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OBJECTIVES

m powerful, unifying
mathematical modelling

m efficient computerized
problem-solving tools

m distributed real-time
systems

m time-dependent behaviour
and dynamic resource
allocation

m TIMED AUTOMATA
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Machine 2 Machine 3

@10

Lane 1

INPUT
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@ CPS obtains and makes
available for other

svstems information about

K‘ wironment of a car. This

AMETISI

advanced methods for timed
l'I‘PSM A

UNVERSITET _ **w fc?r'ma‘rlon may be used @ The CPS considered in
Case Stu o _ this case study
) Parking assus‘rancg @ One sensor group only
) Pre-crash detection (currently 2 sensors)

) Blind spot supervision @ Only the front sensors
) Lane change assistance and corresponding

) Stop & go controllers

) Etc @ Application: pre-crash
detection, parking
assistance, stop & go

m Cybernetix '

e

m Terma: Studv 3 2
- Memory axxom
m Bosch: = <:|-
- Car Perij 144
Sensing :
m AXXOM:

- Lacquer "eREEEEE

Mixing Vessel

ﬁ-
m Benchmarks (& & ﬂ -ﬁeﬁ

Lod =

05.06.2005 Axxom Software AG Seite: 3
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[E uPPAAL CORA - Mozilla _(8] x|

. File Edit Yew Go Bookmarks Tools ‘Window Help

@Q Q @ Q |% hitbp: fivaww, cs, aau, dkf~bebrmannfcoraf
—|

+ 48 Home | E3Bookmarks |Enter search term, keyword, or web address

UPPAAL CORA

UPPAAL for Cost Optimal Reachability Analysis

Main Page Introduction Language Guide Option Guide Publications Case Studies

Welcome!

UPRAAL i an integrated tool environment for modeling, walidation and verification of real-time
systemns modeled as networks of timed automata, extended with data types (hounded integers,
arrays, etc.],

UPP&AL CORA is a branch of UPPAAL for Cost Optimal Reachahbility anslysis developed by the
UPP&AL team as part of the WHS and AMETIST projects, Whereas UPPAAL supports model
checking of timed automata, UPPAAL CORA uses an extension of timed automata called LPTA.
LPTA allows you to annotate the model with the notion of cost. This can be the cost of delay in
certain situations or the cost of particular actions, UPPaAL CORA then finds optimal paths
matching goal conditions,

UPPAAL CORA has been used in a number of case studies. Some of these are described on the
case study page of this site. If you come up with interesting uses, please contact us, We are
interested in hearing what vou dol

Due to different internal data structures, UPP&AL COR2 currently consists of two different
WEFSions:

= A yersion for the simplified case of time optimal reachabhility analysis,

= A oyarsion for the full language of LPTA.

| Csam) <

RELATED SITES: UP

Download Contact us

Latest News

UPPAAL Got New Home Page
25 Jan 2005

The main UPPASL site adopted the same
layout as the UPPASL CORA site, At the
same time, the UPPAAL CORA site has
adopted a new color scheme,

Updated case studies
30 Nov 2004 —

The models of the case studies can now
be downloaded from the case study page.
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Overview

m Timed Automata & Scheduling

m Priced Timed Automata and Optimal
Scheduling

m Optimal Infinite Scheduling

m Optimal Conditional Scheduling

m Applications
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Real

Time Model Checking

Plant Controller Program
Continuous Discrete
Sensors
Model
actuators of
tasks
(automatic?)
Model
of -
environmen
(user-supplied /
non-determinism)
— AT ¢ 22
3 AN
\_ UPPAAL Model j
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Real Time Scheduling &
Control Synthesis

Plant Controller Program
Continuous Discrete
sSensors
Synthesis
of
actuators tasks/scheduler
(automatic)
Model
of -
environmen
(user-supplied)

Partial UPPAAL Model j
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Rush Hour

OBJECTIVE:
Get your
CAR out




Rush Hour
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Rush Hour

[eftHand

X==2

left!

¥:=0

down!

Red
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left?

RightHand
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Real Time Scheduling

* Only 1 “Pass” INSARE
e Cheat is possible

(drive close to car with “Pass™)

CAN THEY MAKE IT TO SAFE
WITHIN 70 MINUTES ?77




Real Time Scheduling

UNSAFE

Solve
Scheduling Problem
using UPPAAL

c1
c2 :safe L ==
¢ Q take |
== — |Pass
release! y ==
| y>=3

releassl |

@ take |

| |¥v== y =0 L==1
¥ zafe | I
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Steel Production Plant

Crane A
™1

m A. Fehnker, T. Hune, K. G. Machine 1 Machine 2 Machine 3
Larsen, P. Pettersson U U '

m Case study of Esprit-LTR | l
project 26270 VHS Machine 4 Machine 5 Lane 1

g

m Physical plant of SIDMAR U
located in Gent, Belgium.! '

Lane 2
m Part between blast furnace and
hot rolling mill. -

Crane B

Objective: model the plant, obtain
schedule and control program
for plant.

Buffer

v

Storage Place

Continuos
Casting Machine

oP
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Steel Production Plant

Input: sequence of steel
loads (“pigs”).

Load follows Recipe to

obtain certain quality,
e.g:
start; T1L@10; T2@20;
T3@10; T2@10;
end within 120.
Outpu
hig
ste

BRICS

Basic Research
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Crane A
™1

Machine 3

Machine 2

Machine 1

@10

Machine 5 Lane 1

Machine 4

o 15 .
L i
Lane 2
16
Buffer
Crane B
Storage Place
s=127 ||l
@40
Continuos
t: sequence of Casting Machine
her quality i []
el.



CSS

CENTER FOR INDLEJREDE SOFTWARE SYSTEMER

Freoon Iowd 1 chun g, RYon. Miécn. Fcn. PHcn. RBcn. RYc— Mic— Ric—. PHc—, M=, ind. dent’. dungl ink nwdn

Froce oun 1mnsk e, e
L LTI

ap o

ETERTT ETFTTL | TN TS

Lo in-a_mil 1CO-mp

o n
Hai< ._d-'l'hm" [T TR « TP IEOI= IEOI= - P e |
i g1, 0 1O = b rnad dun manlm Han s TR ] s
CLUed L) WAl -8 -3t
puplnd s
bl

TR o

iy
i DI - bmnn

[T T 0L

L
P
a P AL

Fd -0

[ ST

T
o

e o0, U pai ppen

IEOI= -y im0 \E0<-mp FedlHI 1 oreen
nup] e
Pl 1] -0 Feui ] -0 FeaT il
i C0- mlsk;,
= wecHl 0
muuHI

coen pl--0

] EER
1COe el r| -,
gl -, 0 ekl 0 ——3n

A single load
(part of)

Aduln

N -
-
[ TR

- a
Feudi ]| ke

-
ldun_mit

IEO-mp
L ITEr

il
T

= [coen
[LLIEES

Pidunn_mit v

T W T

TR 1x

Ll ]
anr —

el | 1 i ATk Eo--
' amn ED-mp
Mimet pdipln bikd T dnn it & uzmn
0] anneclm o TN

A5 PPAAL

Basic Research
in Computer Science



Controller Synthesis for LEGO Ci35
Model

.'I'!' E - ] s
crane a “}
ml ._:ijii’ ” !.'-"' : l::. m2 . 3
Mindstorms. | y R
! ! .
m Local = '
controllers with| ' sesi . :
control | '
programs. =2 I'= | , ;
= IR protocol for | == puser 1 7 |} | |
remote e |
Invocation of Hith i
storage
programs.
m Central i =
controller. i 1 -
1971 lines of RCX code (n=5), _
24860 -*- (n=60). Synthesis
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Timed Automata [Alur & Dpilrsg]

Resource

Reset \

Invariant

== BRICS
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use?

ldle

—O-~—

InUse

\_>©_/
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Synchronization

donel

/ Guard

X>=4

X<=7 Semantics:

( Idle , x=0)
- (ldle , x=2.5)
- (InUse , x=0)
- ( InUse , x=5)
- (Idle , x=5)
- (Idle , x=8)
-2 (InUse , x=0)

d(2.5)
use?
d(5)
done!
d(3)
use?
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Composition

Resource
Idle

—O-—

use?

2
I
O

InUse

\_>©_/

X<=B

Semantics:

Task

Synchronization

Init Using Done

. | done?
donel © use — )@ ohe >O
x==B /

Shared variable

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

‘ == BRICS

Basic Research
in Computer Science

- (Ildle, Init, B=0, x=3.1415) d(3)

- ( InUse , Using , B=6, x=0) use
- ( InUse , Using , B=6, x=6) d(6)
- ( Idle , Done , B=6 , x=6) done



Jobshop Scheduling

RE SOURCES

Sport Economy Local Comic Stip
News

Kim 2. 5min 4. 1 min [3. 3min [1. 10 min
)]
0 | Maria 1. 10 min 2.20min |3. 1 min |4. 1 min
@)
I_>

Nicola 4. 1 min [1. 13 min |3. 11 min 2. 11 min

‘ i Ec!zi!gesseorch

in Computer Science

Problem: compute the minimal MAKESPAN
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Jobshop Scheduling in UPPAAL

Hicola

Done

CSS
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LHIBLLIMeIELEL

Sport Economy Local News | Comic Stip
Kim 2. 5 min 4. 1 min 3. 3 min 1. 10 min
Maria 1. 10 min 2. 20 min 3. 1 min 4. 1 min
Nicola 4. 1 min 1. 13 min 3. 11 min 2. 11 min

Bport
Idle
done[spo]! |use[spo]?
X=F X:=0
InUse
X<=5
== BRICS

& = Basic Research
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[TACAS'2001] B-&-Balgorithm running

Experiments

m=

10

m=

Basic Research
in Computer Science

for 60 sec.

problem BF M M+ DF RDF comb. heur.] minimal
instance|coststates [cost [states | cost |states| cost |states| cost [states|cost | states ma,kESpaIl
- [1a01 - 1 - - . -|2466 _| 842 -[ s66] 202 666
ol (202 - |- - - -12360 -1 808 -| 672 - B55
=/ |[1203 - | - - - -|20904 -| 769 -| 626 - 507
11| {fra04 - |- - - -|2212 -| 783 -| 639 - 500
| |[la05 = | - -| 593] 9791|1955 -| 696 -| 53] 284 503
- [1a06 - | - - - -13656 1078 -| 928] 480 026
ol =07 = | - - - -13410 1113 -| 850 . 800
! [1a08 - -l - - - -13520 1009 -| 863] 400 863
11| [a0D - -l - - - -|3984 -|1154 -| 951] 425 051
| lal0 - -1 - -1 - -|3681 -|1063 -1 958] 454 D58
- |1a11 - | - - - -|4974 11303 -[1222] 642 1222
1a12 - | - - - -14557 1271 -[1038] 633 1039
Q aiz - |1 - | - ~|4846 2zl -|iiso]  e62 1150
1] [a14 - | - -[1292]10653|5145 1377 -[1202] 688 1292
= als - -l - - = -|5264 -|1459 -|1289 . 1207
" la1s - | - | - -|4849 -|1298 -l1022 - 045
o |17 = -l - - - -|4209 -| 938 -| 7886 - 784
Hr{ 1al18 = | - - - -l4763 -|1034 -| 922 - 848
I ha1s _ B - B _|as66 _l1140 -| po4 _ 842
1220 - | - = = -15056 -|1378 -| 964 - 002
1a21 - | - - = -|7608 -|1326 -[1149 -1(1040,1053)
| a2z - | - - - -16920 -|1413 -|1047 . 027
E }:gg Lawrence Job Shop Problems gggg ] }gig i }gg? _ 133;
(a2 | -1 -] -1 -l -|7141 -|1290 -[1070 - 077




Task Graph Scheduling I

Optimal Static Task Scheduling

. /
Py
'



Task Graph Scheduling I

Optimal Static Task Scheduling
Task P={P,,.., P}

|
m Machines M={M,,..,M_}
[
|

. /
) (P

. M = {M,M,} D




Task Graph Scheduling —

Optimal Static Task Scheduling
m Task P={P,,.., Pm}

m Machines M={M,,
m Duration A : (PxM) — N 2,3
16,10

|

u 6,6 10,16
2,3

[

|
2,2 8.2
ey _
T in éligm;ielgrr%cience



Task Graph Scheduling -
Optimal Static Task Scheduling

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

Machines M={M,,..,M_}
Duration A : (PxM) — N_ P> 2,3
16,10

< : p.o. on P (pred.)




Task Graph Scheduling —

Optimal Static Task Scheduling
Task P={P,,.., P}

Machines M={M,,..,M_}
Duration A : (PxM) — N_ P>
16,10

< : p.o. on P (pred.)

m A task can be executed
only if all predecessors 2,3
have completed

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

m Task cannot be preempted.



Task Graph Scheduling =

Optimal Static Task Scheduling
Task P={P,,.., P}

|

m Machines M={M,,..,M_}
m Duration A: (PxM) — N_,
|

16,10
< : p.o. on P (pred.)

M1

Idle
Tasks l

usel? done1!

x1:=0 InUse | x1==B1

-0

x1<=B1

B1=8 B2=2

done1? f5=1}O<f5=1 done2:
gfL 55 BRCS M = {Ml’MZ}

Basic Research
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Experimental Results

name | #tasks | #chains | # machines | optimal | TA
001 437 [25 -4 [178 1182
000 452 43 20 537 537
018 730 175 10 700 704
074 1007 66 12 891 894
021 1145 88 20 605 612
228 1187 293 8 1570 1574
071 1193 124 20 629 634
271 1348 127 12 1163 1164
237 1566 152 12 1340 1342
231 1664 101 16 t.o. 1137
235 1782 218 16 t.o. 1150
233 1980 207 19 [118 1121
294 2014 141 17 1257 1261
295 2168 965 18 1318 1322
292 2333 318 3 8009 8009
298 2399 303 10 2471 2473
LSS BRICS Abdeddaim, Kerbaa, Maler

in Computer Science
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Optimal Task Graph Scheduling

Power-Optimality

m Energy-rates:
C:M— NxN

Tasks

B1=8 Bz=2\£)
done1? f5=1>O<f5=1 done2:

‘ i Eo%ﬁ?seorch
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Priced Timed Automata
Optimal Scheduling

with Paul Pettersson, Thomas Hune, Judi Romijn,
Ansgar Fehnker, Ed Brinksma, Frits Vaandrager,
Patricia Bouyer, Franck Cassez, Henning Dierks
Emmanuel Fleury, Jacob Rasmussen,..
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EXAMPLE: Optimal rescue plan for cars with
different subscription rates for city driving !

freel

== BRICS
&= == Boasic Research
in Computer Science

Citroen
fl_;ﬂf\maﬂy u_over unsafe L= 10 Fﬂmaﬂy u_osver
o
A yom B 2 talie ! Ry yom 10
yi=100
release ! releaze ! release !
o U1 y>= 10 o L==1
Lo take ! ey take !
ready y:i=0 zafe over ready y:=0 zafe
BMW Datsun
unsafe L==0 u_ready u_over unzafe L==10 u_ready u_over
C =9 C =9
1 1
3 take y== 20 10 take ! y== 15
¥yi=10 yi=10
release ! release ! releasze ! releasze !
y== 20 — L==1 ¥== 2E ~ L==1
o take ! s take !
over ready yi=0 zafe over ready yi=0 zafe

OPTIMAL PLAN HAS ACCUMULATED COST=195 and TOTAL TIME=65!



Experiments
COST-rates
SCHEDULE COST | TIME | #Expl | #Pop’d
G C B D
Min Time | “®7 ©Z . PP7 60| 1762| 2638
1538
CG> G< BG> G<
11111 GD> 55| 65| 252| 378
9| 2|3 |10] ©P~ GEGCG> G= 195| 65| 149| 233
>
123|4a| “°7 °T 2P | 140| 60| 232| 350
1] 2|3 |10 “P7 ST 5P CS 170| 65| 263| 408
BD> B< CB> C< 975 85
11203040 CG> 1085 | time<85 B -
ololo]o 0 _| 406| 447

& = Basic Research
Computer Science

in
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Priced Timed Automata

Timed Automata + COST variable

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

cost rate

cost update

ol 55 BRCs
&= == Basic Research

in Computer Science
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Priced Timed Automata

Timed Automata + COST variable

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

c’'=4
cost rate
cost update
(I1,x=y=0) "> (I;,x=y=3) — (I5,x=0,y=3) — (lgr_,)
1> 1 4

ol 55 BRCs
&= == Basic Research

in Computer Science



Priced Timed Automata

Timed Automata + COST variable

cost rate

TRA problem -
<t of reachin

g\ocaﬂ0ﬂ\3

cO
¢ Cind the minimu™ ©

lementation:
(IJ EfflClent |mp CAV Ol and TACAS,OA' (|3’_,_)

(I1,x=y=0) — (I2,x=0,y= 0) >(|2X 3,y=3) > (I2,x=0,y=3) > (l5,_,_)

4

> c=11



Aircraft Landing Problem

cost d+I*(t-T) E earliest landing time

. T target time

e*(T-9) \* L latest time

\w e cost rate for being early
| cost rate for being late

.t d fixed cost for being late

=

Planes have to keep separation
distance to avoid turbulences P

caused by preceding planes b

EORICS Runway

Research
n Compu Sc

o«



Modeling ALP with PTA

KL101

time <= 153
approaching
time == 153

time >= 129
land[0] !

time <= 559 &&
cost' == 20

time <= 153 &&

cost' == 10 delayed

on_time

time == 153 land[0]!

CENTER FOR INDLEJREDE SOFTWARE SYSTEMER

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 of
planes

runway

done

T

Planes have to keep sep
distance to avoid turbul
caused by preceding

5

land[A420] ?
c[1]=0

c[0] >=wait[A420][B747] &&
c[1] >= wail[B747][B747]

BRICS

Basic Research
in Computer Science

c[1]=0

Iand[E?47D

Init

land[B747] ?
c[0] = 0

c[0]>=wait[A420][A420] &&
c[1] >= wait[B747][A420]
land[A420] ?

c[0]=0
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ones

Definition
A zone Z over a set of clocks C' is a finite conjunction of simple
constraints of the forms:

z > z<u z—y>1 r—y<u
where ¢,y c C, Luc N and ', «' € Z

For uw € RY and Z a zone we write u = Z if u satisfies all constraints
of Z.

yt
Operations

Reset: {z}Z = {u[0/z] |u = Z} '

Delay: ZT = {u+d|u = Z} X

v

Offset: Ay = Z such that Vu |= ZVx € C. Az(x) < u(zx).

== BRICS
&= == Boasic Research
in Computer Science



Priced Zone

Definition
A priced zone P is a tuple (Z,¢,r)}, where:

e /£ iS a Zzone

v

e ¢ € N describes the cost of Az
e r:. (' — Z gives a rate for any clock z € C.

We write v |= P whenever u |= Z. For u = P we define Cost(w, \P) as
follows:

Cost(u,P)=c+ Y r(z)- (u(z) — Az(z))
zcC

Cost(x,y)=2y — X+ 2

‘ E Ec!zi!gesseorch

in Computer Science



Reset




Reset

82 24



Reset

82 24
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Reset

Z
2
!
2, 1,
6 4 32

A split of {y}~Z
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Delay

(v~

RICS
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Delay

(v~

RICS
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g

)




Delay

(v~

RICS
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Delay M)

Asplitof Z T <">
E

(v~

RICS
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Branch & Bound Algorithm

Cost :=
Passed := ()
Waiting := {(lo, Zo) }
while Waiting # () do
select (/, 7) from Waiting
if | = [, and minCost(Z) < Cost then

Cost := minCost(2)
if minCost(Z) 4+ Rem(; ) > Cost then break

if for all ([, Z’) in Passed: Z’ £ Z then
add (I, 7)) to Passed
add all (I, Z") with (I, Z) — (I, Z") to Waiting

return Cost



Branch & Bound Algorithm

Cost := 0

Passed := ()

Waiting := {(lo, Zo) }
while Waiting # () do
select (/, 7) from Waiting
if | = [, and minCost(Z) < Cost then

Cost := minCost(2)
if minCost(Z) 4+ Rem(; ) > Cost then break

if for all ([, Z’) in Passed: Z’ £ Z then
add (I, 7)) to Passed
add all (I, Z") with (I, Z) — (I, Z") to Waiting

return Cost



Branch & Bound Algorithm

Cost ;= oo
Passed :=
Waiting := {(ly, Zo)}

while Waiting # () do
select (/, 7) from Waiting

if { = [, and minCost(Z) < Cost then

Cost := minCost(2)
if minCost(Z) 4+ Rem(; ) > Cost then break

if for all ([, Z’) in Passed: Z/ < Z then
add (I, 7)) to Passed

add all (I, Z") with (I, Z) — (I, Z") to Waiting

return Cost



Branch & Bound Algorithm

Cost :=
Passed := ()
Waiting := {(lo, Zo) }
while Waiting # () do
select (I, 72) from Waiting

if mlnCost(Z) + Rem(; »y = Cost then break
if for all ([, Z’) in Passed: Z’ £ Z then

add (I, 7)) to Passed
add all (I, Z") with (I, Z) — (I, Z") to Waiting

return Cost



Branch & Bound Algorithm

Cost :=
Passed := ()
Waiting := {(lo, Zo) }
while Waiting # () do
select (/, 7) from Waiting
if | = [, and minCost(Z) < Cost then

add (E Z) to Passed
add all (I, Z") with (I, Z) — (I, Z") to Waiting

return Cost



Branch & Bound Algorithm

Cost :=
Passed := ()
Waiting := {(lo, Zo) }
while Waiting # () do
select (/, 7) from Waiting
if | = [, and minCost(Z) < Cost then
Cost := minCost(2)
If minCost(Z) + Rem >
if for all ([, Z’) in Passed: Z/ £ Z then

~ LI

'S L

Z’ is bigger &
cheaper than 2

\

_

add (I, 7)) to Passed
add all (I, Z") with (I, Z) — (1%}

return Cost

< is a well-quasi

\

ordering which
guarantees
termination!

_/




Experimental Results



ExXperiments MC Order

COST-rates
SCHEDULE COST | TIME | #Expl | #Pop’d
Ge| C, | B, | D,
0 0 5)
Min Time | “®7 ©Z . PP7 5 60| 1762| 2638
1538
CG> G< BG> G<
1111111 GD> 55| 65| 252| 378
9| 2|3 |10] ©P~ GEGCG> G= 195| 65| 149| 233
>
1|23 |4a| 57 57207 T 140| 60| 232| 350
1|23 |10| 7 “C. 77 T | 170|  e5| 263| 408
BD> B< CB> C< 975 85
1120|3040 CG> 1085 | time<85 B -
ololo]o 0 _| 406| 447
='—-'D'KILU
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Example: Aircraft Landing

cost d+I*(t-T) E earliest landing time

\N T target time

L latest time
e cost rate for being early
| cost rate for being late

e*(T-t)

.t d fixed cost for being late
L
i
Planes have to keep separation
distance to avoid turbulences . O
caused by preceding planes b
=S BRCS ’ Runway

Research
n Compu Sc



Example: Alrcraft Landing

X >= earliest landing time
land! cost+=2 target time
latest time

cost rate for being early
cost rate for being late
fixed cost for being late

N WwWoOoOo P+

X <=
cost’= cost 1
land!

=

Planes have to keep separation
distance to avoid turbulences

caused by preceding planes ) I _
gf S5 BRICS *

Basic Research R u nway
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Ailrcraft Landing

Source of examples:
Baesley et al’2000

problem ingtance 1 2 3 4 b 6 7
number of planes| 10| 15| 20 20 20 30| 44
number of types 2 2 2 2 2 4 2
optimal value 3100

1||explored states 15069
cputime (secs) : : : : 220.22
optimal value 650

2||explored states 47993
cputime (secs) : : : : 1085.08
optimal value 170

3|[explored states 24| 46 207715 1896[}2 62|N/A
cputime (secs) 0.36| 0.70| 1.71014786.19|12461.47|] 0.68
optimal value 0 0

4|lexplored states | N/JA|N/A|N/A 65 64) N/AIN/A
cputime (secs) 1.97 1.53

o

= DK
BoR rch
n Compu Sc



Branch & Bound Algorithm

Zone based

Cost := _ ]
Passed = () Linear Programming
Waiting := {(lo, Zo) } Problems
while Waiting # () do

select (/, 7) frgmaAaifing

if { =1[, and @ Cost then

e ———t gl
if Rem Cost then break
if for all ¢, in Passed @ en

add (I, 7)) to Passed
add all (I, Z") with (I, Z) — (I, Z") to Waiting

return Cost



Zone LP =2 Min Cost Flow

Exploiting duality

A
vz cost = 3x1 — 2224+ 7
3 1 (
2 =+ VA
-2
1
] —
3
0 | | : -
0 1 2 3 .
minimize 3X,-2X,+7 minimize 3y, o-Yo>+Y15 — Yo
when X;-X,< 1 when y, 5-¥Yo 1-Yo =1
1<%, <3 Yooty ,=2
X,> 1 Y0.17Y1,2="3

‘ i Eo%!ggseorch
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Zone LP - Min Cost Flow
Exploiting duality

T
2 cost =31 — 232+ 7

/
(

2 = VA
-2
1
§ =
3 -
et
0 I I l e
0 1 2 3‘_:,:""‘ ”
minimize 3x,- 2x2+7 minimize 3Y, 5-Yo>+tY1 5 — Yo
when X-X,< 1 when yz,o'yo,l'yo,zzl
1< X, < 3 Yooty ,=2
X,> 1 Y0.17Y1,2="3
gfL 55 BRCS
&= = Basic Research
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Ailrcraft Landing

RW Planes 10 15 20 20 20 30 44
Types 2 2 2 2 4 2
1 simplex 0.844s | 5.210s | 2.135s 17.6888s 44 878s | 0.451s | 0.670s
netsimplex | 0.156s | 0.657s | 0.369s 2.363s 5503s | 0.127s | 0.322s
factor 5.41 7.93 5.79 7.57 8.16 3.55 2.08
2 simplex 2.577s | 7.436s | 2.175s 94.357s | 120.004s | 2.322s | 0.264s
netsimplex | 0.332s | 1.036s | 0.436s 13.376s 18.033s | 0.600s | 0.179s
factor 8.00 7.18 4.99 7.054 6.65 3.87 1.474
3 simplex 0.120s | 0.181s | 0.357s | 740.100s | 516.678s | 0.166s N/A
netsimplex | 0.064s | 0.104s | 0.129s | 170.176s | 124.605s | 0.079s N/A

factor 1.87 1.74 2.77 4.34 4.14 2.10
4 simplex N/A N/A N/A 1.603s 0.318s N/A N/A
netsimplex N/A N/A N/A 0.378s 0.093s N/A N/A

factor 4.24 3.42

A. Loebel (2000). MCF Version 1.2 - A network simplex implementation. (http://www.zib.de)

‘ E Ec!zi!gesseorch
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AXXOM Case study

m 3 types of recipes
— for uni/metallic/bronce

- use of resources,
processing times,
timing

m 29 (73, 219) orders:

~ start time, due date,
recipe
m extensions:

- delay cost,
storage cost,
setup cost

- weekend, nights

ol 55 BRCs
&= == Basic Research

in Computer Science

Laquer Production Scheduling

—

Seite: 3

Behrmann, Brinksma, Hendriks, Mader

16t IFAC World Congress



Resources

m 2 mixing vessels for
uni lacquers

m 3 mixing vessels for
metallic/bronce

2 dose spinners

1 dose spinner bronce
1 disperging line

1 predisperser

1 bronce mixer

2 filling lines

lab (unlimitted)

CENTER FOR INDLEJREDE SOFTWARE SYSTEMER

(o) <2 =2
4 43

AAAAAAAAAAAAAAA

o

axxom

S
Storage i

Seite: 3




Recipes

metallic bronce uni
[6.6] s8]
17.63 T
[0.4] |
17.63
5.18 D
| [0.4] | [6.6]
i 5.18 D 11.02
| [0.4]
5.18
7.35
50 ! 48.08
7.35
&8 27.73
23.95
[2.4] |
22,04 95.69
[2.41| [24

EE

1

mixing vessel metal D bronce mixer

D mixing vessel uni
D dose spinner bronce . disperser

dose spinner

lab . disperging line wait
) _ ‘ arbitrary,
ﬂ”lng station if not specified
— synchronize

in Corr;ﬁ"ute‘r' Science

UPPAAL template

for metal

ML==1 && a=ACT &&
mixing_vessel_met=0 &8 dose_spinner=0 &&
&NEET:D || icd==0 || mphasefid-1]=mphase[id])

CSS

CENTER FOR INDLEJREDE SOFTWARE SYSTEMER

O not_ready
t==earliest_start

t==earliest_start

i

mixing_vessel_met==0 ||
dose_spinner==0
hurry!

x==0K

reacy
rk)tﬁdeadline-(DMLAEﬂ +HOR+LAB2+ABF)

mixing_vessel_met=0 && dose_spinner=0 && a=ACT
(MO==0 || id==0 || mphase[id-1]=mphase[id])

ol
A mixing_vessel_met--, dose_spinner--, x=0,
mphasefid]++, a++
! DK_MET_18
( ¥==0K
x==DH &&

ML==1 && dose_spinner=0 &&

(MO==0 || id==0 || mphaselid-1]=mphase[id])

=0

(MO==0 || id==0 || mphase[id-1]=mphase[id])
dose_spinner++, x=0, mphase(id]++

! PRUEFEM1_MET_18
x==LAB1

x==LAE1 &&
(MO==0 || id==0 || mphase[id-1]=mphase[id])
mphaseficd]++

t==deadline-(KOR+LAB2+ABF)

dose_spinner==0

¥x==KOR hurry!

hurry!

T
dose_spinner=0 &&

(MO==0 || id==0 || mphase[id-1]=mphase[id])
dose_spinner--, x:=0, mphasefid]++

! KORREKTUR_MET_18
¥==KIOR

fan

x¥==HOR &&
(MO==0 || id==0 || mphase[id-1]=mphase[id])
dose_spinner++, x=0, mphase(id]++

| PRLUEFEMNZ_MET_18

Qx=c=L.-’-'~E52
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Orders

BRICS

&= = Basic Research

order product ID quantity | unit| delay costs per day per kg earliest start delivery date
1204081.FE| 10009.ABF.MET.18| 19000| kg 51| 05.04.2002 19:12| 19.04.2002 19:12
4147108.FE| 10009.ABF.MET.18| 19000]| kg 51| 20.04.2002 06:00| 04.05.2002 06:00
4152856.FE| 10009.ABF.MET.18| 19000]| kg 51| 29.03.2002 07:12| 12.04.2002 07:12
4161304.FE| 10001.ABF.UNL.85| 23000| kg 51| 08.04.2002 04:00{ 22.04.2002 04:00
4173559.FE| 10001.ABF.UNL.85| 22000| kg 0,51] 01.04.2002 22:48| 15.04.2002 22:48
4173830.FE| 10001.ABF.UNL.85| 22000| kg 0,51] 15.04.2002 02:48] 29.04.2002 02:48
4174631.FE| 10009.ABF.MET.18| 19000]| kg 51| 22.04.2002 22:48| 06.05.2002 22:48
4179351.FE| 10009.ABF.MET.18| 19000]| kg 51| 01.04.2002 23:59| 15.04.2002 23.59
4179360.FE| 10009.ABF.MET.18] 19000| kg 51| 29.03.2002 19:12| 12.04.2002 19:12
4187241.FE| 10001.ABF.UNL.85| 22000| kg 0,51] 15.04.2002 22:48| 29.04.2002 22:48
4187676.FE| 10009.ABF.MET.18| 19000] kg 51| 12.04.2002 19:12| 26.04.2002 19:12
4187688.FE| 10009.ABF.MET.18| 19000| kg 51| 12.04.2002 23:59| 26.04.2002 23.59
4189165.FE| 10009.ABF.MET.18| 19000]| kg 51| 01.04.2002 04:00{ 15.04.2002 04.00
4189694 .FE| 10001.ABF.UNL85| 22000] kg 51| 03.04.2002 10:24| 17.04.2002 10:24
4196932.FE| 10001.ABF.UNL85| 22000] kg 51] 25.03.2002 04:39] 08.04.2002 04:39
4196968.FE| 10001.ABF.UNL.85| 22000] kg 51| 02.05.2002 14:24| 16.05.2002 14:24
4197088.FE| 10009.ABF.MET.18] 19000| kg 51| 27.03.2002 04:48| 10.04.2002 04:48
4197955.FE| 10001.ABF.UNL.85| 22000| kg 51| 03.04.2002 14:24| 17.04.2002 14:24
4200741.FE| 10009.ABF.MET.18] 19000| kg 51| 16.04.2002 04:48| 30.04.2002 04.48
4206483.FE| 10037.ABF.MET.11] 19000| kg 51| 15.04.2002 23:59| 29.04.2002 23:59
4206683.FE| 10037.ABF.MET.11] 19000| kg 51| 15.04.2002 04:00{ 29.04.2002 04:00
4209227 FE| 10009.ABF.MET.18] 19000| kg 51| 12.04.2002 14:24| 26.04.2002 14:24
4210646.FE| 10001.ABF.UNL85| 22000] kg 51| 26.04.2002 14:24| 10.05.2002 14:24
4210669.FE| 10037.ABF.MET.11| 18000] kg 51| 08.04.2002 04:00| 22.04.2002 04:00
4213014.FE| 10009.ABF.MET.18| 18000| kg 51| 23.03.2002 02:24| 06.04.2002 02:24
4213016.FE| 10009.ABF.MET.18] 198000| kg 51| 20.04.2002 02:24| 04.05.2002 02:24
4220296.FE| 10009.ABF.MET.18] 198000| kg 51| 27.03.2002 09:36] 10.04.2002 09:36
4222941.FE| 10037.ABF.MET.11] 19000| kg 0,51] 03.04.2002 06:00| 17.04.2002 06:00
4223024.FE| 10037.ABF.MET.11| 19000] kg 0,51] 18.04.2002 06:00] 02.05.2002 06:00

in Computer Science
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|nstantiated Model

m9 m10
L L
m13
L L
Pram -
m9

State Space

Explosion
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Heuristics

m Nice heuristics
- non-overtaking
orders of the same recipe cannot overtake each other

— non-laziness

a process that needs an available resource will not waste
time if its is not claimed by others (a.k.a. active
scheduling)

m Cut-and-Pray heuristics

- greediness

a process that needs an available resource will claim this
resource immediately

- reducing active orders

the number of concurrent orders is restricted (number of
critical resources can give an indication)

ol 55 BRCs
&= == Basic Research

in Computer Science



Experimental Results

#jobs heuristic OTdanr'S tteirrnrr;.
29 - - -
29 nl - 1ls
73 nl, no - -
73 nl, no 3 7S
219 g, ho 4 8s

uses clock optimization &

optimized successor
calculation

‘ i Ec!zi!gesseorch
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Results Extended Case
storage, delay and setup costs, working haurs

. k . st
#jobs Wcl is” 1 Order of magnitude
0 ] faster than P
> Competitive MILP, GAMS/CPLEX
z with
Orion-pi A
results i e
> o9 - 2,263,496

29 2X) no 4 192,881,129




Optimal Conditional
Reachability

with Jacob |. Rasmussen



Minimizes
Costyycar

subject to
COStCitroen S 60

ostg,w < 90
OStDatsun S 10

min Cost,,ycar= 270
L ___ time =70

in Computer Science




Dual-priced
TA

v

X< 2 X <3
y<2
PROBLEM: SOLUTION:
Reach |5 in a way which c =11/3 >
minimizes c wait 1/3 in |;; goto |,;
subject to d < 4 wait 5/3 in |,; goto I,

‘ i Eo%ﬁgseorch

in Computer Science



- d+=1 1
Discrete E (D)
Trajectories y:=0

‘ i Ec!zi!gesseorch

in Computer Science



Discrete
Trajectories

0,0
BRICS

Basic Research
in Computer Science

o =2

! 2 2 Qi8S
> CENTER FOR INDLEJREDE SOFTWARE SYSTEMER
d+=1 =
c’=1 ‘Q I
d =4 ’w '@
y:=0 y:=0
X< 2 x<3
y <2




Dual Priced Zones

_‘4 = {(I + 1!41' - 2\]1

Definition o (e + 2.4z - 5)}
A dual-priced zone is a pair (Z,C), where Z is
a zone and C' is a set of pairs of affine cost
functions {(e1,d1),...,(en,dn)}.
Z4

‘ i EcEi!S?gseorch
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Dual Priced Zones

4= {(I + 1!41' - 2\]1

L | ;
Definition (z+2,4z - 5)]
A dual-priced zone is a pair (Z,C), where Z is
a zone and C' is a set of pairs of affine cost
functions {(e1,d1),...,(en,dn)}.
Z4
Definition R
The dual-priced zone (Z,C) associates with a 3107
clock-valuation v € Z all cost pairs (¢1,¢o) such g 87 /
that: ENR /
(c1,¢2) € A(C(u)) . /
2
where C(u) = {(e1(u),d1(w)), .., (en(w),dn(uw))} o

and X() is convex-hull closure. 0 2 4

Primary Cost
‘ = BRICS
Basic Research

in Computer Science



Dual Priced Zones

4= {(I + 1!41' - 2\]1

L | ;
Definition (z+2,4z - 5)]
A dual-priced zone is a pair (Z,C), where Z is
a zone and C' is a set of pairs of affine cost
functions {(e1,d1),...,(en,dn)}.
Z4
u z
Definition .
The dual-priced zone (Z,C) associates with a 0310 1
clock-valuation u € Z all cost pairs (c1,cp) such i & AC(u)),
that: ERR
3
(c15¢2) € AM(C(w)) AAT
2
where C(u) = {(e1(u),d1(u)),. .., (en(u),dn(u))} _

and A() is convex-hull closure. 0 2 4
Primary Cost

‘ i Eo%!ggseorch
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Reset
e=xz+vy
d=4r —-3y+1
Z:2<x<3,1<y<?2

U A

2 {(e?d)}

1 Z

0 4 T -
0 1 2 3 £

‘ i Eo%!ggseorch
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Reset
e=xz+vy
d=4r —-3y+1
Z:2<x<3,1<y<?2

U A
: {(e.d)}
—
|
|
1 Z
O M
0 1 2 3 C

‘ i Eo%!ggseorch
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Reset
e=x+y
d=4x —-3y—+1
Z:2<x<3,1<y<?2

- A
Y 4 6 10 1
> ] 4
.' " e
O 3 _I_I'-_" 0 : I~
0 1 2 3 £ 0 2 4
Primary Cost
== BRICS

& = Basic Research
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Reset

e=x+y
d=4r —-3y+1
Z:2<x<3,1<y<?2

U A
2 _I_____{(ead)}
| _-_-,.—.—-

1 - Z :,—”—”

0 G i

0 1 2 3 T

C={(z+1,42 — 2),

Bl

in Computer Science
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Secohdary Cost

—
co o
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Primary Cost



I, 2 X > 2
_ d+=1 y =
Exploration @
y:=0 y:=0
x<2 x<3
] £ A y<?2
Yy 4 (1) [310 1
o871
g
5 1
M
& o1 ={(z,42)) " *]
2 '
» 0 -

4
Primary Cost

-~
[

(ii) 1 10
TT (] 1
L | 0
3 +
E 8
s 61
o
oy = {(z,4x + 1)} R |
2 4
Z2
: - 0 ' -
x 0 2 4
‘E BR ) Primarv Cost:
&= = Basic Research
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Exploration

43

o
yy

in Computer Science

Pt

(i)

a

Secondary Cost

a

Secondary Cost

—
=

—
=

B2

B2

= = oo

= o o0

L ol
4
Primary Cost

I W

-

4
Primary Cost

=
[



Y A (1) '5 10 ¢
R |
5
1 =
I 3 6 ¢+
1 -~ o]
i | @ 4
o4 ¢
7, Looeog {(z +y,4z — 3y + 1)}
2
= 0 ’ -
= 2 4
Primary Cost
Y A (iv) 10 ;

Secondary Cost
=

Cy={(r+1,4z —2), o
9 Ay _ 2
7 (x + 2,4z — 5)}
i 0 : -
z 0 2 4

Primary Cost

A
whl
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Termination

Definition
Let (Z,C) and (Z’,C") be two dual-priced zones.
Then (Z,C) C (Z,C") iff
i) Z/ C Z, and
i) for any (¢/,d’) € C’ there exists (e,d) € C
S.t. €<Z!€ and d <., d’

Thecs T HEOREd“\Q_\ onal A
If (7, Opt\ma\ Omu\t\ pr\Ced
v(cﬁ, C\'\ab‘“ Yy fmputab\e SRR
Theor -

C is a well-quasi ordering.



Optimal Infinite Scheduling

with Ed Brinksma
Patricia Bouyer
Arne Skou
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EXAMPLE: Optimal WORK plan for cars with
different subscription rates for city driving !

process Torch

freel

O Te

‘ E Eo%ﬁ?seorch

in Computer Science

BMW
wa=111
LhEate
L vo=10
©: O
ye=20
releasel

y== 20 y.=0
take!
@- -—n - O
¥= o safe
y==100

maximal 100 min.
at each location

releassl

ywe=10

yi=10 L== _—
we=100

Datsun
y==100
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Workplan |

Citroen Citroen Citroen
e(25)
U U U
—
Datsun 2 75 Datsun Datsun

U )

Citroen

U )

Datsun Datsun

)

Citroen

U

Datsun

Citroen

U

Datsun

S

Datsun

)

Value of workplan:

(4 x )/ 90 =

‘ == BRICS

Basic Research
in Computer Science



Workplan 11

Citroen

25/125
e

Datsun

Citroen

10/130

Datsun

Citroen

25/225

Datsun

Value of workplan:

/ 100 =

Citroen

Datsun

Citroen

Datsun

Citroen

Datsun

5/25

25/125
——

/90

25/50

Citroen

Datsun

Citroen

Datsun

Citroen

Datsun

Citroen

20/180
e

5/10

10/0

CENTER FOR INDLEJREDE SOFTWARE SYSTEMER

Citroen

Datsun

10/90

Citroen

Datsun

Citroen

Datsun

10/0

Citroen
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Infinite Scheduling

Kim

Jacoh

LsE] s ! done[spa]?

CSS

CENTER FOR INDLEJREDE SOFTWARE SYSTEMER

LHIBLLIMeIELEL

E[] ( Kim.x < 100 and
Jacob.x < 90 and
Gerd.x < 100)

Gerd

== BRICS
&= == Basic Research
in Computer Science
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Infinite Optimal Scheduling

5

Kim

\
LEE{CD’K

Ci=10,

Jacoh

E[] ( Kim.x < 100 and
Jacob.x < 90 and

Gerd.x < 100)

+ most minimal limit
of cost/time

Gerd

¥<=B && cost'==10

BRICS

Basic Research
in Computer Science




Cost Optimal Scheduling = o2
Infinite Path

—(Car0.Err or Carl.Err or ...)

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

Optimal Schedule ¢™: val(c™) = Inf_ val(c)

Nn—o00



Cost Optimal Scheduling = o2

Infinite Path

/\”/_\ /\/'\____

c L
—(Car0.Err or Carl.Err or ...)

104
_rsen HSCo -

sma L

THEORET"ain o: val(o) =lim__,_ c./t.

Optimal Schedule ¢™: val(c™) = Inf_ val(c)



Optimal Infinite Schedule

..... » reset to O c'=

B time elapsing

f._-“-"ln —— —
F e, "__.-l-"- -""'l-__‘
/ = = T—
A AT
5 —
A 1 /
—————— - /
R
— Corner Point Automaton

[ Aim: prove that p*(Acp) = u*(A) J

NIV

w
Basic Research
in Computer Science

o«



Optimal Infinite Schedule

Finite Behaviours

(Lemma. Let Z be a zone and f be a function )

. E?:l ¢t +c
f ' (1.1,”*,1.") — m

Lwell-daﬁned on Z. Then infzf is obtained on the border of Z with integer coordinates. y

= for any finite path in A, there exists a path TT in A, such that

ratio(TT) < ratio(m)

‘:_—: BRICS
&= = Basic Research
in Computer Science I Optimal behaviours are NOT prefixed closed
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Optimal Infinite Schedule

.....

The linear part will be negligible when the path is long enough.

= the optimal cycle of A, is better than any infinite path of A

= BRICS

Basic Research
in Computer Science

X>4
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LENIEN]
M ODETIS

Bt iz
I TED A

Dynamic Voltage Scaling
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Performance vs Ressource-Efficiency s

= Consumer constantly
demand
better functionality,
flexibility, availability, ...

= _.jncrease in resources
needed:

= Time

= Energy

= Memory

= Bandwidth

= Application of CUPPAAL to .
modeling, analysis and
synthesis of resource-
efficient schedules for real-
time systems.

KENT..

in Computer Science
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Dynamic Voltage Scaling

Power Management

w - 'S
' 1000 Sun’s
Surface
Nuclear Reactor ¢ | Rocket
100 Nozzle
g
"S *
E Pentium Il ® processor
2 10 Pentium Il ® processor
Pentium Pro ® processor
i386 Pentium ® processor
$i486
1 -
. : . : :
periodic(10e-3) H—— _ _ —
éi petiodic(Ze-3) —*—— _ —-— — “ —
£ s s s s
RTOS — —
4 [ 3
] 0.005 0.01 0.015 - 0.02 0.025 0.03

ob Time: 0.701[s] RTOS Time:
RSk

| = e e R ik
Dynamically lower voltage supply (frequency)
to utilize free CPU time

‘ = Eogilcciessec rch

n Computer Science



Task Scheduling C§§

utilization of CPU

P(@), [E(1), 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

AN
(Y
w

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

in Computer Science



Modeling Task

ready

| |

|

| |
stop
run

Tn

gl B BRCS
&= == Basic Research

sic Researc
in Computer Science

Scheduler

e=id

donel

ax==C[id]




Modeling Scheduler

ready

nonempty?

CENTER FOR INDLEIREDE SOFTWARE SYSTEMER

Free

Scheduler

© N

empty?

rem|




Modeling Queue =2

Schedule

o]
e
)

i>1 and P[list[i]] > P[list]i-1]]

Insert
‘ temp=list[i-1],

list[len]=e, list[i-1]=list{i],
i=len, list[i]=temp,
i=i-1
add? Plist{i]]<=P[list[i-1]]

nonempty!
pty len==

add?
list[len]=e,
len=1
e=list[0]
hd?

len=0

empty!
len==0

rem?
len>=1

len =len -1,
i=0

i <len list[i]=list{i+1],
i=i+1



I\/Iodeling Queue In UPPAAL 4.0 cw§...§

User Defined Function

void add(id £ element)
{

int i=lemn;

int temp=0;

if [len==0)

ready I list[len]=e;
= _done Scheduler len=1;
1
a else
. / 4 1|3 { list[len]=e;
" stop i=len;
T run len=len+1;
n while (i>1l £5 P[list[i]]> P[list[i-1]1])
{ temp=list[i-1];

lizt[i-1]=li=st[4i];
list[i]=temp;

i=i-1;
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May be extended with preemption

—(TaskO.Error or Taskl.Error or ...)

A0 —(TaskO.Error or Taskl.Error or ...)
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Energy Scheduling S

ready
- Q Scheduler

donel

“Choose” ax==C[id]"s
Scaling/Cost
(Freg/Voltage)




Cost Optimal Scheduling =
Infinite Path

—(Car0.Err or Carl.Error ...)

Value of path ¢: val(c) =Ilim,_,_ c. /t,
Optimal Schedule ¢™: val(c™) = Inf_ val(c)



Cost Optimal Scheduling =
Infinite Path

/\”/_\ /\/'\____

c L
—(Car0.Err or Carl.Err or ...)

- O ouyel:
T\’\EOREN.\ vawn o: val(o) =Ilim__,_ c./t,

Optimal Schedule ¢™: val(c™) = Inf_ val(c)




Approximate Optimal Schedule CiSS

Optimal infinite schedule
modulo cost-horizon

E[] (not (TaskO.Error or Taskl1.Error or Task2.Error)
and
(cost==M imply time >= N))

Cost>=M —
E[] O(M ,N)

Cost:=0
Ticr}nse:=U’ cF[] (I)(M,N) imply val(c)< M/N

asic Research
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Preliminary Results CIS5
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Preliminary Results

@ m H H H H B H H
§ i : : : ; i E
z : H
& e ] H
J 'j g
o 50 100 150 200 20 300 350 400 500
Time [Sec.] Totak 1006 Jobs: 916 [91.05%] IDLE: 90 [8.95%] RTOS: 0 [0%)] DVS: 0 [0%] VF: 0 [0%] Lhilization: 91.05[%)] Deadline Miss: 0
«Z00M + - Z00M -
2 1] T T ]
- 5 | H
ol | 4
s -
= i i
§Or : H
o : H
- e =
2 : : H : =
10p =t . . . : -
| i i i A i i i ' i
[i] 50 450 500

100 150 200 250 300 380 400
Energy [J] Total: 44106 Jobs: 44106 [100%)] IDLE: 0 [0%)] RTOS: 0 |0%] DVS: 0 [0%] VF: O [0%] (#31)

Anivals ON

RTOS Active

Speed

P,=D,=32 C,=6
P,=D,=48 C,=18
P,=D,=64 C,=12

EDF w preemption w DVS: avr.:

43.37

CENTER FOR INDLEIREDE SOFTWARE SYSTEMER



CSS

Dynamic Scheduling

E<> ( Kim.Done and
Jacob.Done and
Gerd.Done )

Kim

+ winning / optimal
strategy

@ Cost-Optimal Reachability Stratégies for I5riced Timéd

= Game Automata
[Alur et all, ICALP’04]
[Bouyer, Cassez. Fleury, Larsen, FSTTCS’'04]

Jacoh

Gerd

Done | | [ aone! | Lser |

Time-Optimal Reachability Strategies for Timed Games
[Cassez, David, Fleury, Larsen Lime, CONCUR’05]

Y Y e O
Uncontrollable

X<=B+3

timing uncertainty
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