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Wait Init Processing

proc? clk = 0 clk ≥ tproc_min

 clk ≤ tproc_max,  free_proc!

clk > tproc_max, error_proc!
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Aircraft System

Environment

Radio 
System

Onboard 
Computer

Call receivedPhone call
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State Machine A

Event Pool A

dequeue

Internal 
events

Events Dispatcher

dispatch

State Machine B

Event Pool B

dequeue

Internal 
events

dispatch

System
External events

State Machine A

Universal Event Pool

State Machine B

System
External events

(a) (b)

dequeue dequeueInternal 
events

Internal 
events

Event b Queue
Event Y Pool

Event X PoolP P

Q Q
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A
B

A B
R1

Nested Machine

Simple 
Composite State

Default Entry
(with Initial node)

Notation Flattening Semantics

Composite State

a a
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A B
A BR1

Nested Machine

Simple 
Composite State

Explicit Entry

Notation Flattening Semantics

Composite State

entry entryB

entry; entryB
b

b
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Nested Machine

Simple
Composite State
Shallow History

entry

Notation Flattening Semantics

H B

A

Composite State

R1

C BA C
LAST == 1

LAST == 2

LAST := 2

D

D
LAST == 1 LAST == 2
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BA
BA

entry

Composite State

Nested Machine

Simple
Composite State

Entry point entry

Notation Flattening Semantics

entryB

R1
 entryB

Sentrya b
a b

entry
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CA A B

R1

Nested Machine

Simple 
Composite State

Default Exit

Notation Flattening Semantics

Composite State

B C
c

c

c
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BA
A BR1

Nested Machine

Simple 
Composite State

Explicit Exit

Notation Flattening Semantics

Composite State

exit
exitA

exitA;exit b
b
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A B
BA

exit

Composite State

Nested Machine

Simple
Composite State

Exit point exit

Notation Flattening Semantics

exit
A

R1 a b Sexit
a b

exitA exit
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A
B

Composite State

R1 BA

Nested Machine

Simple
Composite State

Final state exit

Notation Flattening Semantics

exitA
exit

a
b a b

exitA

Sfinal
exit
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R1

Composite State

A

D E

B C
Fork

A

B Cc

b

D Ee

dR2

b

a

d

e

Nested Machine

Orthogonal 
Composite State

Default Entry

Notation Flattening Semantics

a
a

-PN\YL ������! +LMH\S[�,U[Y`�-SH[[LUPUN�:LTHU[PJZ�MVY�6Y[OVNVUHS�*VTWVZP[L�:[H[L

���



A

D E

C BFork

c

b

d

e

Nested Machine

Orthogonal 
Composite State

Explicit Entry

Notation Flattening Semantics

a

R1

Composite State

A

B C
c

b

D E
e

d

R2

a
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R1

Composite State

F
F

B Cc

b

D Ee

dR2 D

E

C

B

bc

d e

f

f

f

f

f

Nested Machine

Orthogonal 
Composite State

Default Exit

Notation Flattening Semantics
Join

Join

Join

Join
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R1

Composite State

F

FB Cc

b

D Ee

dR2 D

E

C

B

bc

d e

f
f

f

Nested Machine

Orthogonal 
Composite State

Explicit Exit

Notation Flattening Semantics

Join

Join
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R1

Composite State

F
F

B Cc

b

D d

R2

C

B

bc

d

f
f

f

Nested Machine

Orthogonal 
Composite State
Final State Exit

Notation Flattening Semantics

Join

Join
D

Sfinal
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R1

Composite State

D

B

CR2

Nested Machine

Fork & Join 
Pseudostates

Notation Flattening Semantics

A

Fork Join

D

B

C

A

Fork Join
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TGuard

[0,0]

PRE[Guard]

RTC Step:
ExitA -> Effect -> EntryB

Prtc

Trtc
Ppool

[0,0]

doA doB

A B
doA/ExitA EntryB/doB

trigger
[Guard]

Effect

RTC 
Semantics

Notation Mapping SemanticsSemantics
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Behavior

(a) Behavior (b) Behavior using abstraction

[tmin, tmax]
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A

B

PdoneA PdoneB
TGuard

[0,0]
PRE[Guard] ExitA EffectT EnrtyBDoA DoB

PfiredT PexitedA PeffectedT PenteredB

Prtc

Trtc PrtcBPrtcA

Unnested SMD

States & 
Local Transition

Notation Mapping Semantics

DoA/ExitA

EntryB/DoB

Ppool

(trigger)
[Guard]

Effect

[0,0]
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A

B

PdoneA PdoneB
TGuard

[0,0]
PRE[Guard]

TdoA TdoBPfiredT

Prtc

Trtc PrtcBPrtcA

Unnested SMD

States & 
Local Transition

(abstraction)

Notation Mapping Semantics

DoA/ExitA

EntryB/DoB

Ppool

(trigger)
[Guard]

Effect

[t3, t4] [t5, t6][t1,t2]
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A

PdoneA TGuard

[0,0]
PRE[Guard] EffectTDoA

PfiredT PeffectedT TrtcPrtcA

Unnested SMD

States & 
Internal 

Transition

Notation Mapping Semantics

DoA

PrtcPpool
(trigger)
[Guard]

Effect

[0,0]
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A

B

TGuard

PRE[Guard]

Trtc

Unnested SMD

States & 
Transition

with 
One Trigger

Notation Mapping Semantics

trigger a
[Guard]
(Effect)

...
[0,0]

Ppool

a1 an

...
Prtc

PdoneA PrtcB[0,0]
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A

B

TGuard_a

PRE[Guard]

Trtc_a

Unnested SMD

States & 
Transition

with 
Multi Trigger

Notation Mapping Semantics

trigger a,b
[Guard]
(Effect)

...
[0,0]

Ppool_a

a1 an

...
Prtc_a

TGuard_b

PRE[Guard]

Trtc_b

...
[0,0]

Ppool_b

b1 bm

... Prtc_b

PdoneA

PrtcB
[0,0]

[0,0]
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[0,0]

Event X
Queue

[0,0]

Time out 
strategy

Size out 
strategy

[0,0]

Event X
Queue

[0,0]

[t,t]
clear

[0,0]

Event X
Queue

[0,0]

[0,0]
clear

K

TGuard1 TGuardN

TGuard1 TGuardN

TGuard1 TGuardN
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Unnested SMD

Final State

Notation Mapping Semantics
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Unnested SMD

Initial & 
Outgoing Transition

Notation Mapping Semantics

EffectA
EffectA
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Unnested SMD

Terminate
Pseudostate

Notation Mapping Semantics

Each TPN transition 

is linked from an 

inhibitor arc.

...
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A

B C

GuardB
EffectB

GuardC
EffectC

Unnested SMD

Choice 
Pseudostate

Notation Mapping Semantics

TGuardB

PRE[GuardB]

TrtcB[0,0]

PrtcB

TGuardC
PRE[GuardC]

TrtcC[0,0]

PrtcC

Pchoice PrtcB

TGuardA

PrtcC
[0,0]

trigger
GuardA
EffectA

EffectA

EffectB EffectC

PdoneA

PRE[GuardA]

Ppool

[0,0]

[0,0]
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A

B C

GuardB
EffectB

GuardC
EffectC

Unnested SMD

Junction
Pseudostate

Notation Mapping Semantics

TrtcB

TrtcC

PrtcB

TGuardAB

PrtcC
[0,0]

EffectA

EffectB

EffectC

PdoneA

PRE[GuardA;GuardC]

Ppool

PrtcAB

PrtcAC

TGuardAC

EffectA

PRE[GuardA;GuardB]

[0,0]
triggerA
GuardA
EffectA

[0,0]

[0,0]
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Unnested SMD

Fork
Pseudostate

Notation Mapping Semantics

A

B C

EffectB EffectC

triggerA
GuardA
EffectA

TrtcB

TrtcC

PrtcB

TGuard

PrtcC

EffectB EffectC

PdoneA

Ppool

PrtcC

EffectA

PRE[Guard]

[0,0]

PrtcB

Tfork

[0,0]

[0,0]

[0,0]
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Unnested SMD

Join
Pseudostate

Notation Mapping Semantics

TrtcC PrtcC

TGuardC

PdoneB

PdoneA

EffectA

PRE[GuardC]

[0,0]

C

A B

EffectA EffectB

GuardC

EffectC

EffectA

EffectB

[0,0]
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Resource Usage
(Preemptive/Non-preemptive)

(scheduler policy)

Q

Resource Type

Resource
Scheduling

Pattern

Notation Mapping TPN

<<Resource>>
resMult: Q

NR NR

<<Scheduler>>
isPreemptible
schedPolicy
resMult: NR

<<Allocate>>
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[0,0] [0,0] [0,0]

T_IN P_OUT

[0,0] [0,0]

Activity
ready

Resource
ready

Input 
ready

Output
Released

Resource 
released

ENDREQUIRE_RES WAIT_INPUT SEND_OUTPUT RELEASE_RES

[min,max]

Scheduling Type

Action Node
(event-tigger)

Non-preemptive
Resource

Scheduling

Notation Mapping TPN

QNR NR
Pres

<<Resource>>
resMult: Q

<<Scheduler>>
isPreemptible: Non-preemptive

resMult: NR

<<Allocate>>

<<Allocate>>
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Input 
Ready

[0,B]

S

Output 
Released

Q

[ts,ts][ts,ts][ts,ts]

...

K+2 ...

[0,ts）[ts,ts][ts,ts][ts,ts]

...K+1

[A,ts）[ts,ts][ts,ts]

...K

[0,ts）

Scheduling Type

Action Node
(event-tigger)

Preemptive
Resource

Scheduling

Notation Mapping TPN

<<Resource>>
resMult: Q

<<Scheduler>>
isPreemptible

Preemptive
resMult: NR

<<Allocate>>

<<Allocate>>
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UML

Execution Semantics

 Expected Behavior Property

Validation by Testing and Proof Reading

Formal Specification
tracability

Consistency
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TPN

Reduced  
Observer TPN MMC

TPN Model CheckingTag Property 
Pattern Result

Architecture/
Behavior 
Mapping

Observer TPN  
Generation

Property Pattern 
Result

Real-Time Property
Specification

Verification 
Result 

Computation

Real-Time Property
Verification Result

Feedback 
Generation

System Model
Real-Time 

RequirementArchitecture
Model

Behavior 
Model

UML Real-Time Software Model

Timing Property 
Pattern

Timing Property 
Pattern

Real-Time 
Property Patterns

1

5

3

2

3

3

Observer 
TPN

Tag Property 
Pattern Result 
Interpretation

3

TPN 
Reduction

4

Iteration
Tag
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Specification

Qualitative Quantitative

Occurrence Order Duration Periodic
Quantitative

Order

Absence Existence Precedence
Chain 

Precedence

ResponseUniversality
Bounded 
Existence

Chain
Response

Maximum
Duration

Bounded 
Recurrence

Bounded 
Response

Minimum
Duration

Bounded 
Invariance

Type

Catalog

Pattern

Classification 
by Dwyer
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Atomic Pattern

Event ModifierState

Scope ModifierBasic PredicateOccurrence Modifier

Real-Time Property

Composite Pattern

Real-Time
Property Pattern
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E'1 ...
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E1 E2k

t

Ek... ...

E'2

t

E'1
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⟨I,≺,D, , ⟩

I

≺ I

D

: I → D
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⟨I,≺⟩ ≺
I

I I
I N∗ = N\{ } I → N∗, ∀ ∈

I, ( ) = I

⟨ ,#⟩ #
⋃

∈ I # #

≡ $# ∩ #−

≺ $# \ ≡

∥ $ # ∪ #−

# $≺ ∪ ≺−

����

I I
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⊂

������������

(
(∀ ∈ N∗, [ ] ∈ I )(∃ ∈ N∗, [ ] ∈ I )( [ ]≡ [ ] = ( [ ]))

)
∧

(
(∀ , ∈ N∗, [ ], [ ] ∈ I )( [ ]≺ [ ] ⇒ ( [ ])≺ ( [ ]))

)

b

a

a b⊂
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(
(∀ ∈ N∗, ∈ I )(∃ ∈ N∗, ∈ I )

(
( ( , ) < ) ∧ ( ( , ) < )

))
∧

(
(∀ , ∈ N∗, , ∈ I )( ( , ) > ⇒ ( ( ), ( )) > )

)

 

⊂+ I I
 

⊂+

(
(∃ ∈ N)(∀ ∈ N∗, [ ] ∈ I )

(
( [ + ] ∈ I ) ∧ ( [ ]≡ [ + ])

))
∧

(
(∀ , ∈ N∗, [ ], [ ] ∈ I )( [ ]≺ [ ] ⇒ ( [ ])≺ ( [ ]))

)
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b

a

a b⊂+
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(∃ ∈ N)(∀ ∈ N∗, ∈ I )

(
( + ∈ I ) ∧ ( ( , + ) < ) ∧ ( ( + , ) < )

))
∧

(
(∀ , ∈ N∗, [ ], [ ] ∈ I )( ( , ) > ⇒ ( ( ), ( )) > )
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