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An Overview of 
Behavioral Modeling Languages



DynamicLanguages: An Overiew

•State-based reactive

•Dataflow-based

•Event & Rule-based

•Agent-based

•Block diagrams

•Other

System

•Requirements

•Scenarios

Property

•Simulation, Static analysis, Model 
checking, 

•Symbolic computation, ODE (Diff. Eq)

Analysis techniques:

ÁEngineering languages:

o Statecharts, Statemate, 
Business Process Models, 
SimulinkBlock Diagram, 
Message Sequence Charts, 
KAOS, Drools, CQL, Esterel, 
AnyLogic,  Modelica, 
Ptolemy-II, …

ÁFormalisms:

o Petri nets, Finite automata, 
Timed automata, Cellular 
autom. Bond graph, Process 
algebra, Queuing network, 
Kahn process network
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Characteristicsof DynamicLanguages

ÁSpecification
o Consistency

o Completeness

o Unambiguity

ÁTime
o Untimed

o Discrete

o Continuous

ÁCommunication
o Synchronous

o Asynchronous

ÁDeterminism
o Stochastic

o Deterministic

ÁCausality
o Causal

o Non-causal

ÁAnalysis
o Exactvs. Approximative

o Completevs. Incomplete

ÁOtherconcepts
o Conflict, priority

o Dependency, 
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PropertySpecificationLanguages

ÁRequirements

o Human readable

o Structured text 
(DOORS, SysML)

o Requirements modeling 
notations (i*, KAOS)

ÁScenarios

o Specifypermitted / 
forbiddenexecutionpaths

o LTL, Temporal OCL

o UML Sequence Diagrams

o Message sequence charts
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State-basedlanguages

ÁMain concepts:

o State, Transition

o Event, Action

o Statehierarchy, history

ÁExamples:

o Finiteautomata

o Timed automata

o Cellularautomaton

o Statemate(Harel)

o UML Statecharts

o MatlabSimulink
Stateflow
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Dataflow-basedlanguages

ÁMain concepts:
o Process, activity

channel, queue, 
token/message

ÁExamples:
o ActivityDiagrams

o Business Process
Models
(alsoevent-based)

o Petri nets

o Queuingnetworks

o Kahn process
networks

o Esterel
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Event-basedRulelanguages

ÁMain concepts:

o Events(atomic, complex)

o Eventqueue/stream

o Timestamp, Time window

o Rule(Precondition,Action)

ÁExamples:

o Business rules(Drools)

o Graphtransformation

o Streamprocessing(CQL)

o Complexeventprocessing
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Agent-basedlanguages

ÁConcepts

o Agents+ Connections

o Behavior
(create, destruct)

o Space, Mobility,

o Environment

ÁCharacteristics

o Decentralized

o Individual-centric

ÁExamples:

o AnyLogic

o Socialsimulators
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Continuous-time Languages

ÁBlockdiagrams(causal) 
(Simulink, Ptolemy)

ÁMulti-Physics(non-causal) 
(Modelica, Bond Graphs)

10



OtherDynamicLanguages

ÁPopulationdynamics

o N(t+1) = N(t) + B - D + I + E
(birth, death, immigrants, 
emmigrants)

o Calculationof rates

ÁForresterSystem Dynamics

o Stocks, Flows

o Feedback, Time delays
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Dynamic Metamodeling in DSLs



DynamicMetamodelingin DSLs

ÁComplementStaticMetamodel with

o Dynamicmetamodel: currentState, configuration, etc.

o Executiontracemetamodel: previousstate, replay
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MMstat

StaticMetamodel

MMtrc

TraceMetamodel
MMdyn

DynamicMetamodel

<<uses>>

<<uses>>

<<uses>>

Mstat

StaticModel

Mtrc

TraceModel
Mdyn

DynamicModel

<<uses>>

<<uses>>

<<uses>>

<<instanceOf>>

<<instanceOf>>

<<instanceOf>>



Example1: Business Processes
Static Dynamic

P: Process

login : Receive

main : Sequence

Sc: Scope

contains

contains contains

next

state = runs

operation = op1

variable = v1

state = executed

state = startable

next
…



Example2: Petri Nets
Static Dynamic

N: Net

var : Place
intial : Place

t1 : Transition

trans
place

arc

final : Place

place

place

arc
arc

: Token

: Token

place

place

p2

p3 p4

p7

t1

t2

t6

p5 p6

t4



Metamodelingof ExecutionTraces

ÁRepresentationfor

o Hierarchyof steps(simple, compound)

o Old valueČ New value

o Aim: Replayable
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Statecharts for
Modeling Reactive Behavior

Statecharts



State-basedbehaviourmodeling

ÁState partition (AKA state space)

o A setof distinguishedsystem states

o Examples

Å{Mon, Tue, Wed, Thu, Fri, Sat, Sun}

ÅStatesof microwaveoven: {full power, defrost, off} 

o DEF: A statepartition is a set, exactlyoneelementof 
whichcharacterizesthe systemat anytime.

ÁCurrent state

o E.g. todayis Wed, the microwaveison defrost, etc.

o DEF: At anygivenmoment, the currentstateis the
elementof the partition whichis currentlyvalid.



Compositestatemodeling

ÁModelingcomplexsystems

o Asynchronouscomponents

o Compositestatespaceasproduct of state spaces

ÁChallenge: scalability

o Exponentialexplosionof statespace

Å10 componentsof 6 local stateseachĄ 610 states!

o More concisenotation required

ÁSolution: statechartlanguages

o Hierarchicalrefinementwith history

o Concurrentregions
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Statecharts= States+ Transitions
ÁDescribes the states and state transitions of the system, of a 

subsystem, or of one specific object.
o hierarchical and concurrent systems

ÁStates
o Concrete state: 
ÅCombination of possible values of attributes
ÅCan havean infinite statespace

o Abstract states: (like in Statecharts)
ÅPredicates over concrete states
ÅOne abstract state ċ many concrete states
ÅHierarchical states: 

ïFrequent in embedded apps (e.g. control of car brake)

ÁTransitions
o Triggering Event
o Guard
o Action



Statechart- introduction

ÁFor defining reactive behavior of objects

o Responds to events:
state transitions and actions

o Traditional approach: statemachine

ÁStatechart: extension to state machine

o State hierarchy: refinement of states

o Concurrent behavior: parallel threads

o Memory: last active state configuration



States I.

ÁAttributes:

o entry action

o exit action

o static reaction

ÁState refinement

o Simple state 

o OR refinement: auxillary state machine, 
only one active state

o AND refinement: concurrent regions (state machines),
all regions are active in parallel

print_job

entry/init()
job/print()
exit/reset()



Example for state refinement: TV

On Off

Standby

Disconnected

SoundImage

Show

Videotext

SoundOn

SoundOff

txt txt snd mute out in

off

out

on



State II.

ÁHistory state

o Stores the last active state configuration

o Incomingtransition: it sets the object to the saved 
state configuration

o Outgoingtransition: defines the default state, if there 
were no active state since

ÁInitial state: becomes active when entered to the 
region
ÅOne in each OR refinement

ÅOne in each AND region

ÁFinalstate: statemachineterminates



Statechart elements

ÁState

Á(Transition)

ÁHistory state

ÁInitial State

ÁFinalState

Statename

H H*

s1 s2



Transition I.

ÁDefining state changes

ÁSyntax:

trigger [guard] / action

o trigger: event, triggered operation or time-out

o guard: transition condition

ÅLogic formula over the attributes of the objects and events

Åreferring to a state: IS_IN(state) macro

ÅWithout trigger: if becomes true the transition is active

o action: operations Ý action semantics



Transition II.

ÁTime-out trigger:
o becomes active if the object stays in the source state 

for the predefined interval

e.g., tm(50), based on system time

ÁComplex transitions
o Fork

o Join

o Condition

ÁTransitions between different hierarchy levels



Transitionexample

Prepare

Phase1

Act1

Phase2

Act2 Act3

Passed

Missed
tm(50)

error

Work

Group2

Group1

illegal_activity [fatal] / report_status()

[fatal] / report_status()

[not_fatal] / recovery()

Failure



Complex Example

ÁTraffic light for an intersection with a prioritized 
road

o Off: (blinking yellow)

o On: green for the priority road

o Green, yellow, red etc. Different timerange(timer)

o 3 waiting vehicle on priority road: green light despite 
the timer’s ticks

o Automatically take photos of vehicles crossing the 
piority road on red light. Manual on/off for this 
feature.



1. Basic state machines

Off

do/blink

!reset

Red

Yellow

Green

Red
Yellow

T1

T4

T2

T3

reset

reset

reset

reset

tm(T4)



2. Hierarchy

Off

On

do/blink

reset

!reset

Red

Yellow

Green

Red
Yellow

T1

T4

T2

T3



3. Concurrent states

Off

On

do/blink

reset

!reset

Red

Yellow

Green

Red
Yellow

T1

T4

T2

T3

Camera Count



4. History States

Off

On

do/blink

!reset

Red

Yellow

Green

Red
Yellow

Rec

Standby

CarPass
/ Shoot

M
a

n
u

a
lO

ff

M
a

n
u

a
lO

n

T1

T4

T2

T3

Camera Count
reset

H



Complete System

Off

On

do/blink

!reset

Red

Count0

Count1

Count2

enqueue

Yellow

Green

Red
Yellow

Rec

M
a

n
u

a
lO

ff

M
a

n
u

a
lO

n

T1

T4

T2

T3

Camera Count
H

enqueue

enqueue

reset

CarPass
/ Shoot

Standby



ExampleConcreteState

Off

On

do/blink

!reset

Red

Count0

Count1

Count2

enqueue

Yellow

Green

Red
Yellow

Rec

M
a

n
u

a
lO

ff

M
a

n
u

a
lO

n

T1

T4

T2

T3

Camera Count
H

enqueue

enqueue

reset

CarPass
/ Shoot

Active states: 
{Standby, Count1, Red, On}

Inactivestates: 
{Off, Yellow, Green, RedYellow, Rec, Count0, Coun2}

Standby



Semantics: Howdoesit work?

ÁBasics:

o Hierarchical state machine (state chart)

o Event queue + scheduler

ÁSemantics defines: 
Behavior in case an event occurs
 one step of the state chart

o (concurrent) transitions fire

o State configuration changes
in all region in the active state and also one substatein 
the OR refinement (recursively)



Semantics of State Transitions

ÁSeparately processed events:

o Scheduler only triggers the next event if the previous 
one is completely processed 
stable configuration: there is no state change without an event

ÁComplete processing of events:

o The largest set of possible fireabletransitions 
(all enabled transitions fire, if they are not in conflict)

o How does it work?: 

ÅĄSteps of the event processing



Steps of event processing I.

ÁScheduler triggers an event for the statechartin a 
stable state configuration

ÁEnabled transitions:
o Source state is active

o The event is their trigger

o Guards are evaluated to true

Based on the number of fireabletransitions
o Only one: fire!

o None:  do nothing

o More than one:  select transitions to fire?



Steps of event processing II.

ÁSelection of fireabletransitions:

o Fireable= Enabled+ Max priority

o Conflict: Has the same source state 

ÅFormally: the intersection of their left (exit) states is not 
empty

Conflict resolution Ą priority: 

ÅDefined between two transitions (t1 and t2)

Åt1 > t2, if and only if  the source state of t1 is a substatewithin 
the state hierarchy of t2(„lower level”)

Priority insufficientto resolveconflict if

ÅSamesourcestate(or parallel subregions)



Stepsof eventprocessingIII.

ÁSelection of  transitions to fire:

o Parallelexecution of concurrent transitions

ÅMaximal setof fireabletransitions 
(= cannot be extended any further) 

ÅThere is no conflict between any two transitions

o Selection of this set: 

ÅNondeterministic!



Stepsof eventprocessingIV.

ÁSelected transitions fire:
in nondeterministicorder

ÁFiring one transition:

o Leaving the source states from the bottom to top and 
execute all their exit operations

o Execute the action of the transition

o Entering the target states from top to bottom and 
execute the entry actions  new state configuration



Stepsof eventprocessingV.

ÁEntering a new state configuration:

o Simple target state: part of the state configuration

o Non-concurrent superstate:  direct target of one of its 
substateor its initial state

o Concurrent target state:  all of its regions have to have 
an active state  either as direct target state (maybevia
fork) or asinitial state

o History state : the last active  state configuration
if there is none: the target state of the history state



State transition example

S11

S12

S111

S121

S1111

S1

S1211

S1112 S1113
S112

S1212
S122 S123

S1231 S1232



State transition example

S11

S12

S111

S121

S1111

S1

S1211

S1112 S1113
S112

S1212
S122 S123

S1231 S1232

S1211 - exit action



State transition example

S11

S12

S111

S121

S1111

S1

S1211

S1112 S1113
S112

S1212
S122 S123

S1231 S1232

S121 - exit action



State transition example

S11

S12

S111

S121

S1111

S1

S1211

S1112 S1113
S112

S1212
S122 S123

S1231 S1232

S12 - exit action



State transition example

S11

S12

S111

S121

S1111

S1

S1211

S1112 S1113
S112

S1212
S122 S123

S1231 S1232

Transitionaction



State transition example

S11

S12

S111

S121

S1111

S1

S1211

S1112 S1113
S112

S1212
S122 S123

S1231 S1232

S11 –entry action



State transition example

S11

S12

S111

S121

S1111

S1

S1211

S1112 S1113
S112

S1212
S122 S123

S1231 S1232

S111 –entry action



State transition example

S11

S12

S111

S121

S1111

S1

S1211

S1112 S1113
S112

S1212
S122 S123

S1231 S1232

S1111 - entry action



YakinduStatechartTools

ÁExampletool support: Yakindu

o Hierarchicalstatechart language



YakinduStatechartTools

ÁJava/C++ codegenerationfrom statechart

o Magnetronswitchesto stateOn(simplified)



Summary

ÁEffective technique to model certain dynamic 
systems

ÁHierarchic refinement allows iterative 
development

ÁAlready used in many application domains

o Avionics, automotive, …
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