49,935
Intel Xeon 4 cores, 3.3 GHz (boost 1o 3.6 GHz) 3
_,..,.i..i..,,...

intel Core i7 Extreme 4 cores 3.2 GHz (boost 10 3.5 GHz)
Intel Core Duo Extreme 2 cores, 3.0 GHz
Intel Core 2 Extreme 2 cores, 2.9 GHz

i o . S . S -~ -~ - - - - -====- AMD Athion 64, 2.8 GHz
10v000 AMD Athilon, 2.6 GHz
Intel Xeon EE 3.2 GHz

Intel DBSOEMVR motherboard (3.06 GHz, Pentium 4 processor with Hyper-Threading Technology)

e e o o] MoOoOTe's Law isn't possible anymore
e I+ somnon ooy aniins Jensen Huang, Nvidia CEO, Jan’19

e Vo484
“1i s 4387
1 7,108

Professional Workstation XP1000, 667 M|

i - :
I

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

100-4 rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr . 1 NSRS S

52%lyear

Performance (vs. VAX-11/780)

10 1 swizeo s 1 The End of Moore’s Law & Faster

General Purpose Computing
25%lyear John Hennessy Jul’18
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https://www.nextbigfuture.com/2019/02/the-end-of-moores-law-in-detail-and-starting-a-new-golden-age.html



Processing at the Edge

Hybrid Cloud

private "W Public

Clouds Bridge Clouds




DOI:10.1145/2461256.2461274

Article development led by dC/IUELE
queue.acm.org

Building a distributed system requires
a methodical approach to requirements. Distributed systems are

| BY MARK CAVAGE difficult to understand,

There I S No design, build, and operate.
Getting Araund They introduce exponentially
more variables into a design
IBt: _Ylgl‘_‘l Are than a single machine does,
uilaing a []
Distributed

System

DISTRIBUTED SYSTEMS ARE difficult to understand, design,
build, and operate. They introduce exponentially
more variables into a design than a single machine

h DR R T T T A B A T



Architecting for Failure
Why are distributed systems so hard?

Markus Eisele THENEWSTACK Ebooks~ Podcastsv Events Newsletter

Architecture v Development v Operations v

Distributed Systems Are Hard

! Lightbend

Why Distributed Systems Are Hard to
Develop — and

F’"‘ Jon Edvald in Garden

{~Yirlrapiee Distributed Systems:
Mot and Here to Stay

Developing, testing and tuning distributed
applications is hard



Big Data

Real Time
Requirements

Unstructured
Data

No Moore’s
Law

Edge

LANGUAGES FOR
DISTRIBUTED APPLICATIONS

SCALABLE

LOW LATENCY

EVENT BASED

DISTRIBUTED

HETEROGENEOUS




DATA-INTENSIVE
DISTRIBUTED APPLICATIONS

SCALABLE

LOW LATENCY

» EVENT BASED

DISTRIBUTED

HETEROGENEOUS

Languages for
Distributed Applications

Reactivity

Software Design

Privacy
Fault tolerance
Consistency
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Design Patterns

Elements of Reusable..
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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 t tickfUnit] _
<+ \s

var | hour.«hﬁt 0==- SR
var day Int=0 Vs NN N
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=—‘=

S

——-s
- -

\

\

|

tick 4= nextHour \ :
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} S
| evt newDay [Unit] = tick && (() =
newDay += nextDay ~__

def nextDay () {<~~~.,__:; s
-~day = (day %1} % F=aee==""""

}

evt newWeek [Unit] =

newWeek += nextWeek

def nextWeek() {

‘———————-____
\

Pdal

LY 4

’

s’
,f
4

}

1
varweek: Int=0 /] N v\
\ \ \

EVENTS

01:12:04
ww:dd:hh

This is all what we
want to express!

val tick =0 // Increase

val hour <== tick % 24

val day <== (tick/24)%7 + 1
val week <==




REScala: Combining Signals and Events

e Signals: What about expressing functional
dependencies as constraints ?

vala=3
valb=7
val c=a + b // Statement

printin(c)
>10
a=4
printin(c)
>10

www.rescala-lang.com

val a = Var(3)
val b = Var(7)
val c = Signal{ a + b } // Constraint

println(c)
> 10
a=4
println(c)
>11

A VR



Reactive Programming: Example

* Mixing sighals and events

e Reactive code is simple! (30,90)
<7 ~ T\ (15,40)
T -

( \
\ ,  (10,20)
\~_Jf/f
SN

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

evt clicked: Event[Unit] = mouse.clicked il
|

; - :
val lastClick: Signal[(Int,Int)] = position snapshot clicked OO integration: Both |
! Slgnals and events are I
:
|

1
1 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

Flapjax: A Programming Language
for Aiax Applications

“Obviously, the Flapjax code may not

appear any ‘easier’ to a first-time

77 [Leo A. Meyerovich, Arjun Guha, Jacob Baskin, Gregory
reader H. Cooper, Michael Greenberg, Aleks Bromfield, Shriram
Krishnamurthi, Flapjax: A Programming Language for

Ajax Applications, OOPSLA’09]

U5 el Keywords JavaScript, Web Programming. Functional Re-

. . ctive Proer: °
This paper presents Flapjax. a language designed for con- active Programming

temporary Web applications. These applications communi-
cate with servers and have rich, interactive interfaces. Flap- 1. Introduction
jax provides two key features that simplify writing these ap- The advent of broadband has changed the structure of appli-

cat: S. st, 1 rovids event streams, a Oor1 trac- : . . .
plications. First, it provides event streams, a ““f‘"]} abstrac cation software. Increasi sktop applications are mi-
tion for communication within a program as well as with ex- crating m tha TUal Drmo. o ade Fiaf Farave




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

® © ®  [Tevaluation Study x

= C | localhost:8080/#test_RP_8

Advanced code understanding

Read the code and answer the question.

i

nal
ignalMacro.{SignalM => Signal}
¥ainFrare, Sinpleswingapplication }

ng
{ Color, Graphics2D, Disension }
epanel

I

object Squares_Reactive extends SimpleSwingApplication {

1 =+ APPLICATION LOGIC ========-===-===-==-
object square1 {

Val position = signal { Point(tire().s * 188, 109) }
¥

object squarez

signal { time().s * 160 }
val position = Signal { Point(tire().s * v(), 209) }
}

7/ painting components

1. position. changed ||
square2.position.changed) += { _ => Swing onEDT { top.repaint } }
/1 == Graphic Stuff ---

lazy epanel anel {
over paintCom Graphics20) {
s tComponent (g)
&
position.getvalue.x. tolnt - 8,
position.getvalue.y. toInt -

8,

Reactive Swing App

Click me!

No button clicks registered

Click me again
2 button clicks registered




Results

10.00 —_
%EScala increases correctness of ] EI] B

program comprehension

%n REScala, comprehension is . °

no more time-consuming w 00

Group

Score

Group: RP Group: 00

10.00— o o} 10.00- o
o [elye] o o o o
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]
Score

eeeeeeee
00—
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.00 5.00 10.00 15.00 .00 5.00 10.00 15.00
Skills Skills

[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 & Constr ction

Design patterns

Domain specific ~Tas
Software architer:
Reactive F. HOW TO DEBUG I ?

REACTIVE PROGRAMS o o




Debugging for Reactive Programing

Traditional debugging  Reactive Programming

(Imperative) (Declarative)

0x051DESS0 a0 e§ ld 05 4dc

0x051DESA0 20 e6 1d 05 bl Abstract
0x0S1DESED 40 eé ld 05 00 Insp state over state
JxOE51DESCO be 3 94 70 b4

Program Stack l ?
C



A Paradigm Shift

|||||||||

Toe Varieceger)

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

Missing dependencies ~_Understanding RP programs

Bugs in signal -
expressions @;%

22




Reactive Inspector
(Eclipse plugin - Scala IDE)

o9 v o% v ¥ O QIS P v = B:iw > - =s -

¥ Debug B2 = % Breakpoints & = B % Reactive Breakp(

¥ @ Thread [main)

= AnimationExamples.this() line: 49

AnimationExamples. <clinit>() line: not available

= AnimationExample.main{Array[String]) line: not available
+® Daemon System Thread [RMI Scheduler(0)]

+© Daemon System Thread [RMI RenewClean{127.0.1.1:42693]]
+# Daemon System Thread [GC Daemon)]

+® Thread [pool-1-thread-1]

+# Daemon System Thread [Java2D Disposer]

+® Daemon System Thread [AWT-XAWT] -

; %k & N BmBEB N o v

® o AnimationExample$ [line: 49] - <init>(): de.tuda.st
@ © MemoryLeakexamples [line: 20] - <init>(): de.tuda
® o MemoryleakExample$ [line: 23] - <init>(): de.tuda

nodeCreated(<na
nodeEvaluated

evaluationks

5 AnimationExampl 2 ™ = [ - Reactive Tree 22

« * This example demonstrates an exception during signal processing.[~
object AnimationExample extends SimpleSwingApplication {
rescala.ReactiveEngine.log = new REScalalLogger

Reactive
App

Scala

Debugger

RP Debugger

Graph

o

RP
Lib

dependegeyCreat. STTCTTITT
Ided(<nodeName>, "<value>")
tion{<nodeName>?)

Events
©

(2]

Back in time

Queries

History

# Debug

< Query on History

B s faL g . W

Variables

B0 %8 2 sk =

[ SN |
\,:,gr
= 5= outline 2 =0

D

|

ek — [EvantHondier] ‘
val time = App.time // Global time signal ‘
val slowIncreasing = Signal { time() / }
val fastIncreasing = Signal { time() / }
val pulsing = Signal { (time() % 5) * r—
val quadratic = Signal { time() * time() } /
[reTem—
val circle new Circle((fastIncreasing, fastIncreasing), pulsing e
val square = new Square((Var( ), slowIncreasing), pulsing) wdith
val pic = new Picture(new Image("java logo.png"), pulsing, (fastI / 1
val pic2 = new Picture(new Image("java_logo.png"), Var(:), (slowI
val panel = new AnimationPanel \ -
panel.add(circle) b Fold 2 — _\ ehanged > [EventHandler]
panel.add(square) 39 Highlight Dependendies » Name ra-g
panel.add(pic) P Enable Waldhpoint [y N ‘leg:e ;vgna‘ b
] panel.add(pic2) S e Rl changed c:.:: de.tuda.stg.reclipse. sxamples. Picturs
= - def top = new MainFrame { \ —— i“':'“ - Alaraes
title = "Animation Example" L changed —
contents = panel ] > —
) }
changed changed
class Square(center: (Signal[Int], Signal[Int]), et
side: Signal[Int]) extends Drawable {
val changed = center. 1l.changed || center. 2.changed || side.chan: ~ / - o
I \ Auto| 113/113

def paint(g: Graphics2D) {
g.fillRect(center. 1l.get - (side.get / 7),
center. 2.get - (side.get / 2),

—iao -

O console &2 luated(<signalName>)

AnimationExamples [Scala Application] fust/lib/jvm/java-8-oracle/binfjava Lz

016, 6:05:49 PM) slueSet(<varName>)

TREE
INSPECTION

NODE
BREAKPOINTS

NODE
SEARCH

NODE
QUERIES

BACK-IN-TIME
DEBUGGING

itQuery 0/0| 4

E % w X e N v
# de.tuda.stg.reclipse.examples
¥ @ AnimationExample
¢ time: rescala.varsynt(int)
# slowlncreasing : rescala.Dependents
¢ Fastincreasing : rescala.Dependentsi
# pulsing : rescala.DependentSignal[in
# quadratic: rescala.DependentSignal
# circle: de.tuda.stg.reclipse.example
# square : de.tuda.stg.reclipse.examp
# pic: de.tuda.stg.reclipse.cxamples.f
# pic2: de.tuda.stg.reclipse.examples
¢ panel: de.tuda.stg.reclipse.example
¥ o top:scala.swing.MainFrame
@ newscala.swing.MainFrame {...}
¥ @ Square
# center: (rescala.signal[Int], rescala.<
# side: rescala.Signal[int]
# changed: rescala.events.Event[int]
@ paint(g: java.awt.Graphics2D): Unit
v @ Circle
# center : (rescala.Signal[int], rescala.c
# radius : rescala.Signal[int]
¥ changed: rescala.events. Event[int]
® paint(g: java.awt.Graphics2D): Unit
v @ Picture
¢ original: de.tuda.stg.reclipse.examg
# scale: rescala.Signal[int]
¢ center : (rescala.signal[int), rescala.c
# width: rescala.DependentSignal[int]
¥ height : rescala.Dependentsignal[int
# changed : rescala.events.Event[int]
paint(g: Java.awt.Graphics2D): Unit
¥ @ Drawable
©* changed: rescala.events. Event[ ]

°

©* paint(g: java.awt.Graphics2D): Unit

& LI |88 o LBy =0

REACTIVE
BREAKPOINES



Evaluation

7000

* 18 subjects, 2 groups

6000 5
e 6 applications, _ s000-
: : : . £ 4000~
— 2D simulation, fisheye animation, g R _
. 30007
reactive network, arcade Pong, o
. . 20004 _L
RSS Feed reader, shapes animation
1000
0 RD
Group
20007 Group
1500+ BT
v go | ERD
£ 10007 i ﬁ * o
|_
500 5 i * ‘ & ‘
O_
| I 1 1 1 1
T1 T2 T3 T4 T5 T6
Task

[Guido Salvaneschi, Mira Mezini, Debugging for Reactive Programming, ICSE’16] 24
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(30,90)

Vi \
‘\\ _" J (10,20)

Language abstractions for
OO reactive programming

Incremental changes

]
m® g 4
7]
15) o
o\
S e

Concurrency

o] EP ===_EukJ
00 o M B -;;S"T (= —\: -
Controlled experiments Tools supporting the
development process
(a) cartesian (b) combineLatest

, Y : H I 7 7 K

(c) zip (d) affinely & combineLate
Semantics of Configurable Consistency

Event Correlation
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e Eo
5(

|
29 .!

Distribution Fault Tolerance




[OOPSLA’14]

iCS
Synchronous Semantic
[ ) y .
e Decentralized
 Dynamic Edges

1 Update A
ive Pp,

Technisch
Crmany;
- darmstagy e

Igorithy,

Srammijng

Mir, Mezip;
e UniVerSjw
HH(.‘aster U
mezini@cs.tu_d

! Darmgtag,
niversity, g
arms,adt. de

27



a reactiye |

-defineq poir
Potent;;

Synchronous Semant.lcs
Fine-Grained Parallelism
* Dynamic Edges

anguag

1

ally Causing

e involves transfe, of

ts.In 5 nmlti-thrcadui env,

data raceg and evepy ord,

data

and contro] floy,
imuman mu

ering amj}

Itiple

iguitieg,




» Techn
_IOSCHA DRECHS

LER, it Darmsta gy
GUIDo SALVAN ESCH » Technische Universit; Darmsty gy
MIRA MEZIN I, Technische Universits Darmstagy

ische Um'versitiit Darmstadt
Techm'sche Universit.

1
2
3
4
5 RAGNAR MOGk
6
7
8
9

1 with BUaranteeq
ntics 1 lon €e replicated latatype AS a resn 1t Programmers

e Full formalization e
ra
. Ts between g |
g:?overy after disconnection



Fault-tolerant Distribute X Program -ECO0P 2018 X [l Home - rescala

88 & github.io

la Home Manual

REScala is a Scala library for functional reactive programming on the JVM and the
Web. It provides a rich API for event stream transformations and signal
composition with managed consistent up-to-date state and minimal syntactic
overhead. It supports concurrent and distributed programs.

Functional

Abstractions for Events
and Signals to handle
interactions and state,

and seamless
conversions between
them.

Consistent

No temporary
inconsistencies, no data
races. Programmers
define logical
constraints which are
automatically enforced
by the runtime.

Concurrent

Concurrent applications
are fully supported.
Reactive abstractions
can be safely accessed
from any thread and
they are updated
concurrently.

(30,90)

=77 T\ (15,40)
5 B .

\\ ", _ (1020)
-- “\ - { ~o
Abstractions for OO
reactive programming

1713

airport airport

Incremental changes

m
Dog
Q
]
@ [ ]
[} [ ]
'S
W

Concurrency

°

T T
RP 00

Controlle

experiments
a0 e 0o Go e o
PE o000
(a) cartesian (b) combineLatest
SR N N o od 4
(c) zip (d)affinely & combineLate

Semantics of
Event Correlation

Tools supporting the
development process

Configurable Consistency

Distribution

www.rescala-lang.com

N
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Flink

What is Apache Flink?
Use Cases

Powered By

FAQ

Downloads
Tutorials (§
Documentation ~
Getting Help

Flink Blog

Community & Project Info
Roadmap
How to Contribute

Flink on GitHub (§

FR3ZhR

@ApacheFlink (§

Plan Visualizer (4

Apache Software
Foundation (%

License (& Security (&)
Donate 0 Thanks (9

Apache Flink® — Stateful Computations over Data Streams

(Real-time)

Transactions
—— Events

e (EID—
ot
R
Clicks @ —_—
* Database,
File System,
KV-Store

222 All streaming use cases

* Event-driven
Applications

e Stream & Batch
Analytics

e Data Pipelines & ETL

Learn more

® Operational Focus
* Flexible deployment

* High-availability setup
* Savepoints

Learn more

Powered by Flink

\
¢ yelp%®

» zalando

Event-driven Streaming Stream & Batch
Applications Pipelines Analytics
& &
A S0 — —*: Event Log
.%2 pr— PR — ’; - Database,
3 - - d [,_J _— @ File System,
KV-Store
Resources | Storage
(K8s, Yarn, Mesos, ...) | (HDFS, S3, NFS, ...)
< Gu Program
corre =
. ) Client JobManager
C Compiler/ Scheduling,
° Optimizer Submit Job Resource Management
L]
h
Learn )
&
6’&
LY 6
¢ Sc
L]
: - TaskManager TaskManager
: L Task Execution, Task Execution,
Data Exchange Data Exchange
Learn

£l

Alibaba.com
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Scalaloci Programming Framework

www.scala-loci.github.io
Multitier Language

4
A\
N

11

Placement Types

[P.Weisenbureger, M.Koehler, G.Salvaneschi, Distributed System Development with ScalaLoci, OOPSLA’18]
[P.Weisenbureger, G.Salvaneschi, Multitier Modules, ECOOP’19]



Placement Types

trait Registry extends Peer Peers

trait Node extends Peer _

val message: Event[String] on Registry Placement Types
= placed { getMessageStream() }




Architecture

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

Architecture Specification

through Peer Types

Architecture-Based Remote
Access

Registry




Data Flow

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

message ;

Registry process message

result



Distributed Data Flow

val message: Event[String] on Node = placed[Node] { Event[String]() }
val result = placed[Registry] { message.asLocal map processMessage }
val ui = placed[Node] { new UI(result.asLocal) }

message
process message

result



Complete Distributed Chat

@multitier object Chat {
trait Server extends Peer { type Tie

Multiple[Client] }
Single[Server] }

trait Client extends Peer { type Tie

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

val publicMessage = placed[Server] {

message.asLocalFromAllSeq map { case (_, msg) => msg } }

. . printin message
placed[Client].main {

publicMessage.aslLocal observe println

for (line <- io.Source.stdin.getlLines)

public
message fire line } } Message 'V

‘ printin message



Local

val ballsize = 20
val maxx = 80

val naxY = 40
val leftpos

val rightPos
val initPosition
val initSpeed = Po:

30

Porting to Distribution

Point (400, 200)
int(10, 8)

val ball: Signal[Point] = tick.fold(initPosition) {
(ball )

val areas =
val rackety < Se

) = ball + speed.get

(
signal { UI.mousePosition().y },
0.y 1

gna
Signal { ball
val rackets = L
Signal { racket

val leftuiall = ba
val rightiiall = b

val xBour {
Val. ballTnacke

Racket (LeftRacketpos, rackety(0))
= Racket (rightRacketPos, racketY(1))
ist(leftRacket, rightRacket)

s map { _.area() } } }

1. changed & (
all.changed & {

t = Signal { areas() exists { _ contains ball() } }
rue

Val CollistonRacket = ballnhacket changedTo &
leftWall || rightWiall || collisionRacket }
val yBounce = ball.changed &&

{ ball = ball

val speed

y <0 || ball.y > maxY }

{
xBounce toggle (initSpeed.x, -initSpeed.x)
unce toggle (initSpeed.y, -initSpeed.y)

ngna\ {Point(x(), yO) } }

val score =
val leftPoints

val rightPoints
Signal { leftPoints() + " : * + rightPoints(

rightwall.iterate(0) { _+1}
leftwall.iterate(s) { _+1}
s0) )

}

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

Scalaloci

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

val ballsize = 20
axX = 808

= Point (400, 200)
val initspeed = Point(10,

FaL c\xenmeusev = placed[Client] {
U { UI.mousePosition().y } }

val isPlaying = placedIServer]aloeal {
signal { Femiote[CLientlsconnected().size > 2 } }

val ball: Signal[Point] GANSERVER = placed {

tick. fold(initPosition) { (ball, ) =
Sf(ISPLaying=get) ball + speed.get ESENDOS } }

val players - ESESESSEERNIED ( Signal {
renote[Client].. cunne:ted(l
case left :

=, Seqlsnme(\en)v Some (right))
case Y1)

amone, “None)

val areas = placedIServer] {
val racket —_igral { players() sop {

(clicnthouser fram cliant).astocat() 1 getOrElse
Shithositionsy

val leftRacket = Racket (leftPos, STGRAUNIFACKEEYIIO)NY)

val rightRacket = Racket(rightPos, Signali{-rackety(N(LI})

val rackets = List(leftRacket, rightRacket)

Signal { rackets map { _.area() } } }

laced[ServerInlocal { ball.changed & (

val leftuiall
placedlServerl-local { ball.changed & {

<03}
val rightwall x> maxk )}

val xeounce - BISERASSIVERISIGE (
ot oot Tnatket < Sianel { arems() exists ( _contains batl() } 3
Val collistonfacket = ballinmacket changedTo Troe
leftiall || rightwall || collisionRacket

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

val speed = placedISErveriuteeal {

1 xBounce toggle (initSpeed.x, - initSpeed.x)
ounce toggle (initSpeed.y, - initSpeed.y)
Siont {ramt iy 0) 33

val score = BlaCEAISErver] {
val leftp rightiall.iterate(6) { +1}
val rightPoints = leftiall.iterate(s) { + 1}
Signal { leftPoints() + " : " + rightPoints() }

}

val ui - FIACRHICIIARET ¢
ew UI(areasyastocal, balliaslogal, scorefasiogal) }

multi-user support

distribution

Akka

val ballsize = 20
XX = 800

ition = Point (490, 200)
val initSpeed = Point(10

class Server extends Actor {
def receive = addPlayer orElse mouseYChanged

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

def mouseYChanged: Receive = { case nnusevcnangedly) =
ousePositions transform { _ + (sender -

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

val ball: Signal[Point] =
tick. fold (initPosition) { (ball, ) =
if (dsPlaying.get) ball + sneed get EUSEIBE )
def addPlayer: Receive = { case AddPlayer =
Clients transform { _ :+ sender } }

val players = Signal ¢

R oo {
TR => Seq(Sone(left), Some(right))
e I8 diqlione, foned ™}
val areas = {
valracketY = Sianal {
Players() m

thap POSEROSTEIORSIMNGREN ) cet0rElse initPosition.y ) )
val TefRackot =nen Rocket (101 RacketPos. SLgnat.{ Tackert() 0] 1)
val rightRacket acket (rightRacketPos, Signal { racketY() (1) })
val rackets = List(leftRacket, rightRacket)
Signal { rackets map { _ ¥

val leftwall = ball.changed 6& { .x < 0 }
val rightWall = ball.changed && { .x > maxX }

val xgounce = {
ol bat LTnRacket = Signal { areas() exists { _contains ball() } }
Val collisionRacket. = ballinRacket changedTo Erue
Lefehall ] righehall || collisionmacket )
val yBounce = ball
RS bty <8 T ety > maxy )

val speed
xBounce toggle (signal { initspeed.x ), Sinal { -initSpeed.x })
e toggle (Signal { initSpeed.y }, Signal { -initSpeed.y })

S om0

val s {

va\ \eftP\ayerPo)n(s nqhtwal\ iterate(0) { _ + 1 }

val rightPlayerpoi. fiiolUiterate(@) ( ~ + 1

onat o Tert B averponts () o gtelagerpothts () 3 )

areas observe => clients.now foreach { teAreas (areas) } }
BT observe-( batt o> cLisnts non Toreach { ¢ Uptotesattioett] 3}
score observe { score = clients.now foreach { _ ! UpdateScore(score) } }

reach { client

cl)en(s observe {
client ! UpdateScore(score.nou) } }

abstract class Client(server: ActorSelection) extends Actor {
val areas = Var (List, empty[Area])~
val ball - var (Pint{6; 0))-
val score =

mouseposition abserve { p
Ver 1 ousevChanged (pos.y)~ }

val ui = new UI(areas, ball, score)
def receive = {-
case Updatehreas(areas) == this areas set areas
case UpdateBall(ball) => this.ball set
Case UpdateScore(score) = this.score set score

| server (- AddLaye

RMI

val ballsize = 20
val naxX = 800

val maxY = 400

val leftPos = 30

val rightpos = 770

val initPosition = Point (460, 200)
val initSpeed = Point (10, 8)

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

class ServerImpl extends Ser
val clients = Var(Seq.. emntylchemn

val mousePositions = Var(Map.empty[Client, Int])
def mouseYChanged(client: Client, y: Int) = Synchmn)zed 1
mousePositions() = mousePositions.get + (client -> y) }

val isPlaying = Signal { EUHERESN.size >= 2 }

val ball: Signal[Point] =
tick.fold(initPosition) { (bal
EF(ISPIaYIAGIGEE) ball + speed ge( * evsemant 3

def addPlayer (client: Client) - eynchronized {
clients transform e

val players = Signal {
BUEESD natch {
e left :: right P R PTG el
Case _ = SeqNone, None)

val areas =
val racketY = Smna\ {
plavers() m

ithap { ousePosItions()GEE )} getOrElse initPosition.y } }

val Tefthackot = new Racket (leftRacketPos, Signal { racketY()(8) })
val rightRacket = new Racket(rightRacketPos, Signal { racketY()(1) })

val rackets = List(leftRacket, rightRacket)
signal { rackets map { _.area() } } }

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

val xBounce

{
val balllnRacket = Signal { areas() exists { _ contains ball() } }

val collisionRacket = ballInRacket changedTo true
leftWall || rightWiall || collisionRacket }

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

val speed = {
al x = xBounce toggle (initSpeed.x, -initSpeed.x)
val y = yBounce toggle (initSpeed.y, -initSpeed.y)

signal { Point(x(), y())

val score = {
val leftpoints
val righrpoint
signal { leftPoints() + *

rightall.iterate(9) { _+ 1}
Tefthall.iterate(0) { _ +1}
+ 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: SeqlClient], areas: List[Areal) =

clients foreach { _ updateAreas areas
def updateﬁa\lchents(clunts TSl CLiEnt - BATTIPoIREILS
clients ipdat
def uDdateScnreCl)en(s(c\)ents Sﬂﬂ[ﬂlen(], score: String) =
clients foreach { _ updateScore score

@renote trait Client {
 EETTe e e
def updateBal
def uDdateScnr‘e(smre' S(nng :

llmt ¥

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

val areas = Var(List.enpty[Area])
val ball = Var(Point(0, 0))
val score = Var(*0 : 0°)

UL mousePosition observe { po:
Sorver mousevChanged (self, pos.) )

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

() =

real) =
def updateBall (ball: pnmt) = syncmmzed { this.| bal\“ = ba
def str: = {u

server addPlayer self

this.areas() = areas }
U}

score }



@nultitier rait Taskil nagerGatewaYclusterTask
£ JobManager extends pE The i Miltiple [ Taskranager] }
rait TaskManager ends Peer { type Tie <: Slng [JobManager]

def dlsconnectFromJuhMana ef finstancely: Tnstonceld, cayse: Exception,
R oteffackion 3 i cealio i 2

ol s TaskManager extends Actor {
CtEronjob anagsr(mstanceld InstancelD, cause: Exception, T
raceyzssendstackIrace() foreach { message =

KT
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Crosscutting functionality separated
among compilation units

35 T e ¢
s SRS eTEgee() foreach  messaoe =
PN i st roron (e

SR LSRRI e

ugaaimsiﬂmqs Al iscrationt)

Tog;dtbug( hecsived disgomect message for wrong instance id * +

8, Y comp——
"% Rt RS "ixg SIS ST TR i s+
L)

R e+ ¢ e RO R e
gzsmmif“ HZB ,4 b eﬂae. e R s =

D: Executionitieny
Resyl tPartiHons (exec

R e i ionat b ’; tionTnfos)
raing: the PEL i 3 (EIEEE ) sk enecution sexecutiont®)

P
\\' / PV UGS, T AHTERIRASIEN et poresson oo, ©)

(o
s e e ) 0

d f ot
RS 5 toSaEYSSRARRMer Logs. "))

BB (Uds e kAR EeHS o Ren BT KL R0ER B 57t sonTntos))

B , T —
b, iniionte, gAY = SR ————
8N . -~ SR T enecutionto)
EsSgpeitaues
1o PS50 sge i st )
Y g 1 GE o Efessage (status. Failure(t)
N\ e

SRR Teccutiont)
i SAEBE S48 doe Acknovtease et 1)
R L

P 203 comesecationa, crcoune, ciestomp,
)i
PrEEEL B crecioine seneckonintlagstisestom © +

asks.get (taskExecutionId)
D = S
i“! V‘a?“ﬂ ﬁnmk'fZZRgiiegﬁéi’eYST;%niﬂ”f"“’"' request * +

~dzag~; BT AP EERELEAS AEARRILSSS, Stnescome) B

i caTasks et (askExecutiontd)
3 ;‘ TR ecomtereteheckpotocta)
, RIS RESAS B sfpolnt confination * +
}
}

Developers are not forced to
modularize along network boundaries
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That's only half the battle!

How to modularize code along
(distributed) system functionalities?
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Multitier Modules

Distributed functionality = Module
Composing modules = Composing subsystems

task

Master ’ Worker

result

r————=- 1
| Handle large

I code bases |



Stacking Multitier Modules

@multitier trait Offloading[T] {
@peer type Master <: { type Tie <: Multiple[Worker] }

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

def run(task: Task[T]): Future[T] on Master =

: : placed { (remote(selectWorker()) call execute(task)).asLocal }
: R : private def execute(task: Task[T]): T on Worker =

: : placed { task.process() }

I Momtorlng I }

| @ :

I @ | @multitier trait Monitoring {

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

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

i TaskScheduler i } def monitoredTimedOut(monitored: Remote[Worker]): Unit on Master
1 1

@multitier trait TaskScheduler[T] extends
0ffloading[T] with
Monitoring



Flink Case Study

@nmultitier object TaskDistributionSystem extends

TaskManager with

TaskManagerActions with

CheckpointResponder with
ResultPartitionConsumableNotifier with

PartitionProducerSt
KvStateRegistrylList

TaskManager

JobManger

TaskManger

|

TaskManagerActions

JobManger

TaskManger

| CheckpointResponder

JobManger

TaskManger

ResultPartitionConsumableNotifier

JobManger

TaskManger

T

PartitionProducerStateChecker

JobManger

TaskManger

KvStateRegistryListener

i

JobManger

TaskManger

!
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ScalalLoci: Backends

Multitier Code with Placement

~

Peer Peer Peer Peer
Runtime
Data-Type-Specific Transmission Semantics REScala Rx Ve
|
Network Protocols (Message-Passing) TCP WebSocket Ve
|
AKKA Ethereum
JavaScript WebAssembl . OpenMP
Actors P y Solidity P
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Distributed System Development with ScaLALoci

PASCAL WEISENBURGER, Technische Universitit Darmstadt, Germany
MIRKO KOH LER, Technische Universitat Darmstadt, Germany
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Distributed applications are traditionally developed as separate modules, often in different I
react to events, like user input, and in turn produce new events for the other modules. Separagg
nents requires time-consuming integration. Manual implementation of communication ford
to deal with low-level details. The combination of the two results in obscure distributed dat
among multiple modules, hindering reasoning about the system as a whole.

The ScaraLocr distributed programming language addresses these issues with a coherentiiadalhasadan
placement types that enables reasoning about distributed data flows, supporting multiple soff .
via dedicated language features and abstracting over low-level communication details and ¢ M ICro b enc h mar kS
As we show, ScaraLlocr simplifies developing distributed systems, reduces error-prone com
and favors early detection of bugs.

Design Metrics

CCS Concepts: « Software and its engineering — Distributed programming languages M u Iti p I e B ac ke N d S
languages; « Theory of computation — Distributed computing models;

rogramming, Reacti

Formalization

kstributed System Development with
er 2018), 30 pages. https://doi.org/10.

Comprehensive

Architecture trait Server extends Peer {

type Tie = Multiple[Client]
tur tior

val items = placed[Server] {
getCurrentItems()

val ui = placed[Client] {
new UL
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