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Embedded Systems ==

SEeNsors
Plant Controller
Continuous Prog ram
actuators Discrete
Eg.: Realtime Protocols Quantities:
Pump Control e timing
Air Bags
Robots * energy
Cruise Control ® Memory
AD> e bandwidth
CD Players e
Production Lines ® uncertaintes
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Verification =V=

Plant Controller Program
Continuous Discrete
Model
of
tasks
(automatic?

Mod
of -
environment

(user-supplied /
non-determinism) @

J U UPPAAL Model
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Synthesis 2 )

Plant ; Controller Program
Continuous ||| ] . Discrete
Synthesis
of
tasks
(automatic)

Mod

of
environmernt

(user-supplied) @

Partial UPPAAL Model
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Embedded Systems = Scheduling ==

2 & A a
1= =a

Tasks:

Computation times Resources
Deadlines | Execution platform
Dependencies Scheduling Principles (OS) PE, Memory
Arrival patterns EDF, FPS, RMS, DVS, .. Networks
uncertainties Drivers

uncertainties
@0
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Approach — Timed Automata ==

TALK:
What can we do?
What can we do efficiently?
What would we like to do?
What can not be done?

ARTIST2 Summer School, Autrans, Sep 2008 Kim Larsen [6] c s s



Timed Automata

—-_—
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b ’0:"
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Timed Automata  [Alur & Dill'89] =@

Resource
Synchronization
Idle
use? donel
Reset \ / Guard

x:=0 InUse X>=4

: ant X<=7 Semantics:

nvarian (1die , x=0)

d(2.5) - (Idle, x=2.5)
use? < ( InUse , x=0)
d(5) > ( InUse , x=5)
done! - ( Idle , x=5)
d(3) > (Idle , x=8)
use? < ( InUse , x=0)
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Composition =V:=

Resource Task
Synchronization
Idle
/ . -
use? donel Init use! H‘LJ'I,S_'QQ done? Done
© B:-=6 .-—qu >O
X:=0 InUse Xx>=B /
C Shared variable
x<=B —
Semantics:

( 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)
done - ( Idle, Done , B=6 , x=6)
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Task Graph Scheduling — Example =@z

Compute :
(D*(C*(A+B)+((A+B)+(C*D))

using 2 processors

P1 (fast) P2 (slow)

0 + 1 2s +|5s
W&an\ [ T35 * | 75
10 15 20 | 25
| | | | | | | | | ! | | ‘
3 5 6 43|
—t—t—t+— SGC././
4 s

s
[10] Csmsm

ot
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Task Graph Scheduling — Example =2§:=

Compute :
(D*(C*(A+B)+((A+B)+(C*D))

using 2 processors

P1 (fast) P2 (slow)

0 + | 2s + | 5s
‘;L‘?N * | 35 * | 75
10 s h 20 | 25
| B —— I J — |

s

ot
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Task Graph Scheduling =
Optimal Static Task Scheduling =W

= Task P={P,,.., P}

= Machines M={M,,..,M_}
= Duration A: (PEM) ! N,
= <:p.o.onP (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!
J U U
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Task Graph Scheduling ==
Optimal Static Task Scheduling -
= Task P={P,,.., P} @ S = @
Task1 Task?2 Task3 Task4d
bt o [ ] o
& "0 || € o0 || €2 o0 || €2 0—""0
Task5 TaskiG Task’ M1 M2
I} o o |
.-".-.. .'\-.\. .-".-. .'\-\ .-"-.. -'\-‘ _.-.- .-.-
! QD || ® - o @ C 9 : :
A A

B1s2
Cf% E<> (Task1.End and

I:!".l—".l\
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Experimental Results =W
name | #tasks | #chains | # machines | optimal | TA
001 437 125 4 1178 1182 ’4
000 452 43 20 537 537 TI =
018 730 l_—f:) 10 ?[_}0 7[_)4 advanced methods for timed systems
074 1007 66 [2 891 894
021 [145 88 20 605 612
228 [187 293 8 1570 1574 i
071 | 1193 | 124 20 629 | 634 Symbolic A*
271 1348 127 12 1163 1164 Branch-&-Bound
237 1566 152 12 1340 1342
231 | 1664 | 101 16 to. | 1137 60 sec
235 1782 218 16 t.o. 1150
233 1980 207 [9 1118 1121
294 2014 141 17 1257 1261
295 2168 965 [8 1318 1322
292 2333 318 3 8009 8009
298 2399 303 10 2471 2473

Abdeddaim, Kerbaa, Maler
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Zones -- From infinite to finite ==
State Symbolic state (set)
(n, x=3.2, y=2.5) (n, 1-x-4,1-y- 3)
Zone
conjunction of
Y Y X-y<=n, X<=>n
| | | | X | | | | k
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Symbolic Transitions using zones =Vi=

1<=x<=4

1<=x, 1<=y
Y be=y<= Y -2<=x-y<=3
delays to
n
X X
Y y 3<x, 1<=y
. -2<=X-y<=3
3 i conjuncts to
X
X
. 3<X, y:O
X projects to
m

Thus (n,1<=x<=4,1<=y<=3) =a => (m,3<x, y=0)
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Datastructures for Zones =V:=

= Difference Bounded
Matrices (DBMs)

= Minimal Constraint Form
[RTSS97]

= Clock Difference
Diagrams
[CAVI9]

= PW List
[SPINO3]

OmOu®
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Datastructures for Zones =W

iffarence Rniinded |

UPPAAL DBM Library

The librarv used_to maninulate NBMs in UPPAAL

RELATED SITES: UP

lelp | Contact us

Latest News

Draft manual available.
23 Oct 2006

n02] are efficient data structures to represent clock constraints
in UPPAAL [lpyS7, bv04, bdlo4] as the core data structure to

common operations such as up (delay, or future), down (past), .
i . ete.. DBEM d fed ti . The lib - =

h::né+i cpaortnuses 5FaEcI:It-:h.rE ECIEE:CEI.D;:EI hiilels E Ieg a nt RU BY bl n d I ng S for
easy implementations

= - E=E
ax|p x| ax|p x|
X Y x ¥
@Ccx CCx @cx CCx { e (i
¥ C Cy @ Cy Ccy COcCy @Ccy COCy
L L5y ® e - OiCz ®Cz { BE e
AI d D d e=on, and Wan
exa n re aVI Jputation Theory 1995, LNCS 965 pe
» [bengtsson02] Johan Bengtsson. Clocks, DBM, and St
University 2002.
= [3d390] Rajeev Alur and David L. Dill. Automats fo: =1 | —
Colloguium on Algerithms, Languages, and Prngramming]:] EEE] E EEE] 5 =&
[ | [ » [IpyS7] Kim G. Larsen, Paul Pettersson, and Wang Yi. [& _iif_ b x 'a x b x a x b x
Saoftware Tools for Technology Transfer , October 1997, 1 x ¥ X y X ¥
s [bv04] Johan Bengtsson and Wang Yi. Timed Automata: ®cx Ocx ®cx OCx Ccx Ocx
amd Patel Mot A0A4 | RCE 2000 C Cy @ Cy Ccy COcCy @Ccy COCy
Pimee IO 2z Cz OCcz ®WCz (Cz ®Cz
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Priced Timed
Automata




Task Graph Scheduling — Revisited ==

Compute :
(D*(C*(A+B)+((A+B)+(C*D))

using 2 processors

P1__ (fast) P2 (siow)

>

ENERGY:
10
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Task Graph Scheduling — Revisited ==

Compute :
(D*(C*(A+B)+((A+B)+(C*D))

using 2 processors

P1 (fast) P2 (slow)

R + | 2s
@ *13s

ENERGY:
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Optimal Task Graph Scheduling =)=

Power-Optimality

= Energy-rates:
C:M'N

= Compute schedule with

minimum completion-cost!

P
16,10

Tasks

M1

use1?

x1:=0

O

InUse x1==B"1

B1=8 B2=2

done1? f5=1’O<f5=1 dnneb

00,0
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Priced Timed Automata

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

Timed Automata + COST variable

X -+ 2 I3
0. y - 4 /_\ 3 . y
ol c'=2 > @
x:=0 c+=4
cost rate c+=1 N\
x'=0 y - 4 cost update
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Priced Timed Automata

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

Timed Automata + COST variable

I3

o
<
D
n)
I
W X
< N

=2 > @

c+=4
cost rate C+=1 N\
x:=0 y -4
TRACES

e(3)
(I3, x=y=0) 2> (ly,x=y=3) — (I2,x=0,y=3) > (I3,_,_)

cost update
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Priced Timed Automata =\F:=

8,
o\ AL

= /2

Behrmann, Fehnker, et all (HSCC'01)
Timed Automata + COST variable Alur, Torre, Pappas (HSCC'01)

I

n\
I
SN
o
<
BN
n\
I
W X
< N

cost rate : Pr Ob\em & mum) Cos'\'_
. X\ ‘
ind the minimum (M2
(13, x=y=0) of reac

¢ iCi lementation:
SRR =1 TP V01 and TACAS'04

(I, x=y=0) /> (I3,x=0,y= Competitive with MILP
and commercial tool (Axxon)

@00
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Optimal Infinite Scheduling

Task7¥

done1?

_f7=0:
" Rwd+=1 Rwd+=1

=7=0- - <done2:

N\

/
-

-

M1
=
usel? donet!
Xx1=0
_
x1==B1
x1<=B1
| o' [ o' |

Maximize throughput:
l.e. maximize Reward / Time in the long run!

ARTIST2 Summer School, Autrans, Sep 2008
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Optimal Infinite Scheduling

Task7

f6=>0 and f3>0

f0=1

f6>0 and f3>0

End
()

done1? f7=0 =7 7=0

done2”

M1

1 use1?

o x1:=0

1 O

o x1<=B1 &8 cost'==4 )

®

U - — —

Minimize Energy Consumption:
l.e. minimize Cost/ Time in the long run

ARTIST2 Summer School, Autrans, Sep 2008
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Optimal Infinite Scheduling =\Ni=

Task7
f6=0 and f3=0 f6=0 and f3=0 -
Idle
B1=2, B2=2, |— I.r"'_.'é\
f6--, f6—, )
f3--, 3—, 1 use1? done1!
fO=1 f0=1
End o x1:=0| InUse | x1==B1
e |
donel? _ ﬂ:a?\:)—(ﬁ:ﬂ; “done2” |7 -0 __. .
/\’ Rwd+=1 Rwd+=1 \/ o x1<=B1 &8{(}051:'==4 /\
~ r —  —

®

-~
- —‘
-
‘——___H_——’ H

Maximize throughput:
l.e. maximize Reward / Cost in the long run

Kim Larsen [28] c s s
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Cost Optimal Scheduling = -9
Mean Pay-off =W

HSCC04,FMSDO07 l

: (TaskO.Err or Task1.Err or ...)

Value of path o: val(c) = lim,,, c./r.

Optimal Schedule ¢*: val(c™) = inf_ val(c)

O mOm®
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Discount Optlmallty A < 1: discounting factor :;v:‘

INFINITY'O8 I

ol N TN

o LG
: (TaskO.Err or Task1.Err or ...)

=00

Value of path o: val(c) = | __ c(t)A'dt
Optimal Schedule ¢*: val(c™) = inf_ val(c)
@00
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Multiple Objective Scheduling

M1
use?
x1:=0

Idie

~@~

InUse

-Q-

done1!

x1==B1

Xx1<=B1 && cost,’==4

M2

use2?

x2:=0

x2<=B2 &8 cost,’==3

Idle

@~

InUse

D

done?2!

x2==B2

-Q-

- -
% o

ARTIST2 Summer School, Autrans, Sep 2008
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Multiple Objective Scheduling ==

N /A
M1 M2 /> @
2
Idle Idle _ 2,3
useZ’?dgn | ‘A

for
= The
x1:=0 | .
Reachability In Multi Priced Timed A
is computable
[FoSSaCS05]

use? done1!

utomata l‘

X1<

ntier

cost, J
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Schedulability Analysis

ANALOG
DEVICES

=) —
i .‘4 -
A
i ’:.’.

elemalics;
Hjﬂrﬂﬁﬁ:.‘:

.

B ECHT N
SITVETIANTEE

fufuniitafion
ol

VT UEN]
lifelafetinys

[TEATTTE 8
I TED 4]

LLLOLLLOLOLOLLOL
LoLotoL1otLlolol
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Task SCthUllng utilization of CPU =\
P(i), [E(i), L(1)], .. : period or
earliest/latest arrival or .. for T;

C(i): execution time for T,
D(i): deadline for T;

T
ready

done Scheduler

S
N

=
[
W

{T,, Ty, T3 }ready
T, is running ordered according to some
given priority:
(e.g. Fixed Priority, Earliest Deadline,..)

ARTIST2 Summer School, Autrans, Sep 2008 Kim Larsen [34] c s s




Modeling Task =V:=

ldle
(%tazL[id]
t>=FE][id]
ready/id]!
t=0
T ready
2 done Scheduler Rgady :
a donelid] 6 t>Dlid] .
- P a4 1|3 ax==Cld]
- stop run[id]?
T, |k ax=0
Rurning : Enjor
S T -
.
ax<=Cl[id]
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Modeling Scheduler =0 2

Free
—
len == e == front()
ready len >0 ready[e]? donele]?
M done Scheduler run{front()]! enqueue-(e) dequeue()
i —

- OOE

stop runfront()]!
Tn run
(N A
\ OCC
ready[e]? A
enqueue(e)

ARTIST2 Summer School, Autrans, Sep 2008 Kim Larsen [36] c s s



In UPPAAL 4.0 =0 =

MOdeIIng Queue User Defined Function = —%+

A4 Put an element at the end of ths gusus
Free void engueue (id £ element)

{
—
AN int tmp=0;

list[len++] = element:;
a_ e == front() if |len>0)
len > 0 lreeggy_[e]’? done[e]? { -
run[front()]! ' dequeue int i=len=l;
[ 0] enqueue(e) G () while [(i>1 g£& P[list[i]]>P[list[i-111}
\ {
(jD twmp = list[i-1];
li=st[i-1] = li=st[4i];
run[front()]! list[i] = tmp;
\ i-—;
| *--./—-\\ A }
Occ |
ready[e]? J
enqueue(e)
A Remove the fromnt slement of the gueue
woid degueue ()
00,0

Kim Larsen [37] c s s
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Schedulability = Safety Property =)=

May be extended with preemption

: (TaskO.Error or Taskl.Error or ...)

AD :(TaskO.Error or Taskl.Error or...)

ARTIST2 Summer School, Autrans, Sep 2008 Kim Larsen [38] c s s



Preemption — Stopwatches! =V:=

Idle
——) ==t Scheduler
: Free
t>=E[id]
=
readylid]! a N )
t=0
Ready len == e == front()
: t>D[id] len >0 , done[e]?
d d]! , , ready[e]?
axzzg[[lid]] 6 N run[front()]! enqueue(e) dequeue()
y
run[id]? O
ax=0 l run[front()]!
Running < i Enyor W
. /I}q > Dli] -:_(:b b Occ ’
. ;
ready[e]? run[front()]!
run[id]? enqueue(e)
t=>Dlid]

Task Defeating undecidability ©
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Handling realistic applications?  =V:=

/&

Jan Madsen / DTU
Smart phone:

GSM Decoder

JPEG Encoder

(A A

JPEG Decoder

A A

[Application from Marcus Schmitz, TU Linkoping]

ARTIST2 Summer School, Autrans, Sep 2008 Kim Larsen [40] c s s



Smart phone =0 2

) .
@,@If‘@ o Tasks. 114

>, 9w ogeDeadlines: [0.02: 0.5] sec

6§{ ! @ecutlon [52 : 266.687]

| @ 'cycles

(o) ) ()
JPEG Decoder Q ° - P I aﬁmm;
() () z z

JPEG Encoder

(A A

¥ O ASA OCESSOES 5
%‘}},,; )
P S e e
N -
O e @? arthed 1n 7.
) & * @ () @
a ? @ N e a D
z P ¢ PP
= “ e
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Synthesis

Timed Game Automata

-—
) -

‘ ‘4 e YNy .
e AR ==
= ‘ 0 EE
q = EE
DaNES ‘ ' =:
O + ==

“Nmp®
CENTER FOR INDLEJ
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Model Checking (ex Train Gate) ZVF

— —

e

Trainin 1 Gate
Trai ||||| I
T | Free
Train(0) x:}_S - . N
Safe leave{O]! Cross
.=< /?x<=5 len >0 len == e == front()
‘ go[front()]! apprie]? leave[e]?
| | appr[0]! enqueue(e) dequeue()
x=0
X>=7
X= _ ) Y,
< Occ
|| Appr Start
x<=20 X<=15 appr[e]? stop(tail()]!
enqueue(e)
x<=10 go[0]? C
stop[0]? x=0 Controller
B Stop

Environment (I)I Never two trains at

the crossing at the
same time

Kim Larsen [43]
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Synthesis (ex Train Gate)

Trﬂi |||||

Cross
x<=5

Trai \\\\\
Tr-:.i |||||
Train{0)
X>=3
leave[0]!
Safe .<
1 | apprio]
x=0
1| Appr
x<=20
Xx<=10
B stop[0]? x=0
L Stop

—— .‘A'
I,
) /A
Gate
[ |
Controller

Environment

ARTIST2 Summer School, Autrans, Sep 2008

(I)Z Never two trains at

the crossing at the
same time
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e -

Gam —\0 /=

o P‘aye“ — /’é"
™ Controllable Uncontrollablé

Synthesis

Trai |||||
Trai |||||
Trai \\\\\
Train{0)

Controller

x<=10
stop[0]?

Environment (I)Z Never two trains at

Find strategy for controllable the crossing at the

same time
actions st behaviour satisfies ()

v \J
ARTIST2 Summer School, Autrans, Sep 2008 Kim Larsen [45] c s s




Timed Games Reachability ==

xl=1:\L
Memoryless strategy: x=1:c
FIQ>E. [ A Ot (- - - _ xt
lx-l S o
N\
. _ .
Winning Run: o X<2 X2 )
States(p) AG+ D X.2:¢C | /
: x<1 e
v PR “
Winning Strategy: 3 e -~ Txiz
. x-1
Runs(F) u WinRuns l o
A x 1:
xl=1:%
= % Uncontrollable x=1: ¢

—> Controllable

ARTIST2 Summer School, Autrans, Sep 2008




UPPAAL Tiga —=

—— -

Synthesis of winning strategies for TIMED GAMES ~= s

B C:/Documents and Settings/kgl/Desktop/DESKTOP FEB 2007/UPPAALIUPPAAL examples/Marktober dorfOB/Lecture 5/TrainCont2.xml - UPPAAL ==X
File Edit W%iew Tools Options Help

Da@ A& RA-
'Editm Simulator | yerifier CONCU RO5,

Drag ot 1 Drag aut ] —
’ = ]b['l'rain(ﬂ).:j 1D - ]' Train(0) Train(1) Train(2) CAVO 7 y

Transition chooser Train(1ib=1

ity % [0 || o g | o g || o g FORMATS07

L0y =0

leave[2]: Train{2) === Openizate Train(0).x = 18.617920

Train{0).z = 18.617520 = = = = = =

Train{1).x=5.617919 ) L ' Lo _ p ; Lo ) L . Lo
rain{1).z = 18.617920 Q p Q 1. Q p

T
Train(z). = 4.000000 \\ / ™ / ™ /
T

rainiZ).z = 18.617920 \'f 4= \t{ 4=0 \C{ 4=0

OpenGate

A Efficient on-the-fly generation
TR T S oo of winning strategies for

Crosg
4 First 139.36 5 | DI Last

Lo [ Lo s safety & liveness objectives

y
Slow Fast @B&{j

| Random simulation

= stop[of [

O mOm®
ARTIST2 Summer School, Autrans, Sep 2008 Kim Larsen [47] c s s



Open Problems ==

= Priced Timed Games = Priced Timed Automata
> = Reachability & Model » Optimal Infinite Schedules
= Checking for PTA (zone based)
o = Safety
9 = Negative cost rates
al- Probabilistic Priced Timed Thanks for your
= Timed Automata www.uppaal.com

= Fully Symbolic (CDD)
= Static Analysis & Slicing of C-

>
> e
c code ive Sequence Charts =
5] = Timed Games = Gantt Chart §
W] " Alternatiy = Probabilistic Timed
. i Automata
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