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Scheduling… in ES

Tasks:
Computation times
Deadlines
Dependencies
Arrival patterns
uncertainties

Resources
Execution platform
PE, Memory
Networks
Drivers
uncertainties

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

� Schedulability Analysis
� Verify that given SP 

ensures deadlines.

� Performance Evaluation
� Estimate resources (e.g. 

energy) required by given 
SP.

� Scheduling & Synthesis
� Synthesize (optimal) SP 

ensuring given objective.
� Scheduling: SP controls 

everything (including 
ex.time).

� Synthesis: scheduling under 
uncertainties (e.g. execution 
time, availability of 
resources).

Tasks

SP

Res.
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Approach – TA

� Schedulability Analysis
� Verify that given SP 

ensures deadlines.

� Performance Evaluation
� Estimate resources (e.g. 

energy) required by given 
SP.

� Scheduling & Synthesis
� Synthesize (optimal) SP 

ensuring given objective.
� Scheduling: SP controls 

everything (including 
ex.time).

� Synthesis: scheduling under 
uncertainties (e.g. execution 
time, availability of 
resources).

Tasks

SP

Res.

CLASSICCLASSICCLASSIC

TIGATIGATIGA
CORACORACORA

TALK:
What can we do?

What can we do efficiently?
What can not be done?

What would we like to do?

TALKTALK:
What can we do?

What can we do efficiently?
What can not be done?

What would we like to do?
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Timed Automata

Synchronization

Guard

Invariant

Reset

[Alur & Dill’89]

Resource

Semantics:
( Idle , x=0 ) 

Æ ( Idle , x=2.5) d(2.5)
Æ ( InUse , x=0 ) use?
Æ ( InUse , x=5) d(5)
Æ ( Idle , x=5) done!
Æ ( Idle , x=8) d(3)
Æ ( InUse , x=0 ) use?
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Composition

Resource Task

Shared variable

Synchronization

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

Æ ( Idle , Init , B=0 , x=3.1415 ) d(3.1415)
Æ ( InUse , Using , B=6, x=0 ) use
Æ ( InUse , Using , B=6, x=6 ) d(6)
Æ ( Idle , Done , B=6 , x=6 ) done
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Task Graph Scheduling
Optimal Static Task Scheduling

� Task  P={P1,.., Pm}
� Machines M={M1,..,Mn}
� Duration Δ : (P×M) → N∞

� < : p.o. on P (pred.)

� A task can be executed only if 
all predecessors have 
completed

� Each machine can process at 
most one task at a time

� Task cannot be preempted.

� Compute schedule with 
minimum completion-time!

P2 P1

P6 P3 P4

P7 P5

16,10

2,3

2,3

6,6 10,16

2,2 8,2

M = {M1,M2}
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Task Graph Scheduling
Optimal Static Task Scheduling

� Task  P={P1,.., Pm}
� Machines M={M1,..,Mn}
� Duration Δ : (P×M) → N∞

� < : p.o. on P (pred.)

P2 P1

P6 P3 P4

P7 P5

16,10

2,3

2,3

6,6 10,16

2,2 8,2

M = {M1,M2}E<> (Task1.End and … and Task7.End)
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Experimental Results

Abdeddaïm, Kerbaa, Maler

Symbolic A*
Brand-&-Bound

60 sec
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Optimal Task Graph Scheduling
Power-Optimality

� Energy-rates: 
C : M → N

� Compute schedule with 
minimum completion-cost!

P2 P1

P6 P3 P4

P7 P5

16,10

2,3

2,3

6,6 10,16

2,2 8,2

4W 3W
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Priced Timed Automata

Alur, Torre, Pappas (HSCC’01)

Behrmann, Fehnker, et all (HSCC’01)

l1
l2 l3

x:=0
c+=1

x · 2
3 · y

c+=4
c’=4 c’=2 ☺

0 · y  · 4

y · 4x:=0

Timed Automata + COST variable

cost rate

cost update
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Priced Timed Automata

Alur, Torre, Pappas (HSCC’01)

Behrmann, Fehnker, et all (HSCC’01)

l1
l2 l3

x:=0
c+=1

x · 2
3 · y

c+=4
c’=4 c’=2 ☺

0 · y  · 4

y · 4x:=0

cost rate

cost update

(l1,x=y=0)       (l1,x=y=3)        (l2,x=0,y=3)         (l3,_,_)
ε(3)

12 1 4 ∑ c=17

TRACES

Timed Automata + COST variable
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TRACES

Priced Timed Automata

Alur, Torre, Pappas (HSCC’01)

Behrmann, Fehnker, et all (HSCC’01)

l1
l2 l3

x:=0
c+=1

x · 2
3 · y

c+=4
c’=4 c’=2 ☺

0 · y  · 4

y · 4x:=0

cost rate

cost update

(l1,x=y=0)       (l1,x=y=3)        (l2,x=0,y=3)         (l3,_,_)

(l1,x=y=0)       (l1,x=y=2.5)     (l2,x=0,y=2.5)      (l2,x=0.5,y=3)      (l3,_,_)

(l1,x=y=0)       (l2,x=0,y=0)      (l2,x=3,y=3)       (l2,x=0,y=3)         (l3,_,_)

ε(3)

ε(2.5) ε(.5)

ε(3)

12 1 4

10 1 1 4

1 6 0 4

∑ c=17

∑ c=16

∑ c=11

Problem :

Find the minimum (maximum) cost 

of reaching location l3

Problem :

Find the minimum (maximum) cost 

of reaching location l3

Efficient Implementation:

CAV’01 and TACAS’04Efficient Implementation:

CAV’01 and TACAS’04

Timed Automata + COST variable

Competitive with MILP 
and  commercial tool (Axxon)
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Optimal Infinite Scheduling

Maximize throughput:
i.e. maximize Reward / Time in the long run!
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Optimal Infinite Scheduling

Minimize Energy Consumption:
i.e. minimize Cost / Time in the long run
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Optimal Infinite Scheduling

Maximize throughput:
i.e. maximize Reward / Cost in the long run
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Cost Optimal Scheduling =
Optimal Infinite Path

c1 c2

c3 cn

r1 r2

r3 rn
σ

Value of path σ:   val(σ) = limn→∞ cn/rn

Optimal Schedule σ*:  val(σ*) = infσ val(σ)

Accumulated cost

Accumulated reward
¬(Task0.Err or Task1.Err or …)
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Cost Optimal Scheduling =
Optimal Infinite Path

c1 c2

c3 cn

r1 r2

r3 rn
σ

Value of path σ:   val(σ) = limn→∞ cn/rn

Optimal Schedule σ*:  val(σ*) = infσ val(σ)

Accumulated cost

Accumulated reward
¬(Task0.Err or Task1.Err or …)

THEOREM:  σ* is computable   

THEOREM:  σ* is computable   

Bouyer, Brinksma, Larsen HSCC’04
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Approximate Optimal Schedule

E[] (not (Task0.Error or Task1.Error or Task2.Error) 
and
(cost>=M imply time >= N))

=
E[] φ(M ,N)

σ ² [] φ(M,N)  imply val(σ)· M/N

C=M C=M C=M

T>=N

T<N
X X

X

Optimal infinite schedule
modulo cost-horizon

C=M

T<N
T<N

T>=N
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Multiple Objective Scheduling

P2 P1

P6 P3 P4

P7 P5

16,10

2,3

2,3

6,6 10,16

2,2 8,2

4W 3W

cost1’==4 cost2’==3

3W
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Multiple Objective Scheduling

P2 P1

P6 P3 P4

P7 P5

16,10

2,3

2,3

6,6 10,16

2,2 8,2

4W 3W

cost1’==4 cost2’==3

cost1

cost2

Pareto Frontier
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Multi Priced Timed Automata

c’ = 1
d’ = 4

c’ = 2
d’ = 1 ☺

l1
l2 l3

x · 2

y:=0

d+=1
x ≥ 2
y ≥ 1

x · 3
y · 2

y:=0

PROBLEM:
Reach l3 in a way which

minimizes c
subject to d · 4

PROBLEM:
Reach l3 in a way which

minimizes c
subject to d · 4

SOLUTION: 
c = 11/3 Æ
wait 1/3 in l1; goto l2; 
wait 5/3 in l2; goto l3

SOLUTION: 
c = 11/3 Æ
wait 1/3 in l1; goto l2; 
wait 5/3 in l2; goto l3
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Discrete Trajectories
c’ = 1
d’ = 4

c’ = 2
d’ = 1

☺

l1
l2 l3

x · 2

y:=0

d+=1

x ≥ 2
y ≥ 1

x · 3
y · 2

y:=0

l1,0,0

l1,1,1

l1,2,2

l2,0,0 l2,1,0 l2,2,0

l2,1,1

l2,2,2

l2,2,1

l2,3,2

l2,3,1

☺

1,4

1,4 2,1

2,1 2,1

2,1

2,1

0,1

0,1

0,1

0,0
0,0

0,0
0,0
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Discrete Trajectories
c’ = 1
d’ = 4

c’ = 2
d’ = 1

☺

l1
l2 l3

x · 2

y:=0

d+=1

x ≥ 2
y ≥ 1

x · 3
y · 2

y:=0

l1,0,0

l1,1,1

l1,2,2

l2,0,0 l2,1,0 l2,2,0

l2,1,1

l2,2,2

l2,2,1

l2,3,2

l2,3,1

☺

1,4

1,4 2,1

2,1 2,1

2,1

2,1

0,1

0,1

0,1

0,0
0,0

0,0
0,0

42 6

10

8

6

4

2

4

d

c

The Pareto Frontier for 

Reachability in Multi Priced Timed Automata

is computable 
[Illum, Larsen FoSSaCS05]
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Synthesis =
Scheduling under uncertainty

Uncontrollable

Controllable

TIMED GAMESTIMED GAMESTIMED GAMES
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UPPAAL Tiga
Synthesis of winning strategies for TIMED GAMES

CONCUR05, 
CAV07, 

FORMATS07

Efficient on-the-fly generation 
of winning strategies for

safety & liveness objectives
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Optimal Synthesis =
Priced Timed Games

Uncontrollable

Controllable

Optimal
winning strategies ?? , cost’=4 , cost’=3
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Priced Timed Games

� Price Optimal Control (reachability):
� Acyclic PTA [LTMM02]
� Bounded length [ABM04]
� Strong non-zeno cost-behaviour [BCFL04]
� Undecidable with 3 clocks or more 

[BBR05, BBM06]
� Decidable for PTGs with 1 clock [BLMR06]

� Priced Timed Safety Games
� Conjectured to be undecidable in general.
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Timed Games w Partial Observability

Controller (M)
• observes only H, L, E or B
• has own clock y
• can test (y < M) or (y ≥ M)
• can always reset y

Plant: 
Heavy & 
Light Bricks

ATVA07
w Franck Cassez, 

Alexandre David,
Emmanuel Fleury, 
Jean-Francois Raskin

Objective:
A[] ¬ B + MEMORY
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24 26

166 164

30 34

172 176

38 42

180 184

46 50

188 192

54 58

196 200

62

135 27

165 169

31 35

173 177

39 43

181 185

47 51

189 193

55 59

197 201

63 67

205 209

71137 295

162

0

HL E
y EyLy Hy

Partition:
delay
y=0
eject!

Actions:

Memory-full Strategy



Formalizing the ARTS
MPSoC Model in UPPAAL

Aske Brekling, Jens Ellebæk, 
Kristian S. Knudsen, Jan Madsen, 

Michael R. Hansen, Jacob Illum Rasmussen

Embedded Systems Engineering Group

Informatics and Mathematical Modeling
Technical University of Denmark
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a b c

Model of system 
implementation

Motivation 

1 2 os

3

4

L1 L2

L3

R1 R2 R3

1

3
4

2

Application model

a b c

System platform

System-level
design tasks

os os
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ARTS objectives

� System-level modeling framework
� Bridging, 
� Application
� RTOS 
� Execution platform 

� Processing elements
� NoC

� Supporting
� System-level analysis
� Early design space exploration

1 2 os

3

4

a b c

L1 L2

L3

R1 R2 R3

Model of system 
implementation

Cross-layer optimization

Using UPPAAL 

and 

UPPAAL Cora
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Timed Automata for a task



ESWeek Foundations of Component-based Design, Sep 30, 2007 Kim G Larsen [37]

Handling realistic applications?

[Application from Marcus Schmitz, TU Linkoping]

Smart phone:
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Smart phone

� Tasks: 114
� Deadlines: [0.02: 0.5] sec
� Execution: [52 : 266.687] 

cycles
� Platform:
� 6 processors, 25 MHz
� 1 bus

� Verified in 1.5 hours!
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Optimal Combinations

1clock

2 clocks

3 clocks

1player

2players

time

1 cost

mult cost

Reach

Safety

F Obs

P Obs
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Optimal Combinations

1clock

2 clocks

3 clocks

1player

2players

time

1 cost

mult cost

Reach

Safety

F Obs

P Obs

TIGATIGATIGA
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Optimal Combinations

1clock

2 clocks

3 clocks

1player

2players

time

1 cost

mult cost

Reach

Safety

F Obs

P Obs

CORACORACORA
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Optimal Combinations

1clock

2 clocks

3 clocks

1player

2players

time

1 cost

mult cost

Reach

Safety

F Obs

P Obs
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Conclusion

� Identification of all Pareto 
optimal combinations!
� Safety for PTG?
� Reachability for 2PTG?
� Safety for MPTA?
� Safety for 1PTG?

� Efficient realizations
� TG w PO?
� Safety for PTA?
� Reachability for 1PTG?

� Dealing with undecidability.

1clock

2 clocks

3 clocks

1player

2players

time

1 cost

mult cost

Reach

Safety

F Obs

P Obs



Thanks for your 
attention!

Please do not 
hesitate to contact 

me:

kgl@cs.aau.dk


