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Example 1: Forever PingPong (1)
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Example 1: Forever PingPong (3)
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\ %3 Top
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ponger

J‘ pinger

[ % Pinger '—"1

@ playP: PingPongProt

on _ at _ when [true]

std::cout << "[Pinger] starting up” << std::endl;
std::cout << "[Pinger] sending ping" << std::endl;
playP.ping().send();

' (C#Pinger_sm
i
i T
i
i
:

g
,,,,,,,,,, Inlilall

@ Play ‘

P [
respond

on pong at playP when [true]

std::cout << "[Pinger] received pong" << std::endl;
std::cout << "[Pinger] sending ping" << std::endl;
playP.ping().send();

(*Top_sm

initial )

@ timerP: Timing 1

@ Statel ‘

«Capsule»
T
170 [° Ponger

@ pgyP'- H PlngPongPraT

on _at _ when [true]

[std::cout << "[Ponger] starting up" << std::endl;

(s Ponger_sm

1 initial _______________.

@ Play ‘

[ r
respond

on ping at playP when [true]

std::cout << "[Ponger] received ping" << std::endl;
std::cout << "[Ponger] sending pong" << std::endl;
playP.pong() - send();




Example 1: Forever PingPong (4)

«Capsules | ¥ pinger
[°% Pinger [~

1 playP
«ports

on _ at _ when [true]

std::cout << "[Pinger] starting up” << std::endl;
std::cout << "[Pinger] sending ping" << std::endl;
playP.ping().send();

(C#Pinger_sm

T
@
[ mntiall

{ @ Play ‘

respond

on pong at playP when [trué]

std::cout << "[Pinger] received pong" << std::endl;
std::cout << "[Pinger] sending ping" << std::endl;
playP.ping().send();

«Capsule»
1% Top
#ponger | .Capsules
@ timerP: Timing 17 [olRonger
playP~ L .
«Protocol» «port»
o-o PingPongProt

o «InEvent» pong ()

s «OutEvent» ping ()

on _ at _ when [true]

std::cout << "[Ponger] starting up" << std::endl;
™

(s Ponger_sm

.

@ Play ‘

respond

on ping at playP when [true]

Example 1: Forever PingPong (5)

«Capsule»
° Top
«Capsules | * Pinger "y #ponger | .Capsules
il‘ge' - - P
3P 1 @ timerP: Timing 1 (%3 Ponger
play?P playP~ -
«Protocol» «port» | E—
“ports 1| o<PingPongProt ,
o «InEvent» pong ()
Ty «OutEvents ping ()
on _ at _ when [true]
std::cout << "[Pinger] starting up” << std::endl; on _ at _ when [true]
std::cout << "[Pinger] sending ping” << std::endl; std::cout << "[Ponger] starting up” << std::endl;
playP.ping().send(); T
3 (s Pinger_sm (s Ponger_sm 3
bemereeeood imtiall e '
H @ Play ‘ H @ Play ‘

respond

on pong at playP when [truej

std::cout << "[Ponger] received ping" << std::endl;
std::cout << "[Ponger] sending pong" << std::endl;
playP.pong().send();

mﬂ

on ping at playP when [true]

std::cout << "[Pinger] received pong" << std::endl;
std::cout << "[Pinger] sending ping" << std::endl;
playP.ping().send();

std::cout << "[Ponger] received ping" << std::endl;
std::cout << "[Ponger] sending pong" << std::endl;
playP.pong().send();

«Capsule»
[°3 Pinger
G play?:PingPongprot | Capsule  part (capsule instance) U M L- RT' Key conStrUCts
P g composite structure diagram
‘“5?‘12.'7‘ it T°P,J connector\\\

[E3 pinger : Pinger
| E ponger Ponger

j o timerP: Timing |

timerP

on _ at _ when [true]

1:cout << "[Pinger] starting up” << std::endl;

std::cout << "[Pinger] sending ping" << std::endl;
playP.ping().send();

3 (C»Pinger_sm

|

R imtlall

o
trigger T
respond "~ transition name

. guard

| port

.
'
i
i
N '
on pong at playP when [true]:
std::cout << "[Pinger] received pong" << std::endl;

std::cout << "[Pinger] sending ping" << std::endl;
playP.ping().send();

on _ at _ when [true]

[std::cout << "[Ponger] starting up" << std::endl;

(s Ponger_sm

|
@
initial  ------F--------

’_{ @ Play ‘

]j?ponu

on ping at playP when [true]

std::cout << "[Ponger] received ping" << std::endl;
std::cout << "[Ponger] sending pong" << std::endl;
playP.pong().send();

action (action code,
effect) in action
language (here: C++)

UML-RT: Too

= Commercial
e |BM RSARTE
e HCL Model RealTime (as Eclipse plugin)

Is

e HCL Code RealTime (as VS Code or Eclipse Theia extension)

e Protos eTrice

= QOpen source
e Eclipse Papyrus-RT

UML-RT CISC 844, Winter

2026 8




Model RealTime Demo: Forever PingPong

$ ./executable.exe -URTS_DEBUG=quit
RT C++ Target Run Time System - Release 7.0.07

targetRTS: observability listening not enabled
Task 0 detached
[Pinger] starting up
[Pinger] sending ping
[Ponger]
[Ponger]
[Ponger]
[Pinger] received pong
[Pinger] sending ping
[Ponger])

[Ponger]
[Pinger] received pong
[Pinger] sending ping
[Ponger]
[Ponger]
[Pinger] received pong
[Pinger] sending ping
[Ponger]
[Ponger]
[Pinger] received pong
[Pinger] sending ping
[Ponger]
[Ponger]
[Pinger] received pong
[Pinger] sending ping
[Ponger]
[Ponger]

starting up
received ping
sending pong

received ping
sending pong

received ping
sending pong

received ping
sending pong

received ping
sending pong

received ping
sending pong

= Showing: editing, building, executing
= Variations

e In Pinger: No initial ‘ping’ message

e In Ponger: ‘pong’ sent 1 second after receipt of ‘ping’
CISC 844, Winter 2026

UML-RT

UML-RT: History

Real-time OO Modeling (ROOM)
* ObjecTime, early 1990 ties
Major influence on UML 2

e E.g., StructuredClassifier
“RT subset of UML”

Tools
e ObjecTime Developer
¢ |BM Rational RoseRT
e |BM RSA-RTE
e Eclipse Papyrus-RT

e Protos eTrice

UML-RT CISC 844, Winter 2026

FWILEY WILEY PROFESSIONAL COMPUTING

REAL-TIME
OBJECT-ORIENTED
IMODELING

[Selic, Gullekson, Ward.
Real-Time Object-Oriented
Modeling. Wiley. 1994]
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Modeling
Languages

Modelica
*  Physical systems
e Equation-based

Simulink
¢ Continuous control, DSP
e time-triggered dataflow

Stateflow
* Reactive systems
* Discrete control

AADL * State-machine-based

Lustre/SCADE

¢ Embedded real-time

UML .
UML MARTE

¢ Embedded, real-time

¢ Embedded, real-time

Synchronous dataflow

UML-RT
* Embedded, real-time
State-machine-ba

Examples in

Domain-
Specific
Modeling

(A

Stoven Kelly
Juha-Pekka Tolvanen

[Kelly, Tolvanen 2008]

[Voelter 2013]

increasing

generality

UML-RT CISC 844, Winter 2026

UML-RT: Characteristics |

Domain-specific

increasing

domain-specifity

10

inputs ﬂu—

¢ Embedded systems w/ soft real-time constraints
Graphical, but textual syntax exists

Small, cohesive set of concepts

Real-time System
° actors
M state

Strong encapsulation
e Actors (active objects)
e Explicit interfaces

e Message-based communication

outputs =
f(state,inputs)

inl in2
inlﬂ inpUtS ﬂinz

Resources managed by runtime system (RTS)

e Message passing, logging, timers, capsule
instantiation, ...

inl/outl

in2/out2

Animation: https://www.youtube.com/watch?v=6kgg oDGSQ8

UML-RT CISC 844, Winter 2026

out2
outl
out2
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«Capsule»
[° Pinger

Example 2: 3xPingPong (1)

«Protocol»

Example 2: 3xPingPong (2)

I

/ @ —\ | @ playP~ : PingPongProt ‘ % Top]

7] Interaction_PP2

@ playP: PingPongProt

- :
timerP
pmger L3 ponger
N Plnger : Ponger L |
‘ ‘ on _at_and [true]
std::cout << "[Pinger] starting up” << std::endl; on _at_and [true]
oop ‘ ‘ std::cout << "[Pinger] sending ping" << std::endl; =
— % playP.ping().send(); std::cout << "[Ponger] starting up" << std::endl;
B3] 1 :
‘ ‘ | (»Pinger_SM (s Ponger_sm 3
— ‘ ‘ i gotPong3 3
: ! o !
N @ initial $ \ :
1: ping gotPong1 gotPong2 1 RS L
— @ Statel @ State2 G State3 ‘ 1
) 2: pong r—w‘ ' : H @ Play ‘
pinger \ \ ponger 1 3 1 T
| | § i respond
| | :
‘ l on pong at playP and [true] . on ping at playP and [true]
std::cout << "[Pinger] received pong << std::endl; 7 std::cout << "[Ponger] received ping"” << std::endl;
std::cout << "[Pinger] sending ping" << std::endl; - std::cout << "[Ponger] sending pong" << std::endl;
playP.ping().send(); on pong at playP and [true] playP.pong().send();
UML-RT CISC 844, Winter 2026 13 std::cout << "[Pinger] received ping" << std::endl; 14
std::cout << "[Pinger] done" << std::endl;
o . .
L] L]
Example 2: 3xPingPong (3) UML-RT: Characteristics 2
§ ./executable.exe -URTS_DEBUG=quit = Event-driven execution
RT C#+ Target Run Time System (o cutable.exe —URTS_DEBUG=quit ; i
- e Every execution step by capsule Cis caused by a message
targetRIS: obsexvability 1“”enRT C++ Target Run Time System - Release 7.0.07 H H H H
Task 0 decached v 4 - delivered to C (including, e.g., timeout messages)
{Pi:g::} :::;z;ggpt;gg 1 targetRTIS: observability listening not enabled . . .
Task 0 detached e Challenge: when message m is delivered to state machine of C,
[Pinger] starting up .
[Pinger] sending ping 1 Cis able to handle m
[Pinger] received pong [Ponger] starting up
[Pinger] sending ping 2 [Pongex] received ping ° group transitions (out of composite states)
[Ponger] sending pong
[Pinger] received pong o
[Pinger] received pong [Pinger] sending ping 2 defer/reca”
[Pinger] sending ping 3 [Ponger] received ping Show
[Ponger] sending pong J
[Pinger] received pong new
[PJ:.ngez] received pong [Pinger] sending ping 3
[Pinger] done [Ponger] received ping =
[Ponger] sending pong
pinger (1) @State3 received unexpected message: playP[l]$pong data: void cancel
[ Enter Connection Details ]
) . next = next (
= Variations Enter Phone Choose shared Eator Name
back S back

e Remove trigger in ‘gotPong3’ transition in ‘pinger’

M. Fowler. UML Distilled. 3 Ed. 2004.

UML-RT CISC 844, Winter 2026 15 UML-RT CISC 844, Winter 2026 16
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UML-RT: Core Concepts (1)

= Behaviour
e Messages (events)
e State machines

= Types
e Capsules (active classes)

° Capsule instances (parts)

e Passive classes (data classes)
° Objects

= Grouping
e Package

e Protocols

= Relationship

e Generalization

e Enumerations

= Structure
Attributes

e Associations

Ports

Connectors

CISC 844, Winter 2026 19

UML-RT

UML-RT w/ RTist: Part i

_____________________

e Behavioural modeling

UML-RT CISC 844, Winter 2026 18

UML-RT:

Core Concepts (2) j.—c:

* Model
pingPort: PingPongProtocol  pongPort: PingPongProtocol

e Collection of capsule definitions

e ‘Top’ capsule containing collection of capsule
inst ( t ) == «Protocol» PingPongProtocol
instances (parts = out ping 0
= Capsules *E inpong 0
e May contain
° Attributes, ports, or other capsule instances (parts) pinger:Pinger | |ponger:Ponger
e Behaviour defined by state machine ping
= Ports pong
.. . ping
e Typed over protocol defining input and output
pong
messages
ping
pong

= State machine
and so on

e Transition triggered by incoming messages :
| |
pinger:Pinger | | ponger:Ponger

e Action code can contain send statements that
send messages over certain ports

UML-RT CISC 844, Winter 2026 20



Capsules (1)

Kind of active class

e Attributes, operations

e Own, independent flow
of control (logical thread)

May also contain

[.* Top

pinger: Pinger

pingPort: PingPongProtecol

ponger: Pungér

pongPort: PingPongProtocol

e Ports over which messages can be sent and

received

e Parts (instances of other capsules) and connectors

Creation, use of instances tightly controlled

e Created by runtime system (RTS)

e Cannot be passed around

¢ Stored in attribute of another capsule (part)

¢ Information flow only via messages sent to ports

= better concurrency control and encapsulation

Behaviour defined by state machine

UML-RT

CISC 844, Winter 2026

[o* «Capsules Top
= «CapsulePart» pinger : Pinger
= «CapsulePart= ponger: Ponger
. & «RTConnectors RTConnectorl

4 |[o* «Capsule= Ponger
0 «RTPort» pongPort : PingPongProtocol
o «RTPort» log: Log

l«* =Capsule» Pinger
0 «RTPort» pingPort: PingPengProtocol
o «RTPorts log: Log
- [ «RTStateMachines <State Machine>

21

Passive Classes/Data Classes

Similar to regular classes

Do not have independent flow of control

Behaviour defined through operations

Used to define data structures and operations on them

UML-RT

B Model Explorer 2 = 0
e R -

4 [=21 RootElement

> |o® «Capsule= Parcer_Router

: la® «Capsules Gen

: [o® «Capsule= Bin

> |o* «Capsule= Stage

> la® «Capsules Chute

> |* «Capsules Switcher
2 Il [
P

Fl E «PassiveClassPropertiess Parcel
[Eg number: Integer
4 & level: Integer
Er

[Eg stage: Integer

CISC 844, Winter 2026
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Example: Capsules
and Capsule Parts

~chutet
_ chute2
__switcher

detection

chutel: Chute

enter

detection

enter

B Model Explorer 32 | i=

4 [ RootElement
» [o* «Capsules Parcer_Router
» [o* «Capsules Gen
» |a* =Capsules Bin

[o* =Capsules Sensor

» [o® «Capsules Chute

& «CapsuleParts chutel : Chute
& «CapsuleParts chute? : Chute
& «CapsuleParts sensor : Sensor

& «CapsulePart» switcher : Switcher

- & 1% E|

sensor: Sensor

chute; Chute

switchProtocol

detection

Protocols

= Provide types for ports
= Define

e |nput messages

° Services provided by capsule owning port

e Qutput messages

° Services required by capsule owning port

e |nput/output messages

= Messages can carry data

== «Protocol= PingPongProtocol
I+ out ping ()
4L inpong ()

== «Protocol» Protocoll

I+ out outlb ()
ininla ()
4T ininlb ()

4 |~ «Protocols Transmission| _ _

7
» I+ outtransmit (p: Parcel)
|
: +*Z in setFree (free: Boclean)
1 ¥

UML-RT

CISC 844, Winter 2026 24
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Ports
=  “Boundary objects” owned by capsule
= Typed over a protocol P
= Have ‘send’ operation
portName.msg (arg) .send ()
= Canbe
* base (not conjugated) « conjugated

o

Direction of messages is
as declared in protocol

o Direction of messages declared
in protocol is reversed

° Notation: o Notation
- textual: P e textual: ~P
_ . 4 = «Protocels PingPongProtocol . raphical: O
graphical: W T out ping 0 grap
+Z inpong ()
4 -2 «CapsulesPinger _ _ _ _ _ _ _ ____ * Ponger
base -1 - ~ 0 «RTPorts pingPort: PingPongProtocol :
1-* inger |/ S BT RfPatlegileg T T T
/ » ([ «RTStateMachines «<State Machine> B [EI
Pinger II pongPort: PingPongProtocol
pingPort: PingPeongProtocol 4 % Capauler Panger - S s 1 !
L2 =RTPort= pongPert : ~PingPongProtocal, [~ /
0 «RTPorts leg: Log COnjUgated
» [ «RTStateMachines < 5State Machines
UML-RT Ponger 25

Ports: External, Internal, Relay

= External behaviour

Connectors

= Connect two ports

= Ports must be compatible

= Connects capsule to Runtime System (RTS)

e Both are instances of same protocol

e Either (asymmetric)

o

~ typically owned by ‘client’
° and the other is ‘conjugated’
~ typically owned by ‘server’
e Or (symmetric)

o

only InOut messages

pingPert: PingPangProtocel

onger. Ponger
.

pangPort: PingPongProtacol

== «Protocol= PingPongProtocol
S out ping ()
42 inpeng ()

one is ‘base’ (i.e., not ‘conjugated’)

‘ pinger:Pinger | | ponger:Ponger |

ping

pong

ping

pong

ping

pong

and so on

I I
pinger:Pinger | | ponger:Ponger

.* Top

1t Top

Portl: Protocoll

.

Port2: Protocoll

slp: Protocoll

s2p: Protocol2

sl: Server

dlient: Client +—%| s2: Server

cpl: Protocoll  cp2: Protocol2

UML-RT

Ports: System

CISC 844, Winter 2026
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Application code
(generated or hand-written)

RTS
library via corresponding system protocol

e Provides (part of) externally visible functionality (isService=true) v P &5y P Target 05

* Incoming messages passed on to state machine (isBehaviour=true) = Provides access to RTS services such as | Target HW

e Must be connected (isWired=true) o Timing: setting timers, time out message

- | t | b h . : ° timer2Port.informIn (RTTimespec (10, 2));
nterna ehaviour : // set timer that will expire in 10 secs and 2 nanosecs
. . . \

* As above, but not externally visible (isService=false) ! ° When timer expires, ‘t imeout’ message will be sent over timer2Port

¢ Connect state machine with a capsule part | e Log: sending text to console
R

] Re|ay i i ° logPort.log(“Ready to self-destruct”)

' ° but, canalsouse std: :cout << “Ready to ..” << std::endl;

e Pass external messages to and from capsule parts Lo ) )
i ' e Frame: incarnate, destroy capsule instances

[* Capsulel !
| ; | | \ o Capsulel
portl i relay 1 : i |Dgpmt:|_ S
_— c2: Capsule2 _— H portl ' Ui W -
external port2 )l z L ; : I; | c2: Capsule 2 o
/ : i timerlPo_rt_i_ TtﬁmErZ_Po_rt,l Fe
internal external or relay T T . !
UML-RT CISC 844, Winter 2026 2z T u _M_L-F{T ______________ CISC 844, Winter 2026 28



Example: PingPong

«* Top

pinger: Pinger

pingPort: PingPongProtocol

ponger: Ponger

poengPort: PingPongProtocol

< Pinger

; log: Log

I-F

== «Protecol= PingPongProtocol

I out ping ()

+I inpong ()

pingPort: PingPongProtocel

UML-RT

CISC 844, Winter 2026

< Car

.

lockPort [4]
centrallock: Centrallock

=" Ponger

[;—. ; log: Log

pongPort: PingPongProtocol

«* Centrallock

; startupTimer

lockPort [4]

a|[o® «Capsule, CapsulePropertiess Centrallock
o «RTPorts lockPort : ~Locking [4.4]
0 «RTPort» startupTimer : Timing
» &= tmplnt : Integer
> (B locksCount : Integer
centralLockSh
Centrallock
T,é Diagram centralLockSM

UML-RT

29
.
Example: Door
doorl: Door ) LOCk System
- «* Door
doorZ: Door
lockPort
’ lock: Lock
door3: Door lockPort
doord: Door
o« Lock
== «Protocol» Locking
> Ir out lockStatus (locked : Boolean)
+Z inlock ()
<2 inunlock [) lockPort
CISC 844, Winter 2026 31

Example: Rover

2 Top

(]
thr=7 controlSoftware: ControlSoftware e s
log ]
detection detection
== «Protocol» Engine
Z out moveForward () - Rover
I* out moveBackwards () )
> I+ outturnLeft (angle : Integer) ;
= . E”Q'”E[ engineController. EngineController 109
> I* outturnRight (angle : Integer) engine
Ir out stop () timer
4I in turnedLeft ()
in turnedRight () o
" stopped 0 oy detectionSensor: DetectionSensor
. detection
== «Protocols Detection
I+ out startDetection () detection
out stopDetection ) :
. 4T in cbstacleDetected (diStEﬂCE : REE') detectionSensor2: DetectionSensor
timer
UML-RT 30

UML-RT w/ Model RealTime: Part Il

= Core concepts

e Structural modeling

UML-RT

CISC 844, Winter 2026
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VendingMachine

State Machines

States

e Capture relevant aspects of history of
object

insertDollarl

e

insertDollar2

toblerone

e Determine how object can respond to
incoming messages

e May have invariants associated with them

Pseudo states

e Don’t belong to description of lifetime of AdaptveCruseControl

object

= object cannot be ‘in’ a pseudo state

e Helper constructs to define complex state
Changes checkS

notTooFar

Transitions

tooClose?

yesTooClose

notTooClose

e Describe how object can move from one
state to next in response to message input

checkA

yesTooFar tooFar?

UML-RT CISC 844, Winier 2026 33
= Kinds: ere
, Transitions
e Basic

e Later: group (in hierarchical state machines)

= Consists of
e Triggers
° Transitions out of pseudo states (initial, choice) don’t have triggers
° Transitions out of non-pseudo state should have at least one trigger
e Guards (optional, written in action language)
° Transitions out of initial state should not have guards

e Effect/Actions (optional, written in action language)

’ t[gl/a -
e

Trigger Guard Effect/Actions
Specifies port and Boolean condition that Code that is executed when
message must hold transition is taken

refer to message parameter via “*rtdata’

UML-RT CISC 844, Winter 2026 35

States I: Simple and Pseudo

= States
e Kinds:
o Slmple ________________________________________ @ WaitForObserver
° Later: composite (in hierarchical state machines)
B @ Green
* Maycontain =T T
° Entry action (written in action language) """ ---- s
----- - ~
° Exit action (written in action language) '=:I:::: L
« pseudostates| - S
P
. initial transition x
e initial )
I .
e choice point initial - __ _____, @ S{Stess)
state
checkS
notTooFar
tooClose?
JecicCioss notTooClose
checkd
l.ﬁcc.' ‘.j‘
yesTooFar | teoFar?
UML-RT CISC 844, Winter 2026 ! 34

choice point '

Transitions Into and
" Initial Out of Pseudo States
¢ Incoming transition: impossible
e Qutgoing transition: no guard, no trigger, but can have action code
= Choice point
¢ Incoming transitions: can have guard, triggers, action code

e Qutgoing transitions:
° No trigger, but should have guard

° Guards should be F Topii
©

i ;
° Collection of guards Received \<> femod 2==0]
[x=0]
should be exhaustive PEY

[notix mod 2==0]]

pairwise disjoint

(i.e., non-overlapping) Tnitial

UML-RT CISC 844, Winter 2026 36



Guards on Transitions out of Basic States

Statelachine

StateMachine

Playing
_____ o

return (hitCount>4);

return (hitCount<=3);

= Better to use choice points

e Make branching in control flow more explicit

UML-RT CISC 844, Winter 2026

Action Language
= lLanguage used in
e guards to express Boolean expressions
e entry action, exit action, transition effects to read and update
attribute values, send messages
= Typically: C/C++, Java

= State machines are a hybrid notation combining
° graphical notation for state machines and
° textual notation for source code in actions

= UML and UML-RT State Machines

° different from, e.g., Finite Automata

° closer to ‘extended hierarchical communicating state machines’ [6]

[6] R. Alur. Formal Analysis of Hierarchical State Machines. Verification: Theory and Practice. 2003.
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UML-RT: Characteristics 3

= State machines
e pseudo states (e.g., choice, junction, history)

=> transition chains

= Transition chains

(C» Changer_sm

g _initial [inserted<selected]
X G
@state1 | - feise]
G e —
| — @statez |-#—
T #F  gotSelected | | gotinserted
checkToonjes
-
felse] [changeLeftToGive==0]

-‘ [else] »
3

[ checkLoonies

< G

9

[changeleftToGive>=1]
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Example 3: 3xPingPong + Choice (1)

] Interaction_PP2

<« e
. pinger . ponger
IR &’ : Pinger &’ : Ponger —_—
| |
3.3] ‘ ‘
B \ 1: ping N ‘ i
— I — —
) 2: pong
pinger \ \ ponger
— T
|
UML-RT CISC 844, Winter 2026

[changeleftToGive>=2]

eise]
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«Capsule»
[°3 Pinger

«Protocol»
o-o PingPongProt
& «InEvent» pong ()
@ playP: PingPongProt | | T, «OutEvent» ping ()
@ p: PingPongProt

©1
«Capsule» (s Top
[°% Ponger

s

@ playP~ : PingPongP: [
play ingPongProt pinger : Pinger

playP playP~

on _at_and [true]
std::cout << "[Pinger] starting up" << std::endl;
std::cout << "[Pinger] sending ping" << std::endl;
playP.ping().send();
T
3 (s Pinger_SM
i
i
'
| : b
H ! [count<3]
i
J [else]
i t1 (
o » i

initial

on pong at playP and [true]
std::cout << "[Pinger] received pong" << std::endl;
std::cout << "[Pinger] sending ping" << std::endl;
playP.ping().send();

on pong at playP and [true]

_ Example 3: 3xPingPong + Choice (2)

i)
ponger : Ponger timerP

on _at_and [true]

std::cout << "[Ponger] starting up” << std::endl;

(»Ponger_sm

initial

@ Done G Play

“ T respond

'
v

on ping at playP and [true] '

std::cout << "[Ponger] received ping"” << std::endl;
std::cout << "[Ponger] sending pong" << std::endl;
playP.pong() - send();

std::cout << "[Pinger] received ping" << std::endl;
std::cout << "[Pinger] done" << std::endl;

// SM is in stable state, i.e., ready to process messages

1. Message m has arrived and is delivered to SM
2. If SM has no transition that is enabled, m is
‘dropped’
3. Iftransition t enabled in SM, i.e.,
1. source state of tis active,
2. trigger of t matches m, and
3. guard (if any) of t evaluates to ‘true’
then execute transition chain tc starting at t:
1. execute exit action of source state of t, if any

2. execute action code along tc while checking
guards if any

3. execute entry code of target state of tc, if any
// SM is in stable state

Execution
Semantics |
[a®* TrafficLight
| |

+Changer.sm
ot "~ rserea<seiecie]

@ stater = it

s @sttez |-# 3

A T gotinsertea

eneckToones

hangeteftfoGhe>=2)

el (hangelefToGhe==0]

feise]

fese) s

(hangelefToGhes=1)

L 0
-

L

) Fort

.m5 m4 m3 m2 ml

AN AN
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Example: Action Code, Timers, Logging

TrafficLightStateMachine
&
G Red timeout @ Green timeout )| @ ellow
- I » - -
- N - -
r NN 7
AY
Ay
AN
AN
\\ timeout
\ » J
Y
Y
N
A Y
funning. N

timer.i nf‘armIn(U MLRETTimespec(5,0]);

e
loglog("Switched to red"); Q
@)

UML-RT
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Application

Execution
Semantics |

RTS

(Cont’d)

’ Target OS (Linux, Windows, OS X) ‘

Target HW

’ RT Controller w/ message queue mq
’ Shared structures & services

Controller main loop

WHILE (1) {
<m, sm> = dequeue (mqg) ;

IF can find transition t in sm such that enabled(m,t,currRTState) THEN

currRTState = execChain (t,currRTState);
ELSE
report ‘Unexpected message m’;
}
WHERE

currRTState is ..?
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Application

Execution

RTS

|
Semantics | |
(Cont’d) ;

Target OS (Linux, Windows, OS X) ‘

Target HW ’ RT Controller w/ message queue mq
Controller main |OOp ’ Shared structures & services
<actStates,vars,mg> := execInits(); How to add support

WRIE (1) for entry/exit actions? For junction/join points?
<m, sm> = dequeue (m) ; N ‘
IF can find transition t in sm such that enabled(m,t,<actStates,vars,mg>) THEN

<actStates,vars,mg> = execChain (t,<actStates,vars,mg>);
ELSE
report ‘Unexpected message m’;

}

WHERE

enabled (m, t, <actStates,vars,mg>) =

source (t) in actStates, trigger(t) matches m, and eval(guard(t),vars)=‘true’

execChain (t, <actStates,vars,mg>) =

<actStates,vars,mg> := exec(effect (t),<actStates,vars,mg>);

WHILE target (t) is choice point {
find t’ such that source(t’)=target(t) and eval(guard(t’),vars)=‘true’;
<actStates,vars,mg> := exec(effect (t’),<actStates,vars,mg>);
t =t’;

}

RETURN <actStates,vars,mg>;
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Example: Execution Semantics | (Cont’d)

$ ./executable.exe -URTS_DEBUG=quit
RT C++ Target Run Time System - Release 7.0.07

targetRTS: observability listening not enabled
Task 0 detached

[Pinger] starting up

[Pinger]) sending ping 1
[Ponger] starting up
[Ponger] received ping
[Ponger] sending pong

[Pinger] received pong

[Pinger] sending ping 2
[Ponger] received ping
[Ponger] sending pong

[Pinger] received pong

[Pinger]) sending ping 3
[Ponger] received ping
[Ponger] sending pong

[Pinger] received pong

[Pingexr] done

® Things to try

¢ |nits initial transition, pinger sends 2 ‘ping’ messages
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Example: Execution Semantics |

(s Ponger_sm

(s Pinger_SM
_[count<3]/send (ping) ;
count++;
.T | @ Play
! ! [
@ Play Lw IW L g @Done | —
_L1/send(ping) ; pongl1/_ LI! (count<3)1/_!
count=1; 1 ping[]/send (pong) ;
actStates vars mg
—r— count=_ (] JL pinger, ponger
Play,Play count=1 [ping] ponger
on .
(p 9l J L pinger
count=2 [ping]
[pong]
count=3 [ping]
[pong]
Done,Play [1
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Example: Timers

logger.log("Processing request™);
// cancel timer

timer.cancelTimer(timerId); -
// compute ocutput c:Client ' s:Server.

p.response(output).send();

set timer to MAX

-

A

ServerShM loop [n < MAX]
o { Waiting >
(requestl 3
£ n seconds later
_______ request(input:InputData) [
ior |
frritng Op%rquEBehawor [k = — response(output:OutputData) I I
Lo time )
______ cancel and set timer
1
1
1 : A
: 1 more than MAX seconds later
I " "w |
| logger.log("Too late!"); request(input:InputData) [
1
|
Ilogger.log( setting t|mer % e I
timer.informIn(UMLRTTimespec(MAX, 0));
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HCL Model RealTime

= Download and installation

e Queen’s version
e Java 21, 64 bits

= Q&A forums

e CISC 844 forum on Discourse server

UML-RT CISC 844, Winter 2026

Model RealTime (Cont’d)
= Tips and tricks

e Common mistakes
° Forgot: ‘send’ statement or trigger
logP.log("[Pinger] sending first ping");
pingP.ping();
° Execution results in a ‘stackdump’? C++ issue in action code, e.g.,

int delay = 500000000;
logP.log("[¥s] twiddling for %¥d nanoseconds”, delay, "Pinger");
// wait for ©.5 seconds; 10”9 nsec = 1 seg

fimingP.informIn(RTTimespec(e, delay));
° When using ‘Code View’:
~ don’t confuse tabs:
for transitions: ‘effect’ vs ‘guard’

for states: ‘entry’ vs ‘exit’

ensure changes saved properly
= Examples

e See ‘Sample models’ page

UML-RT CISC 844, Winter 2026
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Model RealTime (Cont’d)

Use
¢ (model, generate, build, run)**

Generated code

e <workspace>/<projectName>_target/

RTS
¢ <RTist installation dir>/rsa_rt/C++/TargetRTS/
Building generated code
e executable:
° <workspace>/<projectName>_target/default
Running generated code
e from inside RTist

e from command line

>> ./executable.exe -URTS_DEBUG=quit

1-DRIVEN
d d Slll"l\':\llll‘\:: DEVELOPMENT
Beyond Code:
’ B DUMMIES
An Introduction to Model-Drive e
A Reference AND AUTOMATION
Software Development L Ol

(CISC 844)

UML-RT and HCL Model RealTime: Part Il

Juergen Dingel
Winter 2026
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UML-RT w/ HCL Model RealTime : Part lll

More on

e State machines
° States
- Simple
~ Composite
° Pseudo states
~ Initial
~ Choice point
~ Entry point
~ Exit point
~ History
~ Junction
e Execution semantics

° Run-to-completion

Design guidelines

UML-RT

Source state is composite

Example:

CISC 844, Winter 2026

Group Transitions

e Start configuration <‘play’,’player2Move’>

e Execute transition ‘reset’:

o

¢ End configuration <‘idle’>

53

exit code ‘player2Move’, exit code ‘play’, effect ‘reset’, entry code ‘idle’

CardGameSM

play

States ll: Composite and Pseudo

States
e Kinds:

° Simple

° Composite (in hierarchical state machines) -------=""""

e May contain
° Entry action

° Exit action

Pseudo states
e initial
e choice point
e history
e entry point
e exit point
e junction point

UML-RT

in composite
states only

@ DoSomethingSimple

@D DoSomethingComplex

oo

@ HasEntryAction

Iad

@ HasExitAction

It

Stated

entry | =

point i

State Configuration

= States can be active: flow of control resides at state

= |f a substate is active, its containing superstate is, too

= Active state really is a tuple: list of active states

= Stable state configuration: no pseudo states and ends in basic state

= Example: <'play’, ‘player1Move’, ‘waitForHand’>

Initial ;1

start2 ]

playerlMove

noWinner

[ A \
1

: player2Move

1

EeRel hasWinner? E \

CardGamesM W

CISC 844, Winter 2026
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exit
point
. 1
history
CISC 844, Winter 2026 54
' ™

playerlMove

play

Initial

noWinner

askForBet

receiveBet_azkForHand

donel

( playerzMove ]
\

E\-‘aitForHa n%

hasWinner? B
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Entry and Exit Points History

= Re-establish full state configuration that was active when containing state

= Required boundary pseudo states for transitions crossing
was active most recently

boundaries of composite states
= |f entering state for first time, go to initial state

= Transition ending at entry point w/o outgoing transitions:
implicit return to history

=  Example: from <‘play’, s> to <‘play’, s> with ‘reset’ ‘resumel’

CardGameSh B
R play
F el ! resumel |
closeSafe Initial G
e N < P T il = d
oo ~\\\\\ : . playeriMove
~a i .
Closed 'E_Sa_t _:
noWinner 2
resetl
openSafe
- = | G playerZMove
T ,’I Hanek hasWinner? =
L% #
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. ’ . .
History (Cont’d) Junction Points
= History pseudo state does not need to be given explicitly e
= Transition ends at boundary of composite state: Implicit return = Can be used to split and F‘;“;Cw"tx
to histor '
¥ merge control flow
F > StateMachine - Warn'ng:
timeoutl e Static evaluation: All guards on transitions connected by junction
Active
ﬁ < points evaluated BEFORE first transition is taken
5 ‘ e Transitions taken only when fully enabled path exists
result+
i * Choice points i . R
.. ¢ Dynamic evaluation: : ‘ /
L S
= Active
~=___ Guards evaluated as - o Ry
> ¢ sendlncl sendDoub . @ State3 |0 U'-[" e b i tzh_‘ o » G Stated
transitions are executed | | ‘ |
= Pros/cons? "
* &2 Default

sendlnc?
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Junction Points (Cont’d)

= Merge useful to avoid duplication of action code

Open

gotSta

gotDigitl gotDigit2

gotDigi
Got5tal i GotlDigit) [ Got? Digits| " Got3Digits
notﬁarﬁl :
codeComplete
gotDigit

Sy

notStar3
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Run-to-Completion

= Event processing of state machines follows run-to-
completion semantics

= Dispatching of message triggers execution of possibly
chain of transitions (‘exec’ on previous slide)

= Execution lasts until stable state configuration has been
reached (last state in transition chain not a pseudo state)

= During transition execution, no other message will be
dispatched

= execution triggered by message treated as one unit
= no ‘interleaved’ processing of messages

= less potential for bugs (e.g., ‘race conditions’)

UML-RT CISC 844, Winter 2026 63

Junction Points (Cont’d)

= State machine of processor in matrix multiplication:

(*SM
b a
= Initial & I “
@D HaveBneedA J @D HaveAneedB j
2 a
g PP\
@ WaitForDimensions I b
compute
‘l, L gotAllvValues
- QD?ne
connect "L
b - notGotAllvValues __Ja
~ e
@ WaitToStart start @ WaitForABorDone ;
P bio z
v
3, A,
> | Pog [ > | Poa
v bi,O
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= Assume

e State configuration: <5,51,511>
e Message ‘sig’ dispatched to state machine

=  What happens?
a s N
, n ™

Ve s1 \, entry/eT1
exit/x51 / T11 \

entry/eT11

(su 3 —
exit/x511

_ )

/

[UML2.5.1] UML Specification v2.5.1. Dec 2017. Page 381
https://www.omg.org/spec/UML/2.5.1/PDF
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QHsmIst example, built on Sep 25 2007 at @9:11:31, Sam09] M. Samek. H H
Prode wicco quie . A Grash ourse in UM State Machins. Controller main loop Execution Semantics Il
top—INIT ;s 52-ENTRY ;52-INIT;s21-ENTRY ;s211-ENTRY; Article based on Chapter 2 of the book WHILE (1) {
‘gll{: sfi-ﬁ $s211~ E{ll’.sﬂi EXIT:s2-EXIT;s1-ENTRY;s1~INIT;s11-ENTRY; Practical UML Statecharts in G/C++ T~ dequene (n) 5
DA: 11-EXIT;s1-EXIT;51-ENTRY;51-INIT;s11-ENTRY; 2nd Edition. E ) D S
33: 1-bye 11 B‘Elg.{fSI-E’[(;{ts—l"lel ENTRY;s11-ENTRY; March 2009 IF can find transition t such that enabled(ssc,m,t) THEN rts = exec(ssc,t);
>D: s11-Disil sl s11-EN : \ r.
5G: s1-Cigii-EXIT;s1-ERIT322-ENTRY;52-INITzs21- ENTRY 35211~ ENTRY S ELSE report ‘Unexpected message m’;
DE: s-E;s211-EXIT;s21-EXIT;s2-EXIT; sl—EHTR'i.sll— }
DE: -E.:li-ﬂl['f.sl EHIT.:I EHTRT.sll-ElT WHERE
2G: s11-Gis11-EXIT;s1-EXIT;:s2-ENTRY;s21- ENTH'I,SZI.I. ENTRY ;
3{5 52;!: enabled(<ssc,vars>,m,t) = (1) source(t) is active in ssc, (2) trigger(t) matches m,
Se: Bye. Bye! . TERMINATE—p(@) (3) eval(guard(t),vars)='true’, and
! me->foo = 0; /_ (4) source(t) does not contain any other state satisfying (1), (2), (3)
s exec (<ssc,vars>,t) =
Example gnltry.f LET ssC=<S;, .., S;.qs Sis Sj;s - S,> Where s;=source(t) IN
exit/ /_. \ = ~ FOR j=n to i+l {execute exit of syti
(Contld) | [me->foo] / me->foo = 0; [ 2 Ve <targetOfChain,vars> = execChain (t,vars);
eng s, = leastCommonAncestor (source(t), targetOfChain);
P s1 e | 'me->foo] / me->foo = 1; - LET <s,, s’;, .., s’,> be containment hierarchy where s’ =targetOfChain IN
entry / <«—C—| - RETURN <<S,, .., S, Sy, S';, ., s’ >,vars>
D 'me->foo |/ | gxit / s s21 ) 1 k-1 x 1 o Var
e Hon=1: | b prT execChain (t,vars) =
= =t C n
! s11 —» s)titr:‘ ™ execute exit of source(t), if any;
R entry / = G- A execute effect of t, if any;
exit / e il s211 execute entry of target(t), if any;
f— »
E. S G o Q—) WHILE target (t) is pseudo state {
(—‘ - F— find t’ such that source(t’)=target(t) and eval(guard(t’))=‘true’;
execute exit of state(source(t’)), if any;
A D [me->foo] / H —F > )
execute effect of t’, if any;
me->foo = 0; H t t f state(t t(tr)), if
execute entry of state(targe , if any;
¥ J LS , e s
i ! i
7 RETURN <target (t),vars>; } UML2.5.1 Spec, Section 14.2.3
UM ©5

http://www.omg.org/spec/UML/2.5.1/PDF

UML-RT: Design Guidelines UML-RT: Design Guidelines (Cont’d)

=  General = Action code

e Names e Short, simple, terminating, readable, reachable (i.e., not dead)

° Descriptive, correct (syntactically and semantically), consistent ¢ Avoid ‘hidden’ states (e.g., flags and complex control flow)

e Readable, clear layout of models = Junction points

e Remove/cancel what is not needed anymore (timers, capsule parts) « Only use for merging

¢ Avoid duplication (through, e.g., operations, junction points for merging,

° = Transitions
entry and exit code)

| e Guards: short, simple, readable, side-effect-free
= Capsules . . . . .
P e Qut of choice points: at least two, guards exhaustive and exclusive, no trigger
e Low coupling, high cohesion (look at connectors, message traffic, protocols) « Out of initial, entry, exit, junction: no guard, no trigger
e Avoid overly deeply nested capsule definitions « Out of non-pseudo state: no guards
* State machines e Use different kinds (external, local, internal) appropriately

e Avoid unreachable states and transitions « Avoid dropped, ‘unexpected’ messages

* Avoid overly deeply nested composite states e Make copy of complex message parameters upon receipt
* Avoid composite states with only one substate e Can’t cross ‘state boundaries’ w/o going through an entry or exit point
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UML-RT: Design Guidelines (Cont’d)

= Correct use of constructs and services offered by UML-RT, RTS or C++
e Random number generator
° Initialize once at startup (e.g., using srand (time (0)))
e Replication
=  QObservability
¢ Insert informative log statements at suitable places to facilitate reasoning
about the model (debugging, error localization)

Format:
logP.log (" [Name of capsule part] (Name of state)..(Name of substate) info”)

where ‘info’ describes
° message and/or data received, or
° attribute values

e Consider use of command-line parameters to facilitate testing
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