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BRICS Machine

Basic Research in Computer Science, 1993-2006

5+7+1 M Euro

Aalborg Aarhus
UCb
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Tools and BRICS

Semantics

» Concurrency Theory

» Abstract Interpretation
« Compositionality

¢ Models for real-time
& hybrid systems

Algorithmic

* (Timed) Automata Theor

 Modal)Logic :(BBB%)Q Vel

» Polyhedra Manipulation
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CISS Center for Embedded
Software Systems

m National Competence
Center 2002 sponsored
by:

- Minstry of Tech. & Res.
- North Jutland

- Aalborg City

- Aalborg University

40 projects
20 CISS employees
25 CISS ass. Res.

20 industrial PhDs
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Why Verification and Testing Ci53

m 30-40% of production time is currently
spend on elaborate, ad-hoc testing:

- Errors expensive and difficult to fix!

- The potential of existing/improved
testing methods and tools is enormous!

- Time-to-market may be shortened
considerable by verification and
performance analyses of early designs!

UCb



Why Verification and Testing = —>>

s IMPORTANCE for
EMBEDDED SYSTEMS

- Often safety critical
- Often economical critical
- Hard to patch

m CHALLENGES for EMBEDDED SYSTEMS

- Correctness of embedded systems depend
crucially on use of

resources
e.g. real-time, memory, bandwidth, energy.

- Need for
qguantitative models

UCb



Modelling,
Specification,
and Verification

using UPPAAL =

Kim Guldstrand Larsen

e, €SS
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Real Time Systems

SEeNSsors
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Plant Controller Program
Continuous Discrete

actuators

EQ.: Realtime Protocols Real Time System

Pump Control

Air Bags A system where correctness
Robots not only depends on the
Cruise Control .

ABS logical order of events but
CD Players

also on their timing!!

Production Lines
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Real Time Model Checking

Plant Controller Program
Continuous Discrete
SEeNnsors
Model
actuators of
tasks
(automatic?
Mod
of
environmepit
(user-supplied /
non-determinism) @ . S A (p 22
NG
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Real Time Control Synthesis

Plant  _ Controller Program
Continuous ||| | . Discrete
Sensors
Synthesis
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Timed Automata
Alur & Dill 1989

== BRICS c

Basic Research s s
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Timed Automata

Synchronizing
action

press?

press? X:= X: 3 press?

+ Light
@J \
Guard:
Location ' \ conjunctions of

real-valued »2{<,,=.,>}
clock °

UCb
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Timed Automata semantics

State
( focation, x=v , y=u) wherev,uarein R

Transitions
X<=5 & y>3 (n, x=2.4, y=3.1415) I
3 (m, x=0, y=3.1415)
S
¢ X:=0 pisct e 112

(n, x=2.4, y=3.1415 ) &2
(n, x=3.5, y=4.2415)

pelay Tran®

UCb



Timed Automata

press?
press?  x:=0 ;@ pre;s? {Bright
press?
X>3
Transitions:
( Off , x=0)
delay 4.32 >  (Off, x=4.32)
press? > ( Light , x=0)
delay 2.51 > ( Light , x=2.51)
press? > ( Bright , x=2.51)

UCb
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Intelligent Light Control

Using Invariants

x=100

; press? oress?
X:= — . !
x=100 X' =0 =0

UCb



Timed Automata semantics

Invariants
| Transitions
> e(s.
X<=5 (n, x=2.4, y=3.1415) %
X<=5 &y>3 e(1.1)
a (n, x=2.4, y=3.1415) .
<=0 ( n, x=3.5, y=4.2415 )
m
y<=10
< 94 Invariants ensure
92 97 progress !!

UCb
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Intelligent Light Control

x=100

x:=0

Invariants

Invariants
ensures
progress

Transitions:

( Off , x=0)
delay 4.32 > ( Off , x=4.32)
press? - ( Light , x=0)
delay 4.51 - ( Light , x=4.51)
press? - ( Light , x=0)
delay 100 - ( Light , x=100)
T - ( Off , x=0)

UCb

Note:
( Lig

ht, x=0) delg¥103 >




Ti’hed Aug
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Constraints Ity

Definition
Let X be a set of clock variables. The set B(X) of clock constraints
¢ IS given by the grammar:

¢ = r<c|c<zr|z<cl|le<z|PLA¢2

where c € N (or Q).

UCb



Clock Valuations and Notation

Definition
The set of clock valuations, RY is the set of functions C — R>g
ranged over by u,v,w,....

Notation
Let ueRC, rCC, d € R>g, and g € B(X) then:

e u+deRC is defined by (u+ d){z) = u(z) + d for any clock z

e u[r] € RC is defined by u[r](z) = 0 when z € r and
ulrl{z) =u(z) forz € r.

e u |= g denotes that g is satisfied by u.

UCb
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Timed Automata lty

Definition
A timed automaton A over clocks C and actions Act is a tuple
(L,ly, E, T), where:

e L is a finite set of locations
e [y € L is the initial location
o ECLXB(X)x Act x P(C) x L is the set of edges

e I: L — B(X) assigns to each location an invariant

UCb
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Semantics Fo,,ma Omat.

Ily
Definition

The semantics of a timed automaton A is a labelled transition sys-
tem with state space L x RC with initial state (I5,ug)* and with the

following transitions:
d
e Lu) "Dy (Ludd)iffuecI(l) and u+d e 1),
o (ILu) 2 (I',w') iff there exists (I, g,a,7,1') € E such that
=T

— u' = y[r], and
— o+ e 1(l"

*ug{z) =0 for all z € C

UCb



Example

With two clocks

=0 =0
y L0 .

d b
y<=2 X<=2

y<=2, Xx>=4

L1

Reachable?

UCb



Example
With two clocks
=0 =0
y L0 .
d b
y<=2 X<=2

y<=2, Xx>=4

L1

Reachable?
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Example

With two clocks

y.=0 x:=0

LO
d b
y<=2 X<=2

y<=2, Xx>=4

uﬁ

Reachable?

UCb

;//yQ//
[
|

(LO,x=0,y=0)

98(1.4)
(LO,x=1.4,y=1.4)




Example
With two clocks
=0 x:=0
y L0
a b
y<= <=2
y<=2, Xx>=4
C
U}b
Reachable?

UCb

(LO,x=0,y=0)
98(1.4)
(LO,x=1.4,y=1.4)

9a
(LO,x=1.4,y=0)




Example

With two clocks

y.=0 x:=0

LO
d b
y<=2 X<=2

y<=2, Xx>=4

u}b

Reachable?

UCb

(LO,x=0,y=0)
98(1.4)
(LO,x=1.4,y=1.4)
9a
(LO,x=1.4,y=0)
96(1.6)
(LO,x=3.0,y=1.6)
9a
(LO,x=3.0,y=0)




Networks Light Controller & User

x:=0 x=100

Synchronization

y.10 press! y:=0

Transitions:
( Off, Rest, x=0, y=0)
delay 20 - ( Off, Rest, x=20, y=20)
press?! - ( Light, Busy, x=0, y=0)
delay 2 - ( Light, Busy, x=2, y=2)
y:=0  press! press?! > ( Bright, Rest, x=0, y=0)
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Networks of Timed Automata

\@j \@@K \C‘j (a’la CCS)

a2 Two-way. .
synchronization

on complementary
=0 actions.

Y ' Y
/@\ /@\ /Q\ Closed Systems!
y " y

Example transitions

al a?

If a URGENT CHANNEL
UCb



Network Semantics

TI4T, =(5,%S,, -, stlx s2)  where

s,00@'-1s,” s, 035,
s, s, OO - 51’||X52’

s, s, O &8 S1ll, Sz’

UCb



Network Semantics g
(URGENT synchronization) “‘5\;(\0‘“
MV
TI4T, =(5,%S,, -, stlx s2)  where
51”)(52 [] |E| — Slnx Sz Sl”XS2 [] |E| . Sl||X52,

51 ”)52 00 - 51 ”XS2 0d’ < d, Oud UAct:

L (L) W2 g, &) Yy
s, s, O &8 S1ll, Sz’
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Light Control Interface

i

Level

1 5

e, €SS
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Light Control Interface

press? d release? - touchl 0.5.d:1
press? 1 - starthold!
press? d release? - endhold!  d >l

touch!

press?
starthold!

L++/L--/L:=0

release? endhold!

£ LightController

I

press? 0.2 release? ... press? 0.7 release? .. press? 10 2.4 release? .

v v v v
g touch! starthold! endhold!

UCb



Light Control Interface

UCb

Interface

releasg? ¥o=
’ touchl
| I
endhpld L c touch!
press? = xe= |
= e starthold!
relepse? |
endhold!

release?

:Ase?

starthold!

Level: 5

Switch

or==M
fouch?

L=0L,
|

Dirn
startho
Lo=0L,
¥i=0,
M on=1
L “- rj ::1:’?: ' ]!"v‘.x.‘.q‘ x"!

i,

f.
Aa=eld

endt

L++/L--/L:=0




Light Control Network

UCb

Interface

releaseg?

touchl

@ tOL|ICh!

starthold!

qee? |

starthold!

endhpld!

e

?

press: S
‘ y==

release?
-Ase?
\.

endhold!

Control

‘ starthold?

F““xhhﬁhﬁﬁh

touch?

old?




Va I i d d t i on Light Controller

Interface
'
Dim
Switch
release starthold?
Endhold! on==0 an==1
a 7
'y P |_::[:||_I |:||_:=|_,
orm=1 L:=0,
Ielegse? on=0
. OL=Lx =0,0n=1
starthold
2 LightController
~Light Controller




Timed Automata
Modeling

and
Decidability

Kim Guldstrand Larsen
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Overview

m BRICK Sorting

m Reachability Checking
- Region Construction

m Bisimulation Checking
m Model Checking
m Trace Inclusion Checking

UCb



Brick Sorting
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LEGO Mindstorms/RCX

m Sensors: temperature, 3 output
light, rotation, pressure.

m Actuators: motors, lamps,
m Virtual machine:

- 10 tasks, 4 timers, > ¢
16 IntegerS.

m Several Programming
Languages:
- NotQuiteC, Mindstorm, Robotics, legOS, etc.

UCb
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The Plant Controller
Conveyor Belt —— Program
& ™S\ [EGO MINDSTORM
Bricks

What is the CONTROL program doing?

UCb



First UPPAAL model €153

Sorting of Lego Boxes
Ken Tindell

@ Piston
Boxes |

ej

— Yol

- - (Q é_mn: %er e 7
- 9 18

remove

99

Red
black
red
Controller
MAIN | | PUSH

UCb



NQC programs RN
| nt DELAY;
i nt LI GHT _LEVEL;
task MAI N
DELAY=75;
LI GHT _LEVEL=35;
active=0; task PUSH
Sensor (IN_1, IN_LIGHT):; whi | e(true){
Fwd( QUT_A, 1) ; wai t (Ti mer (1) >DELAY && active==1);
Di splay(1); act i ve=0;
Rev(QUT _C 1);
start PUSH, S| eep( 8) ;
Fwd(QUT_C, 1);
whi l e(true){ Sl eep(12);
Of(OUT_O;
wai t (I N 1<=LI GHT LEVEL); }
Cl earTinmer(1); }
active=1;

Pl aySound(1);

wait (I N_1>LI GHT_LEVEL);

}
}

UCb



A Black Brick & The Guard

B1

UCb

blck!
pos==49 f& 0s==18 )\ pos==8 pos==480
O O O >0 O
Aoan SEnsar onZ pistan end
pos<==49 pos<==18 pos<=§81 pos<==90
remave
pos=0
Guarc i é
start SO off
z>=1 z=0
ok!




Control Tasks & Piston

TaskPUSH
TaskMAIN ==ctime  eject active=0
=0 blck?
active=true walt passive
X<=ctime
acive==1
Piston
- @ - GLOBAL DECLARATIONS:
s const int ctime = 75;
|03 . .
| int[0,1] active;
clock x, time;
y=0 _
5 /y\ | chan eject, ok;
i %1 e chan blck, red, remove, go;
a:':l




The Production Cell in LEGO CSS

Course at DTU, Copenhagen

UCb

Rasmus Crtger Lund
Simon Tune Riemanni
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From RCX to UPPAAL - and back

m Model includes
Round-Robin
Scheduler.

m Compilation of RCX

tasks into TA
models.

m Presented at ECRTS
2000 in Stockholm.

m From UPPAAL to
RCX: Martijn
Hendriks.

UCb
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www.uppaal.com

RELATED SITES: TIMES: | LUPPAAL LA | LUPPAAL TRON

Uppaal is an integrated tool environrment for _y License
modeling, validation and verification of real-time . .

i g [ The UPPAAL toal is free for non-profit
sYstems. MUEAinG asripta Dics L Hine o, Sutimata, 4 ! 1 ll applications. For information about commercial

gxtended with data types (bounded integers, arrays,  csneney Snasesmsionl st el d Wiy
i ;

eto.), 2 [ »
S A SRR i - " To find out more about UPPasL, read this short
REHRE E:E Dfpe |n.|:|:| & D;a “Ijn it IE g "_’ . | introduction . Further information rmay be found
Cepartrment of Information Technology at Uppsala | | 3 : 5o
- - BR e at this web site in the pages about,
University, Sweden and the Departrient of Computer s i .
| Cocumentation, Download, and Examples.

Science at Aalborg University in Denmark.,

F -, Mailing Lists

Figure 1: LIPPAAL on screen.

Download

- . Uppaal has an open discussion forum group at
The current official release is UPPaaL 3.4.11 (Jun 23, 2005), & release of UPPaAL 3.6 alpha 3 (dec 20, i
: ; ; : : ] vahoo!Groups intended for users of the tool, To
Z005) is also available. For more information about UpPaAL version 3.4, we refer to this press release. s
join or post to the forum, please refer to the
information at the discussion forum page. Bugs
should be reported using the bug tracking

systern. To ermail the development team
directly, please use
uppaal{atilist{dot)it{dotiuuidot)se,
UPPSALA AALBORG UNIVERSITY
UNIVERSITET

UCb



Decidability

The Region Construction
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Reachability ?

y.=0 x:=0

L0
d b
y<=2 X<=2 OBSTACLE:

Uncountably infinite
state space

y<=2, Xx>=4

L x RC

I_‘I) Iocation/s cloclhaluations

Reachable from initial state (LO,x=0,y=0) ?

UCb
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Constraints Ity

Definition
Let X be a set of clock variables. The set B(X) of clock constraints
¢ IS given by the grammar:

¢ = r<c|c<zr|z<cl|le<z|PLA¢2

where c € N (or Q).

UCb



Clock Valuations and Notation

Definition
The set of clock valuations, RY is the set of functions C — R>g
ranged over by u,v,w,....

Notation
Let ueRC, rCC, d € R>g, and g € B(X) then:

e u+deRC is defined by (u+ d){z) = u(z) + d for any clock z

e u[r] € RC is defined by u[r](z) = 0 when z € r and
ulrl{z) =u(z) forz € r.

e u |= g denotes that g is satisfied by u.

UCb



Timed Automata

Definition
A timed automaton A over clocks C and actions Act is a tuple
(L,ly, E, T), where:

e L is a finite set of locations
e [y € L is the initial location
o ECLXB(X)x Act x P(C) x L is the set of edges

e I: L — B(X) assigns to each location an invariant

UCb
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Semantics Fo,,ma Omat.

Ily
Definition

The semantics of a timed automaton A is a labelled transition sys-
tem with state space L x RC with initial state (I5,ug)* and with the

following transitions:
d
e Lu) "Dy (Ludd)iffuecI(l) and u+d e 1),
o (ILu) 2 (I',w') iff there exists (I, g,a,7,1') € E such that
=T

— u' = y[r], and
— o+ e 1(l"

*ug{z) =0 for all z € C

vcb



Derived Relations and Reachability

(Lw) S (0w iff 3d> 0.0 u) 2D (. o).

(1w S ) iff JaeAct.(Lu) 5 I, u)

Lu)~ (! Iff (Lu)(S U S, o)
Definition

The set of reachable locations, Reach{A), of a timed automaton A is
defined as:

I € Reach(A) =0 gy, (Ig,ug) ~ (1, u)

UCb



Time Abstracted Bisimulation

Definition
Let G C L be a set of goal locations. An equivalence relation £ on
L x R is a TAB wrt G if whenever (I, 4)R(n,v) the following holds:

1.l e G iff n € G,
2. whenever (I, ) % (I, 4') then (n,v) 5 (n!,v') with (I, ') R(n/, ")

3. whenever (I,u) 5 (I, «') then (n,v) = (n',v") with (', v )R(n',v")

UCb



Stable Quotient

Definition
Let R be a TAB wrt G. The induced quotient has classes of R,
7€ (L X RC/R), as states. For classes w,# the transitions are

o 7% 7 iff (I, u) LR (I, ") for some (Lu) €=, (I,u) e
o 7 5 iff (Lu) S (U, o) for some (L,w) e =, (I,4) €.

Theorem

Let R be TAB wrt . Then, a location from G is reachable iff there
exists an equivalence class 7= of R such that = is reachable in the
quotient and 7 contains a state whose location is in G.

UCb



Stable Quotient

: 0 :
d b
y<=2 X<=2

y<=2, Xx>=4

Reachable?

UCb

Partitioning




Stable Quotient

: 0 :
d b
y<=2 X<=2

y<=2, Xx>=4

Reachable?

UCb

Partitioning
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Stable Quotient

: 0 .
d b
y<=2 X<=2

y<=2, Xx>=4

Partitioning

A

Reachable?

UCb
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Stable Quotient

: 0 .
d b
y<=2 X<=2

y<=2, Xx>=4

Partitioning

A

Reachable?

UCb



CENTER FOR INDLEJREDE SOFTWARE SYSTEMER

Stable Quotient

Partitioning

y:=0 x:=0 y

LO
d b
y<=2 X<=2

y<=2, Xx>=4

Reachable?

UCb



Stable Quotient

=0 =0 t
y L0 .
d b
y<=2 X<=2
y<=2, Xx>=4
C
yA

Reachable?

UCh 0 >e>1>a>2>e>3>a>4>e>5>¢>6 X



Region Equivalence

For each clock z let ¢z be the largest integer with which z is compared
in any guard or invariant of A. « and « are region equivalent, u = /'
iff the following holds:

1. For all z € C, either |u(z)]| = [v/(z)] or uw(z), v/ (z) > cs;

2. For all z,y € C with u(z) <cz and u(y) <cy,
fr(u(z)) < fr(u(y)) iff fr(v'(z)) < fr('(y));

3. For all z € C with u(z) < ¢g,
fr(u(z)) = 0 iff fr(v/(z)) = 0.

UCb



Regions

Finite Partitioning of State Space

For each clock z let ¢z be the largest integer with which z is compared
4 in any guard or invariant of A. u and «/ are @ion equivalent, u = o/
y iff the following holds:

1. For all z € C, either |u(z)| = |v/(z)] or u(z),u(z) > cg;

2. For all z,y € C with u(z) < ¢z and uy) < ¢y,

2 friu(z)) < friu(y)) iff friu'(2)) < friu'(v));
3. For all z € C with u(z) < ¢z,
1 , ® fr(u(z)) = 0 iff fr(«/(z)) = 0.

RN
N
w
P

An equivalence class (i.e. a region)
in fact there is only a finife number of regions!!

UCb



Logical Characterization of Regions

Each region may be represented by specifying
1. for every clock z a constraint from
{z=rc|lc=0,1,...;cx}U{c—1<z<c|le=1,...,ca} U{z > Cz}

2. for every pair of clocks z,y suchthatc—1 <z <candd—1 <y <d
appears in 1., whether fr(z) is <, = or > than fr(y).

Theorem
The number of regions is n! - 2% - [[,co(2¢; + 2).

UCb



Stability of Regions

Lemma
1. If u 2 o then Vd.3d.u +d = o' + o,
2. fuZ2d then*Vge B(X).ul=go v Eg;
3. If u =+ then Vr C C.ufr] = «/[r].

Theorem
Let (L,uw) = (I,o) iffl=1and u 2 4. Then £ is a TAB with respect

to any set of goal locations G.

*Here £ and g should agree on the maximal constants.

UCb



Regions
Successor Operation (wrt delay)

Successor regions, Succ(r)

An equivalence class (i.e. a region)

UCb



Regions
Reset Operation

UCb

1
{X}r

r

{yIn\1 2 3 X

Reset

: An ' l.e. '
regions equivalence class (i.e. a region) r



An Example Region Graph

LA B C
;
-
|

0
™.
F

2>9 | 2 =92 1<z <?

) (o)

UCb



Modified light switch

inv(off ) = true
invion) =y <3

UCb



on
z=y={)

0
0<z=y<1

0
z=y=1

on
l<z=y<2

on
z=y=2

=1

LLOLLIOLOIOLIOL

1
1010101 101110101

CSS

CENTER FOR INDLEJREDE SOFTWARE SYSTEMER

Reachable part
of region graph



Decidability & Complexity

T heorem

The transition relations i and % between regions may be computed
effectively using the triplet or the logical characterization of regions.

Theorem

Let A be a timed automaton with location [.
It is decidable whether { € Reach{A).

Theorem
Let A be a timed automaton with location [.
Deciding I € Reach(A) is PSPACE-complete.

UCb



Fundamental Results

m Reachability ©

m Model-checking ©
« TCTL, L, T

m Bisimulation, Simulation

» Timed © . Untimed ©
m [race-inclusion

» Timed ® - Untimed ©

mu’lll

UCb



Timed Bimulation

Wang91, Cerans’92

== BRICS c

Basic Research s s
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Timed Bisimulation

Wang'91

R is a timed bisimulaton if wheneversRt then the
following holds:

) (sO0-s)= (3 +00-1'Os'Rt)

i) (100 -1)=(3'.s00 - s'Os'Rt)

for all a0 ActDel.
Del={d:dOR.}

Wewrite s =t whenever sRt forsome
timed bisimulaton R.

UCb



Timed Simulation

R is a timed simulation if whenever sRt then the
following holds:

) (sO0-s)=(3'.+00 - 1'Os'Rt)
forall adActODel.

Del={d:dOR_,}

Wewrite s <1t iff sRt forsome timed
simulation R.

UCb



Examples

1© x ©

y<=1 y<=2
) a
y:=0
Q 1@
y<=1 <=2

d i |

© 20

UCb




Towards Timed Bisimulation

- Cerans92
Algorithm
A x independent
y<=1 y==2  product-construction”
1 |
y:=0
B Y
y<=1 <=2
d d
y:=0
C Z

UCb



Towards Timed Bisimulation Algorithm

Definition

B is a timed product- bisimulaten iff
whenever s[B then the following holds:
i) ifsOM ~s' thens'TB
i) ifsdf s thens'0® -s" s.t.s"0OB
i) ifsO0® >s' thens'0A -s" s.t.s"[B
We write TB(s) whenever s[IB
for some timed product- bisimulaton.

Theorem

TB(S) = (s1=5))

UCb



Timed Bisimulation Algorithm =
Checking for TB-ness using Regions

\ 4

AX,R,

\ 4

AX,R,

UCb




Timed Trace Inclusion
Undecidability
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Timed Trace Languages

m Timed trace

(tllal)l(tZIaZ)l "y (tklak)
where a, is an action and t, 2 R, with t;'s
non-decreasing.

X < L(A)={ (tlla) ’ (tz,a) :
1 t,- 1 /E
t tr ty+1 J
Y
y<=2
: L(X)={(ta) , (t2) :
, ttr 2 F

UCb



Timed Trace Languages

= Timed trace
(t]_l_al)l(tZIa_Z)l .y (tklak) _
where a; is an action and t, 2 R, with t;'s
strictly increasing.

= PROPOSITIONS

- Given a timed automaton A it is
UNDECIDABLE whether the set of timed
traces of A is the UNIVERSAL set.

- Given two timed automata A and B it is
UNDECIDABLE whether the set of timed
traces of A is INCLUDED in the set of timed

traces of B.

UCb



Two-counter Machine

L] M=( {bolbll"lbk} / C, D )

where b,’s are instructions
C and D are counters ranging
over N.
Initially both C and D are 0.

m Instructions (i<k):
- Increment b;: C:=C+1 ; goto b,

- Decrement b;: if C+0
then C:=C-1; goto b,
else goto b,

m b, represents termination
UCb



Two-counter Machine

s M=( {by,by,..,.b,},C, D)

m Configuration of M:
( I:)i I/ C I/ d)
where c and d are values of C and D.

m Computation of M is a “valid” sequence of
configurations starting with (by,0,0) and ending
with (b,,_,_).

= PROPOSITION
Deciding whether a two-counter machine has a
(halting) computation is UNDECIDABLE.

UCb



Timed Trace Language for
Two-counter Machine

m Let M be a two-counter machine.
We define L(M) to be the set of timed traces

over
Z={b0,. .,bk,C,d}

such that whenever

(biOlCOIdO)(billclldl) """ (binlcnldn)

iIs @ computation of M then the timed trace s is
in L(M) where:

- Untime(s)= b,,c0dd0b,, cclddl ... b, cenddn
- Time(b;) =]
- “proper matching of c¢'s and d’s”

UCb



Proper Matching

INCREMENT of C

S < E 2
. 1 —.
by -+ PRRPRC TR L ARt I 5.
o 1< <% dd 14 <<4d d3 4
i '

¥ i
eygmd 11 0
—— { —
m Clearly M has a (halting) computation iff
L(M)+0

m One can show that L(M)€ can be captured
by a Timed Automaton (a union of several
small ones).

UCb



Example Automata
Violation of b, : D:=D+1 ; goto b;

1) Jumping to another instruction than b;:

b, 5\ {b}
2

2) Decreasing or breaking encoding of C >, x< 1Cx>1

o @

2\ {c}, x=1

UCb



The UPPAAL
Verification
Engine

Kim Guldstrand Larsen
== BRICS c

Basic Research s s
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Overview

m Train Crossing
- Full Modeling & Specification Formalism
- Schedulability Analysis

m UPPAAL Verification Engine

- Symbolic On-the-fly Exploration
- Zones & DBMs
- CDDs

m Verification Options
- Over- / Under Approximations
- Storage Strategies

UCb



Timed Automata in UPPAAL
Train Crossing

== BRICS c

Basic Research s s
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Tool Environment for |-

UPPAAL

modeling, simulation,

verification, optimization &

Graphical Design Tool

e timed automata

e clocks

e communication

#" e datatypes & functions

Documents and Settings;
Fie_Tenplates ow Queres_Optio

synthesis
of real-time systems

e cost variables
e uncontr. behaviour

=

sssssss
(rasioL

e exhaustive & automatic
checking of requirements

éraphical Simulator

e visualization
and recording
e [nexpensive
fault detect.
e MSCs

e diagnostic traces

e optimal scheduling &
econtroller synthesis |

N



Train Crossing

list

UCb

Stopable
Area

\ [10,20]

enqueue()
dequeue()
front()

H! [7,15]

ﬁ Gate

Crossing




Tra i n C rOSSi n g Communication via channels!

Stopable
Area

\ [10,20]

dppr

stop .
Crossing

id-"parameter”
River

H! [7,15]

go
list enqueue()ﬁ
dequeue()
U C b front() Gate




Queries :
Specification Language

== BRICS c

Basic Research s s
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Logical Specifications

m Validation Properties
- Possibly: E<>P

m Safety Properties
- Invariant: A[] P
- Pos. Inv.: E[]P

m Liveness Properties
- Eventually: A<> P
- Leadsto: P->0Q

m Bounded Liveness
- Leads to within: P> . Q

UCb



Logical Specifications

m Validation Properties
- Possibly: E<>P

FE<>p

UCb
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i ¥
E
m Safety Properties Ally
- Invariant: A[] P
- Pos. Inv.: E[]P L
\r/
[ |
- Flly
[ |

UCb



m Liveness Properties
- Eventually: A<> P
- Leadsto: P->Q

UCb




Logical Specifications

m Bounded Liveness
- Leads to within: P> . Q

UCb



Train Crossing

list

UCb

Stopable
Area

mgo \

enqueue()
dequeue()

Communication via channels!

id-"parameter”




Case-Studies: Controllers

m Gearbox Controller [TACAS'98]
m Bang & Olufsen Power Controller

[RTPS'99,FTRTFT'2k]

SIDMAR Steel Production Plant [RTCSA’99,
DSVV'2k]

Real-Time RCX Control-Programs [ECRTS 2Kk ]
Experimental Batch Plant (2000)
RCX Production Cell (2000)

Terma, Verification of Memory Management for
Radar (2001)

m Scheduling Lacquer Production (2005)
m Memory Arbiter Synthesis and Verification for a

UCb

Radar Memory Interface Card [NJC'05]
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Case Studies: Protocols

uch

Philips Audio Protocol [HS'95, CAV’'95, RTSS95,
CAV'96]

Collision-Avoidance Protocol [SPIN'95]
Bounded Retransmission Protocol [TACAS'97]
Bang & Olufsen Audio/Video Protocol [RTSS'97]
TDMA Protocol [PRFTS’'97]

Lip-Synchronization Protocol [FMICS'97]
Multimedia Streams [DSVIS'98]

ATM ABR Protocol [CAV'99]

Leader Election for Mobile Ad Hoc Networks
[Charme05]

ABB Fieldbus Protocol [ECRTS'2k]
IEEE 1394 Firewire Root Contention (2000)
Distributed Agreement Protocol [Formats05]



Zones & DBMs
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Regions

Finite Partitioning of State Space

Time Abstracted Bisimulation
Equivalence classes (i.e. a region)
in fact there is only a finife number of regions!!

2
/ : Theorem
1 / 0/‘ The number of regions is n! - 27 - [[,co(2cz + 2).

1 2 3 X

0<x<1 /£ 0<y<1l £ y-x>0

UCb



Zones
From infinite to finite

State Symbolic state (set)
(n, x=3.2, y=2.5) (n, 1-x4, 1.y- 3)
Zone:
conjunction of
Y 4 Y 4 X-y<=n, X<=>n

>\
>\

UCb



Symbolic Transitions

1<=x<=4
1<=y<=3
y

delays to
n
v
X>3
Y
C conjuncts to
a
X
y:=0\, projects to
m

y

1<=x, 1<=y

j: -2<=X-y<=3

X

3<x, 1<=y
-2<=X-y<=3

X
3<x, y=0

Thus (n,1<=x<=4,1<=y<=3) =a => (m,3<X, y=0)

UCb



Symbolic Exploration

y:=0 r x:=0 v |
@
y<=2 X<=2
y<=2, Xx>=4 o— >
X

_

Reachable?

UCb



Symbolic Exploration

Reachable?

UCb



Symbolic Exploration

y.=0 0 x:=0 y
y-:::: X{:Q /
y<=2, x>=4 _

Reachable?

UCb



Symbolic Exploration

y.=0 0 x:=0 y
y<m <=D _
y<=2, Xx>=4 4 —

Reachable?

UCb



Reachable?
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Symbolic Exploration

y:=0 r x:=0 v |

y<=2, Xx>=4

Reachable?

UCb



Symbolic Exploration

y:=0 r x:=0 v |
y<= ¥<=2 .
y<=2, Xx>=4 L—

Reachable?

UCb
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: 0 .
y<=2 X<=2

y<=2, Xx>=4

Reachable?

UCb
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LO

y<=2 X<=2

y<=2, Xx>=4

L1

_

Reachable?

UCb



Forward Reachability

UCb

Init -> Final ?

/PW

maiting

nit

~

Passey

o)

Final

INITIAL Passed := (;
Waiting := {(n,,Z,)}

REPEAT

UNTIL Waiting =0
return false

29



Forward Reachability

Init -> Final ?

/ \ INITIAL Passed := O;
REPEAT
pick (n,Z) in Waiting
0% ©
O O
O O
O Q OO UNTIL Waiting =0
return false

\\ Init Passey /

UCb 30




Forward Reachability

UCb

Init -> Final ?

/PW

maiting -7
7 Final?

OO‘OQ
O O
OQQ

00O O
O

e )
=0

\\C)Init Passey

INITIAL Passed := (;
Waiting := {(n,,Z,)}

REPEAT

pick (n,Z) in Waiting
if (n,Z) = Final return true

UNTIL Waiting =0
return false

31



Forward Reachability

Init -> Final ?

/PW

maiting

~

o)

Final

UCb

INITIAL Passed := (;
Waiting := {(n,,Z,)}

REPEAT
pick (n,Z) in Waiting
if (n,Z) = Final return true
for all (n,2)- (n",Z):
if for some (n",Z") Z'C Z" continue

UNTIL Waiting =0
return false

32



Forward Reachability

UCb

Init -> Final ?

o)

Final

INITIAL Passed := (;
Waiting := {(n,,Z,)}

REPEAT
pick (n,Z) in Waiting
if (n,Z) = Final return true
for all (n,2)- (n",Z):
if for some (n",Z") Z'C Z" continue
else add (n’,Z) to Waiting

UNTIL Waiting =0
return false

33



Forward Reachability

Init -> Final ?

/PW

maiting

~

o)

Final

UCb

INITIAL Passed := (;
Waiting := {(n,,Z,)}

REPEAT
pick (n,Z) in Waiting
if (n,Z) = Final return true
for all (n,2)- (n",Z):
if for some (n",Z") Z'C Z" continue
else add (n’,Z) to Waiting
move (n,Z) to Passed

UNTIL Waiting =0
return false

34



Forward Reachability

UCb

Init -> Final ?

/PW

maiting I
O O
Cc?o ©

O O
O O O

00O O
O

\anit Passey

o)

Final

INITIAL Passed := (;
Waiting := {(n,,Z,)}

REPEAT
pick (n,Z) in Waiting
if (n,Z) = Final return true
for all (n,2)- (n",Z):
if for some (n",Z") Z'C Z" continue
else add (n’,Z) to Waiting
move (n,Z) to Passed

UNTIL Waiting = @

return false

35



Canonical Datastructures for Zones CSS

Difference Bounded Matrices
Bellman 1958, Dill 1989

Inclusion
X
il o N
D1 Y:X<;§ Graph y
o> N
242
D2 |x<=2 5 X 3
z-<x=<3—3 Graph 0/3 Sy
05 N

UCb



Canonical Datastructures for Zones €.33
Difference Bounded Matrices

Inclusion
1 N2 X
x<=1 / \ Shortest 1/' 4\2‘
D1 |YX<=2 Graph v Path 3‘ N
Z-y<= Closure y
7<=9 9\. ZA/Z E\ i‘/z
2L 2
_ X
b2 X_<X_<2_3 z/'x 3 Shortest 2/' \3‘
z<=3_ Graph 3 y ClPath 0 3 jﬁ Y
> osure
Z-y<=3
Z<y=7 7\‘ Z‘/3 k Z‘/3

UCb



Canonical Datastructures for Zones €.33
Difference Bounded Matrices

Emptiness
X
_ 1
L Xi :é Graph O/ 3

y>= ~ )

y-X<=3 -5
Negative Cycle
iff

Compact empty solution set

UCb



Canonical Datastructures for Zones €.33
Difference Bounded Matrices

Future Y '
] Future D

X X

1<=x, 1<=y
-2<=X-y<=3

% X 4 X X
-1 Shortest K Remove 1
0 Path 3| wper 23

Closure bounds
\ K on clocks \ 2
1 y -1 -1

y

UCb



Canonical Datastructures for Zones €.33
Difference Bounded Matrices

Reset
Y Y
D 3 {y3pL —
1<=x, 1<=y
-2<=X-y<=3 y=0, 1<=X
X

Remove all
j 3 bounds 1
0 involving y 0
\1\ and setyto 0 \
- 0

UCb



Canonical Datastructures for Zones
Difference Bounded Matrices

UCb

x1-x2<=4
x2-x1<=10
X3-x1<=2
X2-x3<=2
X0-x1<=3
x3-x0<=5

4

)

Shortest
Path
Closure
o(n"3)




Canonical Datastructures for Zones CSS

Minimal Constraint Form RTSS 1997
-4

x1-x2<=4

x2-x1<=10 Shortest

X3-x1<=2 @QQ Path

X2-X3<=2 Closure

x0-x1<=3 3 / o(n~3)

x3-x0<=5

-4
Shortest
orte O C
Reduction Space worst O(n2)
Oo(n”3) 3 9 practice O(n)

UCb



SPACE PERFORMANCE

0,6 @ Minimal Constraint
m Global Reduction

Percent
o
o1
|

0,4 - 0 Combination
0,3 -
0,2 -
0,1 -
O _|

Q AN O N X ap o) ™ 12
F P & & & & O
K} & N

& Q
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TIME PERFORMANCE

@ Minimal Constraint
m Global Reduction
O Combination

Percent
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Clock Difference
Diagrams
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Earlier Termination

Init -> Final ?

o ™

ﬁ\laiting "\  Final

K@Init Passey J

UCb




Earlier Termination

Init -> Final ?

o ™

maiting "\  Final

\\C)Init Passey

UCb



Clock Difference Diagrams

= Binary Decision Diagrams + Difference Bounded Matrfd&99

CDD-representations

% _ Nodes labeled with
| differences

Maximal sharing of
substructures (also
across different CDDs)

Maximal intervals

Linear-time
algorithms for set-
theoretic operations.




SPACE PERFORMANCE

@ CDD

m Reduced CDD
0O CDD+BDD

Percent

Lewu



TIME PERFORMANCE

@m CDD
m Reduced CDD
O CDD+BDD

< M N

Jusdlod

—

o

UCb



Related & Future Work

UCb

DDD: Andersen et al.

NDD: Asarin, Bozga, Kerbrat, Maler, Pnueli,
Rasse.

IDD: Strehl, Thiele.

No efficient algorithm for FUTURE and RESET
operation on CDD.

No canonical form.

An efficient, fully symbolic engine for TA is still
missing!!



Additional “"secrets”

m Sharing among symbolic states
- location vector / discrete values / zones

m Distributed implementation of UPPAAL
m Symmetry Reduction
m Sweep Line Method

m Guiding wrt Heuristic Value
- User-supplied / Auto-generated

m Slicing wrt "C” Code

UCb



Open Problems

UCb

m Fully symbolic exploration of TA (both
discrete and continuous part) ?

m Canonical form for CDD’'s ?

Partial Order Reduction ?

Compositional Backwards Reachability ?
Bounded Model Checking for TA ?
Exploitation of multi-core processors ?



Datastructures for Zc

m Difference Bounded
UPPAAL DBM Library

The library used to manipulate DBMs in UPPAAL

UCb

Main Page | Do

nding | Help | Contact us

Welcome!

DEMs [dillg9, rokickia3, |pw:fctd5, bengtsson02] are efficient data structures to represent clock constrain
in timed automata [ad90]. They are used in UPPAAL [lpy37, bv04, bdlo4] as the core data structure

represent time. The library features all the commaon operations such as up (delay, or future), down (past),

Elegant RUBY bindings for

general updates, different extrapolation functions, etc.. on DEMs and federations. The lib
zubtractions. The API is in C and C++. The C++ part uses active clocks and hides

memaory management.

easy implem

Alexandre David

C

SS
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AMETIST =

advanced methods for timed systems

Erm—m—— Optimal & Real Time
Scheduling

using =
Model Checking Technology
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Overview

m Timed Automata and Scheduling

m Priced Timed Automata
m Optimal Scheduling

m Optimal Scheduling wrt Multiple
Objectives

m Optimal Infinite Scheduling

UCb
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AMETIST

advanced methods for timed systems

OBJECTIVES

UCb

powerful, unifying
mathematical modelling

efficient computerized
problem-solving tools

distributed real-time
systems

time-dependent behaviour
and dynamic resource
allocation

TIMED AUTOMATA

i e

INPUT
sequence
of steel loads

("pigs”)

GOAL: Maximize

- Storage Place

utilization OUTPUT
f @ s sequence of higher
o plant casting Machine ~ quality steel

HHEEE i
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CPS: Informal description

@ CPS obtains and makes R
available for other 8 %.’*f.%
) X %
systems information about 6,
environment of a car. This

information may be used @ The CPS considered in

" & g for this case study
Ca Se LA !(‘ @ Parking assistance @ One sensor group only

—l (currently 2 sensors)
G > @ Only the front sensors
4 and corresponding
e} w OI0p & yu controllers
A F , @ Etc @ Application: pre-crash
PO Nl @ Based on Short Range detection, parking
Radar (SRR) technology assistance, stop & go

TR

AMETIST

advanced methods for timed systems

-a_mnmdmrg Universtty. All nghts reserved.

gse Studv 3

m Terma:

- GarP CORA j

.&nmmummmngmmm.

UPPAAL 4.0.2 { 24913, August 2006,

m Benchmarks

UCb

05.06.2005 Axxom Software AG Seite: 3



Real Time Scheduling

e Only 1 “Pass” UNSAFE
e Cheat is possible

(drive close to car with “Pass”)

SAFE

CAN THEY MAKE IT TO SAFE
WITHIN 70 MINUTES ???

UCb




Real Time Scheduling

Solve
Scheduling Problem
using UPPAAL

c1

UCb

c2 unsafe

L==0

®
take |

releasel

relesss

yoE=2a ly-::[]

Pass

relesse?
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Resources & Tasks

Resource
lcdle
/ Synchronization
use’? donel
x:=0 InUse | x>=B
\_>©_/ Task
X<=B _
Init ysel Using done? Done
O = ® -O
S

Shared variable

UCb



Task Graph Scheduling
Optimal Static Task Scheduling

Task P={P,,.., P} 2,3

|

s Machines M={M,,..,M_} _

m Duration A: (P£M) N, Idle

= At InUse | x1==B1
if a ()
cor x1<=B1

m Eac
at |

m [ac

m Compute schedule with
minimum completion-time!

UCb



Task Graph Scheduling
Optimal Static Task Scheduling

m Task P={P,,.., P} 2
m Machines M={M,....M.} 16,10

Task1 Taskz2 Task3 Task4
o ° [ ] o
s 8 ®» || @ O » || €2 0 D || @ 8 8
Taskh Taskb Task7 M1 M2
® ® ® | |
.-'"'. "'.. ‘_."" .""
m || @ W || @ - V— : :
ul o (AN L_LF) A 1
‘ ane E<> (Taskl.End and ... and Task?. Enc)
|

P 4

UCb



Experimental Results

name | #tasks | #chains | # machines | optimal | TA
001 437 125 4 1178 [182
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 13438 127 12 1163 [164
237 1566 152 12 1340 1342
231 1664 101 16 t.o. [137
235 1782 218 16 t.o. [150
233 1980 207 19 [118 [121
294 2014 141 17 1257 1261
295 2168 965 18 1318 1322
292 2333 318 3 8009 8009
298 2399 303 10 2471 2473

UCb

/

-
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advanced methods for timed systems

Symbolic A*
Brand-&-Bound
60 sec

Abdeddaim, Kerbaa, Maler



Optimality

Priced Timed Automata

with Paul Pettersson, Thomas Hune, Judi Romijn,
Ansgar Fehnker, Ed Brinksma, Frits Vaandrager,
Patricia Bouyer, Franck Cassez, Henning Dierks
Emmanuel Fleury, Jacob Rasmussen,..



EXAMPLE: Optimal rescue plan for cars with
different subscription rates for city driving !

UCb

Golf Citroen
unszafe L==10 u_ready u_over un=zafe L==1 u_ready u_over
@ O ) —0
1
mmn. yo= 5 2 “]“‘-“' ye= 10
¥ = ¥ =
release ! release ! releaze ! releaze !
y== & = L==1 ¥== 10 s L==1
L tate ! ey take !
over ready y:=0 zafe over ready y:=0 zafe
process Torch freat BMW Datsu n
0 unzafe L==10 rg:"maﬂy u_over unsafe L==1 Fﬂmaﬂy u_over
o o
3 t“]“n! ~ y== 20 10 m“’n! ~ y»= 15
¥ = yi=
release ! release | release ! release !
¥F= 0 .Iu—"‘-\. L==1 ¥ == 5 ﬁ L==1
L tate ! ey 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 a8 GEGED> C< 60 = 2638
1538
CG> Gk< BG> Gk
111111 . 55 65| 252| 378
9| 2|3 |10] ©P> GEGCG> G< 195| 65| 149| 233
>
CG> G< BD> Cc<
1121314 s 140 60| 232| 350
1|23 |10 P> S5 5P &S 170| 65| 263| 408
BD> B< CB> C< 975 85 _ _
1 20 30 40 CG> 1085 time<85
olo|o0]|oO 0 -| 406| 447

UCb




Priced Timed Automata
Timed Automata + COST variable

I2 X 2 |3
o Cc'=2 > @
c+=4
cost rate N\
x: =0 y - 4 cost update

UCb



Priced Timed Automata
Timed Automata + COST variable

I2 X 2 |3
/\ 3 y
o c'=2 > @
ct+=4
cost rate N\
=0 y - 4 cost update
TRACES
e(3)
(|1,X=y=0) -i-2-> (|1,X=y=3) —1> (Iz,X:O,y=3) _4’ (|3,_,_)

UCb



Priced Timed Automata
Timed Automata + COST variable

cost rate

- problem : |
. ost of reaching |ocation I3

icient Im lementation:
S i CAV’'0O1 and TACAS'04 U

(IZIX=3Iy=3)_0’ (IZIx=OIy=3)T (I3I_I_)

(3)
-->
6

€
(|1/X=Y=O) ? (|2,X=O,y=0) -

> c=11

UCb



Optimal Task Graph Scheduling
Power-Optimality
m Energy-rates: 16,10 ’

C:MIN
m Compute schedule with
minimum completion-cost!

M1

Tasks Idle

use1? done1!

x1:=0 InUse x1==B1

"-%—O_J’___\
, ~

x1<=B1 &&/cost'==4 ‘ll

UCb



Aircraft Landing Problem

cost

d+*(t-T)
ex(T-t) \,

Planes have to keep separation
distance to avoid turbulences

caused by

preceding planes

UCb

//

E earliest landing time

T target time

L latest time

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

d fixed cost for being late

[E——

Runway



Modeling ALP with PTA

KL101

time <= 153

approaching
time >= 129

land[0] !

time <= 559 &&

time <= 153 &&
cost' == 20

cost' == 10 delayed

on_time

land[0]!

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

runwad

done

land[A420] ?
c[1]=0

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

Planes have to keep sep
distance to avoid turbul

caused by preceding |
land[B74

c[1]=0

UCb

P

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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Aircraft Landing

Source of examples:
Baesley et al’2000

problem instance 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

explored states

cputime (secs)

3100
15069
220.22

optimal value

650

2||lexplored states 47993
cputime (secs) 1085.08
optimal value 130 170

3||explored states 24 46 207715| 189602 62(N/A
cputime (secs) 0.36 0.70| 1.71414786.19(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

UCb



Symbolic "A*"



Zones

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

z >l z<u z—y>1 z—y<u
where z,yc C, LucNand I',+ € Z.

For 4 € RC and Z a zone we write u = Z if v satisfies all constraints

of Z.
- y“
Operations '
Reset: {z}Z = {u[0/z] |u |= Z}
Delay: ZT={u+d|u = Z} E

Offset: Az = Z such that Vu |= ZVe € C. Az(z) < u(zx).

UCb



Priced Zone

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

e 7 iS a Zone

v

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

We write u |= P whenever u |= Z. For u = P we define Cost(u, P} as
follows:

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

Cost(x,y) =2y —x +2

UCb



Branch & Bound Algorithm

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

Cost := minCost( %)
If minCost(~2) + Rem( »y > Cost then break

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

return Cost

UCb



Optimization
with Multi Objectives

with Jacob I. Rasmussen



EXAMPLE: Opt(.)m'!.’PeET&QNm_r cars with

differemysubscription rates for city driving !

UNSAFE

L Citroen

Minimizes
Costycar

subject to
CostCltroen 60

ost BMW 90
Datsun

min CostMYCAR= 270
time = 70
uch .




Multiple Objective Scheduling |

M1

usel?

%1:=0

Idle

-~ @~

InUse

-0

done1!

x1<=B1 &8& cost ,;'’==4

M2

use2?

x2:=0

Idle

~—@=<

InUse

done2!

-0

y2<=R2 && cost 2’::3

N

UChb

-
X o




Multiple Objective Scheduling

M1

x1:=(

X1

UCb

Idle

Reachability In

M2

The

[lllum, Larsen F0SSaCS05]

Idle

il e

)

for

25 (P

AN

Multi Priced Timed Automata
is computable

)\

ontier

cost 4 ]




Optimal Infinite
Scheduling

with Ed Brinksma
Patricia Bouyer
Arne Skou

Ulrich Fahrenberg
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EXAMPLE: Optimal WORK plan for cars with
different subscription rates for city driving !

maximal 100 min.
at each location

process Torch

UCb



CENTER FOR INDLEJREDE SOFTWARE SYSTEMER

Workplan I

Golf Citroen Citroen Golf Citroen
T (%) U g(25) U U
Datsun 275 Datsun _ — -
U U S 275

U

£(25) 1 300

Citroen Citroen Golf Citroen

U S

S

Golf Citroen Golf Citroen

U U U S

BMW Datsun BMW Datsun

U S

Value of workplan:

(4x  )/90=

UCb



Workplan II

Citroen 2 5/ 1 2 5
—l
Datsun
Citroen
10/130
Datsun D E—
| s/65
Citroen
25/225
—l

Value of workplan:

/ 100 =

Citroen

Datsun

Citroen

DETST]

Citroen

Datsun

5/25

25/125

DR

/90

25/50

Citroen

Datsun

Citroen

Citroen

Datsun

Citroen

Datsun

20/180

—(

5/10

Citroen

DETST]

10/90

Citroen

Citroen

Datsun

10/0

Citroen

Datsun

CENTER FOR INDLEJREDE SOFTWARE SYSTEMER



Task7

M1

done1!

done1? f7=C, - {7=0; - done2™ x1==B1

" Rwd+=1 Rwd+=1 > P | x1<=Bf

I i i P | P [
Maximize throughput:

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

UCb



Optimal Infinite Scheduling

Task7

UCb

f6>0 and f3>0

f6>0 and f3>0

g
A

M1

Idle
@
usel? done1!
o x1:=0 InUse x1==B1

- ———

L S ———

®

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



Optimal Infinite Scheduling

Task?¥
f6=0 and f3=0 f6=0 and f3=0 -
Idle
B1=2, B2=2, | ,,—.4\
f6--, f6—,
3--, f3—, use1? done1!
f0=1 f0=1
End o x1:=0| InUse | x1==B1
& done1? ,i?:@?Cl(ﬂ——-ﬂr-dggeE.' — = JU
/\’ Rwd+=1 Rwd+=1 \/ g w1<=B" &8{0051"==4 \/\
— _ - —————
I H .

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

UCb



Optimal Infinite Scheduling I CSS

Limit Ratio (Pay-off)

/'"\u/'t:_\_—-/\/, L
0] L 5 \

:(Car0.Err or Carl.Error ...)

putab\e

x e com ,
Y b= Bouyer, Brinksma, Larser HSCC 04,

T\-\EORE‘,“_"HaLn o:=vdl(o) = lim_,, ac,/t,
Optimal Schedule ¢*: val(c™) = inf, val(o)

UCb



Optimal Infinite Scheduling I CiSS

Discountin
9 A <1 : discounting factor

/

/\ 3 —"/\/v
5 bt —_—To--

Vol>=Min and Vol<= Max

* 16 Computab‘e
EM‘ Y ‘ Fahrenberg, Larsen: INFINITY'08

HEOR ,.,uLllO- vallO _lel C’L .

Optimal Schedule o*: val(cg™) = inf, val(o)

UCb
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Application
D)

Scheduler Queus

)

1@ EpEE-,
1R

‘namic Voltage Scaling

perade)

perodc()

1.5n

Tofug i
nalizteas

TN

difuslzots

Ip

El 00 5% ) ) 0 El
Teme [Sec.] Total 1006 Jobe: 916 (91,06%) IDLE: 90 [896%) RTOS: 0 [0%] DVS: 0 [0%] VF: 0 [1%] Unizaton: 91.05(%] Deadina Miss: 0

W0 & Ex

Power (4]
8 8 5 8 8 &

[ 750 E E 0 El C
Energy 1] Total 44106 Jobs: 4108 [100%] IDLE: 0 [0%] RTOS: D [0%) DVS: 0 [0%] VF: 0 [0%] (#31)

UCb

e — B N 1000 Sun’s
(1L o 1 ) Surface
S Nuclear Reactor Rocket
100 Nozzle
E
2 *
E Pentium Il ® processor
=2 10 Pentium Il ® processor
Pentium Pro ® processor
i386 Pentium ® processor
$i486
1

070 0.5 0.351 0.251 0.18p 0.13p 0.1p 0.07p

(40+ 1bs)



Future Work & Challenges

© Optimal Constrained Infinite Strategies for Multi-
Priced TA

® / © Model Checking wrt PTCTL

[Raskin et al, FORMATS'04]
[Bouyer, Larsen, Markey FOSSACS07]

® Efficient implementations of Optimal Infinite
Scheduling

© Negative Cost Rates &> Cost Bounded Infinite
Runs

[Bouyer, Fahrenberg,Larsen, Markey, Srba
FORMATSO0S8]

UCb



Further Information

UCb

Al 4 Home [My] Netscape Cl Search (@] Shap | EBookmarks 459 NekzPhone

B UPPAALZK - Netscape & N =18 x|
. Flle Edit %ew Search Go Bookmarks Tasks Help

@ @ Q |@ |%http:,|’,l’www.uppaal.com,l’

UPPAAL

[ Start | About | Documentation | D load | Examples | Internal ]

Welcome to the UPPAAL home page. UPPAAL is an integrated tool environment for
madeling, validation and verification of real-time system modeled as networks of timed
automata, extended with data types (bounded integers, arrays, etc ).

The toal is developed in collaboration betaeen the Design and Analysis of Real-Time
ms group at Uppsala University, Sweden and Basm Fecearch in Computer Science at
Aa org University, Denmark,

Download: Urrasl 2k 3.2 11 (released September 6, 2002) is available from the
download page. More information about the 3.2 wersion of can be found in the press

M release. Inaddition to the 3.2 version, a snapshot of version 3.3.23 is also available from the
download page.

Figure 1: Urpaal 2k on screen.

License: The UrP2AL tool is free for non-profit applications but we have a license
agreement that all users must fill in before downloading and using the tool. To find out more about UPPAAL, read this short introduction. Further
information may be found at this wieb site in the pages About, Documentation, Download, and Examples.

Mailing lists: UrrAAL has an open mailinglist intended for users of the tool. To join the list, email uppaal-subscribe@yahoogroups com, to post
use Uppaal@yahcogroups com. For more information see the group page at Yahoo! Groups. To email the development team directly, please use
bug-uppaal@docs uu se for bua reports and uopaal@docs uu.se othenvise.

www.uppaal.com

| FPage created by Paul Petterszon. Last modified: Sep G, 2002 (by Paul Pettarsson)

H & A& QF B | Document Dune (1242 secs) |

CSS
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Real Time
Controller Synthesis

with

Gerd Behrmann, Patricia Bouyer,

Franck Cassez, Agnes Counard, Alexandre David
Emmanuel Fleury, Didier Lime, Nicolas Markey,
Jean-Francois Raskin

== BRICS c s s

Basic Research
N C omputer S clence CENTER FOR INDLEJREDE SOFTWARE SYSTEMER
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RELATED SITES: UPP&AL

S Lant IIeA www.uppaal.com

b | EEE
UPPAAL TIGA (Fig. 1) is an extension of Pt BO0 ¥ies Tooki Oatiens fiels Varsions 0,10 and 0,11 released.
= . @
UPPaAL [BDLO4] cand it implements the first L a8 & ﬁ, ﬁ‘ B8~ FJuly 2007
P 9 4 Exdibar 'ilrlwlnm 'l'llll'lrl
efficient on-the-fly algorithm for solving games | g e — . A A, S SR

based on timed game autamata with respect fo VYersion 0,11 contains a new concrete simulator

reachability and safety properties. Though

that allows the user to play strategies from the

tirmed for | h b k to b 5 : ;
skt et PR s R I B GUI. Both versions fix the following bugs:

decidable there has until now been a lack of : :
maximal constants in the formula are now

efficient and truly on-the-fly algorithrms for R T A A R
their analysis.,

The algorithmn we propose [CDFLLOS] is a
symbolic extension of the on-the-fly algorithrm
suggested by Liu & Smolka [L=23] for

lingar-time model-checking of finite-state

simulator is new and works better, delay when
no clock was used, better user feedback,
end-of-game detection fixed, other bugs
involving delays in the strategy, precision

problems in the simulatar, and leak in the OBM

systems.  Bein on-the-fl the symbolic . .
4 < ¥, 5 library, These new versions have also the

algorithrn rmay terminate long before hawin : ;
d e g e following new features; options to control the

explored the entire state-space. Also the type of strategy output, better control on the

individual st f the algorith ied out :
L L Rl e e search ordering {forward and backward),

efficiently by the use of so-called zones as the

; i cooperative strategies, and time optimal
underlying data structure. Our tool implements

. strategies. The manual has been updated to

various optimizations of the basic s
e e CONCUR 2005, TACASO/7, CAVO/
PAT Xy
‘ K
UPPSALA AALBORG UNIVERSITY
UNIVERSITET

UCb




Model Checking

Plant Controller Program
Continuous Discrete
Sensors
Model
actuators of
tasks
(automatic?)
Model
of
environmen
(user-supplied /
non-determipism) )
£ SAT ¢ 2?
Oz
UPPAAL Model j

UCb



Synthesis

Plant — Controller Program
Continuous || | ~ Discrete
Sensors
Synthesis
of
actuators tasks/scheduler
(automatic)

Model
of
environmen

(user-supplied)
£ SAT o
k Partial UPPAAL Model j

UCb



Model Checking

Tr=inini

Environment

UCb

Tr=

e

Trai |||||

Train{0)

x=0

|| Appr

x<=20

Safe .=<

: | appr[O]!

X>=3

leave[0]!

X<=10
stop[0]?

Stop

x=0

™ Cross
rX<=5

h Start

Xx<=15

Gate

Free
. o
len >0 len ==
go[front()]! appr[e]?
enqueue(e)
/
. () J
X Occ
appr[e]? stop[tail()]!
enqueue(e)

e == front()
leave[e]?
dequeue()

(P. Never two trains at
the crossing at the

same time

Controller



Synthesis

Gate

Traindni
Tl-ai ||||| |
Trmimtm |
Train{0)
X==9
leave[0]!
Safe Cross
.< /? Xx<=5
appr[0]!
x=0
X>=7
x=0
Appr Start
x<=20 Xx<=15
X<=10 go[0]?
B stop[0]? x=0
s Stop
Environment

UCb

Controller

(P. Never two trains at
the crossing at the

same time



Controllable Uncontrollable

Synthesis _paver®™

OpqnGate

-y k

i | 1
= EI 1
o - .

leave[e]?

Controller

Xx<=10
stop[0]?

E_nvironment
(P. Never two trains at

the crossing at the
same time

Find strategy for controllable

actions st behaviour satisfies (0
UCb



Untimed and Timed Games ——
Reachability / Safety Games

x-1 l

— » Uncontrollable

—> Controllable

UCb



Untimed Games = =

Memoryless Strategy:
F: Q> E.

— » Uncontrollable

—> Controllable

UCb



Untimed Games

Memoryless Strategy:
F:Q~>E,

Winning Run p:
States(p) A 62 @

Winning Strategy:
Runs(F) u WinRuns

— » Uncontrollable

—> Controllable



Untimed Games

UCb

Memoryless Strategy:
F:Q~>E,

Winning Run p :
States(p) A 62 @

Winning Strategy:
Runs(F) u WinRuns

— » Uncontrollable

—> Controllable



Untimed Games

UCb

Backwards Fixed-Point Computation

cPred(X)={q2Q [ 9492 X.q>_.q%}
uPred(X)={q2Q | 9q2X.q>,q}

T(X) = cPred(X) \ uPred(X¢) ]

Theorem:
The set of winning states is
obtained as the least fixpoint
of the function:

X = 1(X) [ Goal

—> Uncontrollable

—> Controllable



Untimed Games

UCb
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Backwards Fixed-Point Computation

cPred(X)={q2Q [ 9492 X.q>_.q%}
uPred(X)={q2Q | 9q2X.q>,q}

T(X) = cPred(X) \ uPred(X¢) ]

Theorem:
The set of winning states is
obtained as the least fixpoint
of the function:

X = 1(X) [ Goal

—> Uncontrollable

—> Controllable



Untimed Games

UCb
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Backwards Fixed-Point Computation

cPred(X)={q2Q [ 9492 X.q>_.q%}
uPred(X)={q2Q | 9q2X.q>,q}

T(X) = cPred(X) \ uPred(X¢) ]

Theorem:
The set of winning states is
obtained as the least fixpoint
of the function:

X = 1(X) [ Goal

—> Uncontrollable

—> Controllable



Untimed Games

UCb
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Backwards Fixed-Point Computation

cPred(X)={q2Q [ 9492 X.q>_.q%}
uPred(X)={q2Q | 9q2X.q>,q}

T(X) = cPred(X) \ uPred(X¢) ]

Theorem:
The set of winning states is
obtained as the least fixpoint
of the function:

X = 1(X) [ Goal

—> Uncontrollable

—> Controllable



Untimed Games

Backwards Fixed-Point Computation

cPred(X)={q2Q | 9q2 X.q~>_.q}
._». . uPred(X)={q2Q | 992 X.q >,q}

T(X) = cPred(X) \ uPred(X¢) ]

Theorem:
H—H— The set of winning states is
l l obtained as the least fixpoint
\ L of the function:
— X = 1(X) [ Goal

—> Uncontrollable

—> Controllable

UCb



Untimed Games

Backwards Fixed-Point Computation

cPred(X)={q2Q | 9q2 X.q~>_.q}
._». . uPred(X)={q2Q | 992 X.q >,q}

T(X) = cPred(X) \ uPred(X¢) ]

Theorem:
H—H— The set of winning states is
l l obtained as the least fixpoint
\ L of the function:
.—> X = 1(X) [ Goal

—> Uncontrollable

—> Controllable

UCb



Timed Games

Memoryless Strategy:
F: Q> E.[A

Winning Run:
States(p) A 6 # @

Winning Strategy:
Runs(F) u WinRuns

UCb

x>1
4 ————— 1 _'h. X<1
~y
~
x-1 S
\
x,2 \
2 — ) ’
| .
) /
!
\ 4 .z

x-1 l

— » Uncontrollable

—> Controllable



Timed Games

Memoryless Strategy: / xx!:II: =CA
F:Q%EC[)\ 4_)_0_1._1_.‘ el
Winning Run: l"'l N
States(p) AGz@ | x2ir | . .@
X,2:C | ,
x<1 .
Winning Strategy: : Pt
Runs(F) pu WinRuns 3 <— " x:=0
x-1 l\ e
: : 4 x1:c
Winning (memoryless) strategy) R
x=1:¢c

— » Uncontrollable

—> Controllable

UCb



Timed Games - State-of-the-Art ™

Backwards Fixed-Point Computation

Definitions
cPred(X) ={q2Q 1992 X.q~>.q}
WPred(X) ={q2Q|19q2X.q~>,q?
Pred;(X)Y) ={q2Q |9t. 92X and 8 s-t. gs2Y¢}

T(X) = Pred,[ X [ cPred(X) , uPred(X¢) ]

Pred,(X)Y) VY

Theorem:
The set of winning states is obtained as the least fixpoint
of the function: X = 1(X) [ Goal

UCb



Timed Games - State-of-the-Art —

Backwards Fixed-Point Computation

x-1
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Backwards Fixed-Point Computation

< >
e p——
>
x-1
= > 4
0 1 2
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Backwards Fixed-Point Computation
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Backwards Fixed-Point Computation
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Backwards Fixed-Point Computation
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: CSS
UPPAAL Tiga

| Editor | Simulator | verifier |

[ Drag out :’ Drag ouk

HO) =0
Main.» = 0,630000

Enabled Transitions

3.33

O\ 2007

bl

[£

Current time: IIIE|3 s

Delay: - 0.63




UPPAAL Tiga
CTL Control Objectives

m Reachability properties:
- control: Al p U g ] until
- control: A<> g = control: A[ true U g ]

m Safety properties:
- control: Al p W q ] weak until
- control: A[] p = control: A[ p W false ]

m Time-optimality :
- control_t*(u,g): Al pUqg]

= U is an upper-bound to prune the search
= g is the time to the goal from the current state

UCb



Train Crossing

Trai |||||
Trai ||||| |
Trq.i ||||| I
Train{0)
X>=3
I
Safe g = lfelvf[_ﬂl' Cross
P w==
| i
& ~ l
appr[0]! | P :
){=0 : ” g |
! x>=10 L X>=7
: ) x=0 | x=0
| P |
Appr Start
x<=20 ¥<=15
B stop[0]?
. Sto
Environment i

OpenGate

stop[e]!

e

UCb

Controller ~

(P. Never two trains at

the crossing at the
same time



CSS
A Buggy Brick Sorting Program 7

LLIOLLIOIOLOLI0L
010101 101110101

B1 |

B1 |

‘ B1

ok’ ‘ pos==9 pos==18 Cb
IM_1:=20 IM_1:=100 pos==81
O O
B oni sensar onz
! pos<=49 pos<=18 pos<=g81

pos==0

pos:=0

start
pos<=2000

retmioyel

TaskPUSH

MCD 2001, T

¥==ctime  ejectl active=0

TaskMAIN

S0

blck?
red? D.(:] e wait passive

A ¥x<=ctime
active=true

active== qa?

UCb



Brick Sorting

l on1 sensor

pos<= pos<=18
|
ok? l
turn==ID : remove?
pos=0, turn++ |
start off
Co 0
Controller ! |
! I
. : eject? |
ej¢ : !
| I
! |
I |
! 1
! I
! |
‘e _ _ _ _ J
UCb remove! y>=1

v<=1



! -
_ +
_ =
o g S
oo for) o =
ai |5
o —_ W = W =
_ o “~ O i
o = o T
T - )

Brick Sorting

e
ok?
@)
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Production Cell

Flates Basic Basic +inc Basic +inc Basict+lose +inc || Basic+Hlose +inc
+pruning +pruning +topt
time | mem time mem time mem time mem time mem
5 win || 0.0s 1M 0.0s 1M 0.0s 1M 0.0s 1M 0.04s 1M
lose || 0.0s 1] 0.0s 1M 0.0s 1M 0.0s 1M n/a n/a
3 win || 0.5s 16 0.0s 1M 0.0s 1M 0.1s 1M 0.27s 4M
lose [| 1.1s | 45N 0.1s 1M 0.0s 11 0.2s 3 n/a n/a
4 win || 33.9s | 1395 0.2s al 0.1s 6 0.4s 5] 1.88s 13M
lose - - 0.5s 11M 0.4s 10M 0.9s a9l n/a n/a
5 win - - 3.0s 31 M 1.5s 22M 2.0s 16M 13.35s HA M
lose - - 11.1s | 61M 5.0s 46 7.0s 41M n/a n/a
5 win - - 89.1s | 179M 38.9s | 121M 12.0s 63M 220.3s | 369M
lose - - 699s | 480M 317s | 346M || 135.1s| 273M n/a n/a
2 win - - 3256s | 1183M 1181s | 786M 124s 3190 6188s | 2457M
lose - - - - 16791s | 2981M || 4075=s | 2090M n/a n/a
Model 3 6 12 50 100
Old |c]O0.1s | IM | 12s [63M | - - - - - -
ul 0.2s | 3M |[235s |273M]| - - - - - -
New|c|0.05s|3.5M|0.05s|3.5M [0.14s{55M|2.79s[ 104 M| 18.5s[426 M
u]0.02s(3.5M10.04s| 3.5M [0.12s|55M[2.32s] 94M |15.6s|340M

UCb
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CSS

CENTER FOR INDLEJREDE SOFTWARE SYSTEMER

Climate Control

%3 %3
(7] n T, W » O
& 'SE & =
—+ o e} —+ 5 —
@ g’ I o g i
3 = = =40
> =8 S =3
[1"] @
Q ~===- @ o ----- , @
\ / _g . \ 7/ —g
\ e Decision \ ey
\ / o \ li o
NS u ;©; S i
vy = vy =
x c * c
i B i B
d a
[ 5 flow_balance(c0,c1,in,out 1\
[ _changed? - I
! \ c[0] = <0, ! \
’f \ c[1]=¢l, ,-' \
' \ heater = heat, / \
- ! inlet = in, o= !
3 @9 outlet = out, =R
a % temp_derivative = compu g 2
=5 . — &
T Init T
o S o S
D . )
S 5
(=] «Q
7 Inlet ;
o o
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Obtaining executable code

C

CENTER FOR INDLEJREDE SOFTWARE SYSTEMER

aJtrategy for state:
Zone i-1: (Tewp. lower/ecqual, wants £low)
Zone i+l: [(Tewp. lower/ecqual, no interaction)
Hottest neighbor: i-1
Objective: heat

is:
Wants £low from i-1
Wants £low from i+l
inlet closed
outlet aoff
heater on

aJtrategy for state:
Zone i-1: [(Tewp. greater, offers flow)
Zone i+l: ([(Tewp. greater, offers £low)
Hottest neighbor: i+l
Objective: cool

is:
Has flow for i-1
Has flow for i+l
inlet open
outlet on
heater off

Stragegy

1296 cases

Zone i-1: (Temp. lower/ecqual, no interaction)
Zone i+l: ([(Tewmp. greater, no interaction)

Hottest neighbor: i+l
Objectiwe: cool

aJtrategy for state:

CloNCEe) @@MQ@
@ @eo @@ @e@
¢ @{ www

BDD 289 nodes ég
0)

0p @

__955

’\'.\ %

UCb
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Open Problems CISS

m Priced Timed Games = Priced Timed

- Reachability & Model G2~
Z Checking Y Thanks for your
}:E _ Safety attention!
S - Negative cost rateg kgl@cs.aau.dk
= = Probabilistic Prigk ~ WWW.CS.aau.dk

Timed Automata

u Timec Automat \ u APPLICATIONS

m Live Sequence

- Fully Symbolic -
9 _ Static Analysis & Charts %
o Slicing of C-code m Gantt Chart ©
sl = Timed Games m Code Generation -
- Alternating Logics - From TA models of
controllers

- Partial Observability

- From stategies
- CEGAR

UCb
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