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ES are Pervasive

Characteristica:

 Dedicated function
 Complex environment
 SW/HW/Mechanics
 Autonomous

R t i d Ressource constrained
: Energy
: Bandwidth
: Memory: Memory
: … 

 Timing constraints
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ES are often Safety Critical

300 horse power
100100 processors

How to achieve ES that are:
• correct
• predicable
• dependable
• fault tolerant
• ressource minial
• cheap

..
Model-Based Development
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Design & Verification Gap
Higher level 

programming 
languages (e.g.languages (e.g. 

OO)
--

HW/SW co-
designdesign

--
Component-
based Dev

Model-based 
Dev.

--
Simple 
platform
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Brian Bailey, Chief Technologist, Design Verification and Test Division, Mentor Graphics Corp.



Model Checking

System Description
No!

Debugging Information

Time Cost Probability

TOOL
Debugging Information

Requirement Yes

A�( req ⇒ A♦ grant)
A�( req ⇒ A♦t<30s grant)

A ( A♦ t)
A�( req ⇒ A♦t<30s,c<5$ grant)
A�( req ⇒ A♦t<30s , p>0.90 grant)
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Embedded Systems

Tasks:
Computation times
Deadlines

Resources
Execution platformDeadlines

Dependencies
Arrival patterns
uncertainties

Execution platform
CPU, Memory
Networks
Drivers

Scheduling Principles (OS)
EDF, FPS, RMS, DVS, ..
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Overview

 Scheduling
 Timed Automata Timed Automata

 Optimal SchedulingOptimal Scheduling
 Priced Timed Automata

 Schedulability Analysis
 Single Processorg
 Multi Processor
 Herschel & Planck Satelite Control Software
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SchedulingScheduling
Timed AutomataTimed Automata



Timed Automata [Alur & Dill’89]

SynchronizationResource

Reset

Clock Guard
Clock 

Invariant Semantics:
( Idle , x=0 ) ( , )

d(2.5)  ( Idle , x=2.5)
use?  ( InUse , x=0 )
d(5)  ( InUse , x=5)
done!  ( Idle  x=5)
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done!  ( Idle , x=5)



Composition

Resource Task
Synchronization

Shared variable

Semantics:
( Idle  Init  B 0  0)( Idle , Init , B=0, x=0)

d(3.1415) ( Idle , Init , B=0 , x=3.1415 )
use  ( InUse , Using , B=6, x=0 )
d(6)           ( InUse , Using , B=6, x=6 )
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done          ( Idle , Done , B=6 , x=6 )



Task Graph Scheduling – Example

+ *21
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Experimental Results

Symbolic A*
Branch-&-Bound

60 sec60 sec
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Optimal SchedulingOptimal Scheduling
Priced Timed AutomataPriced Timed Automata



Task Graph Scheduling – Revisited
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Cost-Optimality Reachability

Behrmann, Fehnker, et all (HSCC’01)
Alur, Torre, Pappas (HSCC’01)

Behrmann, Fehnker, et all (HSCC’01)
Alur, Torre, Pappas (HSCC’01)

c3

Cost of step n

c1 c2
3

cn


GOAL

C CValue of path :   val() = c1 + c2 + ...   + cn

Optimal Schedule *: val(*) = inf val()

Competitive with and Complementary 
to MILP 
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Optimal Schedule  :  val( )  inf val()



Multiple Objective Scheduling

P2 P1
16,10

2,3

P6 P3 P42,3
6,6 10,16

cost1’==4 cost2’==3

cost2

Pareto Frontier

P P2 2

1

P7 P52,2 8,2

4W 3W cost1
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Aircraft Landing Problem

tcost E  earliest landing time
T  target time
L  latest timee*(T-t)

d+l*(t-T)

t
E

e cost rate for being early
l cost rate for being late
d fixed cost for being late

E LT

Planes have to keep separation 
distance to avoid turbulences 
caused  by  preceding planes

RunwayKim Larsen [23]Complex Systems, Design & Management, 
Paris, Oct 27-29, 2010, Paris



Modeling ALP with PTA
129: Earliest landing time
153: Target landing time
559: Latest landing time
10:  Cost rate for early
20:  Cost rate for late

Runway handles 2 types ofRunway handles 2 types of 
planes

Planes have to keep separation 
distance to avoid turbulences 
caused  by  preceding planes

RunwayKim Larsen [24]Complex Systems, Design & Management, 
Paris, Oct 27-29, 2010, Paris



Aircraft Landing
Comparison with MILP [Beadsly’2000]

Kim Larsen [25]Complex Systems, Design & Management, 
Paris, Oct 27-29, 2010, Paris



Schedulability Analysis



Task Scheduling utilization of CPU

P(i), [E(i), L(i)], .. : period or 
earliest/latest arrival or ..  for Ti

C(i): execution time for Ti
D(i): deadline for Ti

T1T1

SchedulerScheduler
ready
done

D(i): deadline for Ti

T2T2

TT

2 14 3

stop
run

T2 is running
{ T4 , T1 , T3 } ready
ordered according to some
given priority:

TnTn

Complex Systems, Design & Management, 
Paris, Oct 27-29, 2010, Paris

Kim Larsen [27]

g p y
(e.g. Fixed Priority, Earliest Deadline,..)



Classical Scheduling Theory

Utilisation-Based Analysis

• A simple sufficient but not necessary
schedulability test exists

Quasimodo
Classical WCRT Analysis

 “Classical” scheduling analysis technique
 For all tasks i: WCRTi Deadlineischedulability test exists

)12( /1

1

 


N
N

i i

i N
T
CU

NU 690

For all tasks i:  WCRTi Deadlinei

 Ci Worst-Case Execution Time
 Bi Blocking time by lower-pri tasks (shared resources)

41

 NU   as  69.0
Where C is WCET and T is period 

Response Time Equation

 hp(i) tasks with higher priority than i

Quasimodo Workshop, Eindhoven, Nov 6, 2009 Page 21

p q
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
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 )(

Where hp(i) is the set of tasks with priority higher than task i

Solve by forming a recurrence relationship:

 Simple to perform

Overly conservativey g p

j
ihpj

j

n
i

i
n
i C

T
wCw  














)(

1

The set of values                             is monotonically non decreasing
When                  the solution to the equation has been found, 
must not be greater that (e g 0 or )

1 n
i

n
i ww

,..,...,,, 210 n
iiii wwww

0
iw

R C

– Overly conservative
– Limited settings
– Single-processor
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Modeling Task

TT readyT1T1

T2T2

SchedulerScheduler

2 14 3

done

TnTn

stop
run

Complex Systems, Design & Management, 
Paris, Oct 27-29, 2010, Paris

Kim Larsen [29]



Modeling Scheduler

TT readyT1T1

T2T2

SchedulerScheduler

2 14 3

done

TnTn

stop
run
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Modeling Queue In UPPAAL 4.0
User Defined Function

TT readyT1T1

T2T2

SchedulerScheduler

2 14 3

done

TnTn

stop
run
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Schedulability = Safety Property

May be extended with preemption

(T k0 E T k1 E )¬(Task0.Error or Task1.Error or …)

A� ¬(Task0.Error or Task1.Error or …)

Complex Systems, Design & Management, 
Paris, Oct 27-29, 2010, Paris
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Preemption – Stopwatches!

Scheduler

Task D f ti d id bilit 

Complex Systems, Design & Management, 
Paris, Oct 27-29, 2010, Paris

Kim Larsen [33]

Task Defeating undecidability 



Handling Realistic Applications?
Jan Madsen / DTU

Smart phone:
Jan Madsen / DTU

0

2 1

MP3 Decoder

4 3

6 5

7

8 9

10 11

12 13

Complex Systems, Design & Management, 
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[Application from Marcus Schmitz, TU Linkoping]



Timed Automata for a task

35Complex Systems, Design & Management, 
Paris, Oct 27-29, 2010, Paris



Smart phone

 Tasks: 114
 Deadlines: [0 02: 0 5] sec Deadlines: [0.02: 0.5] sec
 Execution: [52 : 266.687] 

cyclescycles
 Platform:
 6 processors 25 MHz

0

2 1

MP3 Decoder

 6 processors, 25 MHz
 1 bus

 Verified in 1 5 hours!

4 3

6 5

7

Verified in 1.5 hours!
 Design Space Exploration!

8 9

10 11

12 13

Complex Systems, Design & Management, 
Paris, Oct 27-29, 2010, Paris

Kim Larsen [36]
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Herschel & Planck ESA Mission
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Satellite Architecture

 Application software (ASW) 
 built and tested by Terma:
 does attitude and orbit control, tele-

commanding, fault detection isolation and 
recovery.

 Basic software (BSW) Basic software (BSW)  
 low level communication and scheduling 

periodic events.
 Real-time operating system (RTEMS)p g y ( )

 Priority Ceiling for ASW, 
 Priority Inheritance for BSW

 Hardware
R i t single processor, a few communication 

buses, sensors and actuators
Requirements:

Software tasks should be schedulable.
CPU utilization should not exceed 50% load

Kim Larsen [38]Complex Systems, Design & Management, 
Paris, Oct 27-29, 2010, Paris



Classical Scheduling

System Herschel Planck

Mode Nominal +Events Nominal +Events

Max
Utilization 58 7% 62 4 66 1% 70 8

h d l bl f

Utilization 58.7% 62.4 66.1% 70.8

 Not schedulable in one configuration 
(without harmful effects)
W t tili ti t hi h ( 50%) Worst case utilization too high (>50%)

Kim Larsen [39]Complex Systems, Design & Management, 
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UPPAAL Model

Kim Larsen [40]Complex Systems, Design & Management, 
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Modeling in UPPAAL

UPPAAL 4.0 Framework, 2009
Submission ISoLA 2010
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Gantt Chart 1. cycle
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Blocking & WCRT

Complex Systems, Design & Management, 
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Schedulability using UPPAAL

 TIMES tool [TACAS 2002]
 Multitasking applications under OSEKMultitasking applications under OSEK  

[RTS 2008]
 CREOL Modular schedulability

[FSEN09] 
 SARTS  Java byte code on FPGA  

[JTRES08][JTRES08]

 Schedulability Analysis Using UPPAAL 4.1y y g
[Model-Based Design for ES, CRC Press 2010]

 ARTS: MPSoC Schedulability
[Model Based Design for ES CRC Press 2010][Model-Based Design for ES, CRC Press 2010]
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Model Based Testing
UML Diagrams

Timed for Testing
reduced by a factor of 10.

Test ScriptsUppaal Models

Kim G. Larsen 
[45]
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Conclusion

 TA mature verification technology
 TA mature for schedulability analysis for y y

multiprocessor and –core systems
 Worst Case Execution Time 

 Testing
 MARTE UML UPPAAL

TRONTRONTRONTRON

 POOSL  UPPAAL
 UPPAAL  Simulink (CIF)

www.uppaal.com

 Ambition:
impact on industrial practice

Complex Systems, Design & Management, 
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Thank you for the
attention!

Complex Systems, Design & Management, 
Paris, Oct 27-29, 2010, Paris

Kim Larsen [47]

www.uppaal.com


