Bran Selic ObjecTime Limited bran@objectime.on.ca

Real-Time Object-Oriented Modeling

2

• Real-Time Systems and Ar chitecture

• The ROOM Modeling Concepts

• Development Pr ocess

• Summar y

Tutorial Structure

3

General Real-Time System

Physical Elements

Sensor Sensor Effector Effector

SW Agent SW Agent

SW Agent

SW Machine

SW Machine

SW Machine

SW Machine

SW Machine

SW Machine

SW Machine

SW Machine

4

Software Architectures

Physical Elements

Sensor Sensor Effector Effector

SW Agent SW Agent

SW Agent

SW Machine

SW Machine

SW Machine

SW Machine

SW Machine

SW Machine

SW Machine

SW Machine

5

What is an Architecture?

• Architecture: an abstract specification that constrains the structural and beha vioral patterns of all system components

• Key to proper construction and e volution

Functional Space

version 1 version N

version 3

version 2

Architecture A

Architecture B

6

An Example Architectural Specification

High-Level System Structure Behavior

Scenarios (Use Cases)

7

The Fate of Most Architectures...

main () {
   BitVector typeFlags (maxBits);
   char buf [1024];

   cout << msg;
   while (cin >> buf) {
       for (int i = 0;i<maxBits;i++)
           if (strcmp(typeTbl[i],buf)==0)
               {typeFlags += i;
               break;
               }
           if ...# ! !

8

• Interpretation err ors

- “Hmm, I wonder what that b ubble means?”

• Feasibility (tec hnological) limitations

- “And, here, a miracle occur s...”

- “To simplify anal ysis, we will assume ...”

• Translation err ors

- “Oops!”

• Design c hang es

- “I’ll show those iv ory-tower types ho w to do it right...”

Why Architectures F ail

9

Modeling and the De velopment Cyc le

• Traditional vie w

• Characteriz ed by semantic gaps that discoura ge recursion and intr oduce err ors

High-Level (Architectural)

Detail Modeling

Modeling

Analysis&Design Implementation

Programming Languages

Compilation & Library Structures

Development Activity

Scope

High-Level Modeling Notations

Detail Mod. Notations + Programming Languages

10

• Real-Time Object-Oriented Modeling

• Two level scheme with formally defined relationships between le vels

• Incorporate standar d programming langua ges (e .g., C++) for detail modeling

Analysis&Design Implementation

Programming Languages

ROOM Schematic Modeling Language

High-Level (Architectural)

Detail Modeling

Modeling

The ROOM Approach

11

• A method for developing software f or real-time distributed systems

- suited f or event-driven systems

- full-cycle method (A D I)

- uses a f ormal graphical modeling langua ge

- suited f or computer -based automation:

-- executab le models

-- automatic code g eneration

• Originated in Bell-Northern Resear ch

ROOM

REAL-TIME OBJECT-ORIENTED MODELING

Bran Selic, Garth Gullekson and Paul T. Ward

WILEY WILEY PROFESSIONAL COMPUTING

12

Architectural Le vel Language (ROOM)

Detail Level Language

Two Levels of Modeling

e.g. C++

Modeling in ROOM

13

• The structural aspect of ar chitectures tends to be object-based

• The object paradigm is a syner gistic combination of proven, useful concepts

- encapsulation, pol ymorphism, inheritance ...

• The potential f or re-use

- formally suppor ted only in implementation-le vel programming langua ges

- can it be used at the ar chitectural le vel?

-- e.g., can an ar chitecture be inherited?

Why Object-Oriented?

14

• Real-Time Systems and Ar chitecture

• The ROOM Modeling Concepts

• Development Pr ocess

• Summar y

15

The Question of Notation...

“By relieving the mind of all unnecessar y work, a

good notation sets it free to concentrate on more

advanced pr oblems, and in eff ect increases the

mental po wer of the race”

- Alfred N. Whitehead

16

• Objects that carr y information about some e vent

• Message-based comm unication is well-suited to distributed systems

“Fire”

Street: Elm St.

Number: 10

“ACK”

Signal

Data object (optional)

Location

Messages

17

• A messa ge in transit is assigned a priority that identifies the significance of its e vent

• Required to suppor t timely responses

“Fire”

Street: Elm St.

Number: 10

Location

HIGH

PRIORITY

Message Priorities

18

Object Types

PASSIVE

- messa ges

- Detail Level data

ACTIVE

- actors - own execution thread (concurrent)

19

• The active objects of R OOM are called actors

• Actors can send and receive messa ges thr ough distinct interfaces called ports

PORTS

INCOMING MESSAGE

OUTGOING MESSAGE

ACTOR

ENCAPSULATION SHELL

Actors

20

• Each interface of an actor has a unique name and an associated protocol

• Different interfaces can use diff erent pr otocols

• An actor can present diff erent “views” of itself to different collaborator s; e .g.:

CONTROL INTERFACE PORT

SERVICE INTERFACE PORTS

Actor Interfaces

21

• An extension of con ventional interface concept based on messa ge exchang e sequences

• A protocol is defined b y:

- a set of v alid messa ge types and their directions of flow

- a set of v alid messa ge sequences (future e xtension)

Protocols

22

• Message sequences are e xpressed b y Message Sequence Char ts (MSCs)

• Defined b y ITU standard Z.120

Message Sequence Char ts

23

• Sometimes diff erent actor s use the same pr otocol definitions

• It is convenient to define pr otocols independentl y of the actor s that use them thr ough protocol c lass specifications

• Each port (actor interface) has a type that is defined by its protocol c lass

• Protocol c lasses represent reusab le interface specifications; this is the basis f or a type of polymorphism a vailable in ROOM

Protocol Classes

24

• The collection of all interface types of an actor defines its type

• This is a basis f or a form of genericity

Actor Types

25

• The object paradigm allo ws us to combine objects to create more comple x systems

• The connections between por ts are called bindings

Combining Actor s — Actor Structures

26

• Abstract representations of estab lished

communication c hannels f or exchanging messa ges between actor s

• Only ports with compatib le protocols can be bound

- Usually, a protocol c lass and its conjugate

• Bindings e xplicitly identify all valid causal linka ges between actor s

• Semantics of bindings are defined b y the protocol classes of the por ts

Bindings

27

• If the functionality of an actor is comple x, it may be useful to break it do wn into simpler components

• Actors can be defined recursively!

Looking Inside Actor s

28

• As with protocols, it is often useful f or multiple actor s to share a common specification

• This is ac hieved through actor c lasses

• ROOM distinguishes between the c lass and the type of an actor

actor c lass = actor type + actor implementation

Reusing Specifications — Actor Classes

29

• Actors can either rela y messa ges to internal

components or handle them directl y

• All messa ges arriving on relay ports are forwarded automaticall y

• Alternatively, messa ges arriving on an end por t are processed b y the actor

Handling Messa ges and P ort Types

30

• End por ts are the access points to the beha vior (component) of an actor

• Identified b y a distinct graphical notation

• The beha vior component is implicit; i.e ., it is not explicitly rendered in a dia gram

End Ports and Beha vior

31

• Between successive e vents, the beha vior is quiescent, “listening” f or incoming messa ges

• When a messa ge arrives, the beha vior is activated and ma y respond b y sending one or more messa ges of its own through its por ts

Wait for Next Message

Handle Message

The Behavior of Reactive Systems

32

• What happens if a ne w higher priority e vent arrives while the pre vious e vent is being pr ocessed?

• Two options:

- preemptive paradigm interrupts current e vent handling

- run-to-completion paradigm finishes handling the current e vent handling bef ore moving on to the ne w event

• ROOM uses the run-to-completion paradigm

Execution P aradigms

33

ROOMcharts

Wait for Next Message

Handle Message

34

• Each transition has

- a trigger which specifies the messa ge arrival event(s) that causes the transition

- optionally, an action that specifies ho w the event is handled

• The action specification belongs to the Detail Le vel and uses the pr ogramming le vel of choice (e .g., C++)

Events, Triggers, and Actions

35

• In addition to temporar y variables that ma y be associated with an action, R OOMcharts also allo w the definition of extended state v ariables

• Variables are passive objects used to store Detail Level information that needs to be retained between transitions

- for example, instances of C++ object c lasses

Extended State V ariables

36

• Hierarchy is a means of dealing with comple xity by focussing on onl y a mana geable chunk at a time

Hierarchical States

37

• A “shorthand” form for equivalent transitions that emanate fr om a common state

• Group transitions not onl y reduce visual c lutter but often also identify “higher -order” events and pr ovide hints about potential state a ggregations

S1

S2 S2 S0 e e e

S1

S2 S2 S0 e =

Behavior — Gr oup Transitions

38

The Effectiveness of R OOMcharts

A1

A2 a1 a2 B1

B2 b1 b2

B A

a

b

A1|B1

A2|B1

A1|B2

A2|B2

B1|A1

B1|A2

B2|A1

B2|A2

b a

b a

b a

b a a2 a1 b1 b2

a2 a1 b1 b2

“FLAT” STATE MACHINE EQUIVALENT:

(8 states, 16 transitions)

ROOMCHART:

(6 states, 6 transitions)

For a 3-state equiv alent: 9 states and 12 transitions (vs. 24 and 72)!

=

39

• Each of the following class types has a distinct c lass hierarchy

- Actor classes

- Protocol c lasses

- Data classes

• The rules of inheritance are not unif orm in the three different hierar chies

Inheritance Hierar chies in ROOM

40

Actor Class Inheritance — Structure

Gray pen used to indicate inherited attrib utes in subc lass

SUBCLASS

CLASS

NEW ATTRIBUTES IN SUBCLASS

41

Actor Class Inheritance — Beha vior

42

Refinement of Beha vior in Subc lasses

SUBCLASS REFINES A “LEAF” STATE IN THE SUPERCLASS

43

• Useful for dealing with regular repeating structures

kNumGates ACTOR INSTANCES kNumGates PORT INSTANCES

Replicated Structures

44

Dynamic Structure — Optional Actor s

• Components ma y be created after their container as needed

• Creation/destruction contr olled by the container

45

Multiple Containment and Impor ting

• Captures components that are sim ultaneousl y part of two or more container actor s

• Component actor s are “slots” to be filled as needed

Call

TelephoneY

TelephoneX Telephones n

EQ1 EQ2

TelephoneSystem “IMPORTED” Actor

“REPLICATED” Actor

46

Generic Structures

• Ability to define a component as “g eneric”

• Any actor with a compatib le type can be impor ted into the generic “slot”

• A single model represents a collection of possib le variants

Call

TelephoneY

TelephoneX + +

47

Layering

• Layer relationships:

- Directed hierar chical relationship

- For modeling widel y-shared implementation ser vices

• Reduces apparent comple xity

• Communication model also based on pr otocols and port-like interfaces ( Service Access P oints (SAPs))

A

B C D

SharedSer vice

E

A

B C D

SharedSer vice

E

48

• Real-Time Systems and Ar chitecture

• The ROOM Modeling Concepts

• Development Pr ocess

• Summar y

49

Typical Current De velopment Micro-Cycle

Requirements Spec + -

Generate Scenarios

Derive structure

Derive beha vior

Execute model and g enerate MSC

Compare MSCs

Required MSC

Structure Model

Behavior Model

Generated MSC

50

• Real-Time Systems and Ar chitecture

• The ROOM Modeling Concepts

• Development Pr ocess

• Summar y

51

• The essential comple xity of reactive systems is sufficientl y high to require specializ ed modeling concepts

• ROOM takes advantage of many recent de velopments in computer tec hnology (formal methods, the object paradigm, graphical user interfaces)

• Also, ROOM was explicitly designed to take

advantage of computer -based automation of man y of the more mec hanical activities of de velopment

• This gives it a unique potential f or significant gains in productivity and quality

Why Use ROOM?

52

• Use of graphical syntax f or easier comprehension

• Abstractions f or dealing with high-le vel (architectural) phenomena of lar ge real-time systems

- Protocol-based m ultiple interfaces

- Concurrent objects (actor s)

- Dynamic structures

- Replicated structures

Modeling Structure

53

• High-level based on graphical syntax

• Uses hierar chical state mac hines

- Chosen to allo w powerful modeling capabilities while allowing for straightf orward and efficient (automated) implementations

• Priority-based e vent handling f or dealing with realtime requirements

• Incorporates industr y standar d programming langua ges (e .g., C++) for detailed specs

Modeling Behavior

54

• Over a hundred diff erent industrial pr ojects ha ve used R OOM

- including complete automatic code g eneration

• Various application domains:

- telecom

- defense/aer ospace

- manufacturing

• ROOM and ObjecTime are being used as a basis f or teaching real-time systems in a n umber of under graduate and graduate cour ses

Experience