Modelling,
Specification,
and Verification

using UPPAAL
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Modelling processes e

Basic Research
in Computer Science

“* A process is the execution of a sequential program.

“* modeled as a finite state machine (LTS)
= transits from state to state

= by executing a sequence of atomic actions.

a light switch

a sequence of
actions or trace

Kim G. Larsen



Modelling Choices

*\Who or what makes the choice?

*|s there a difference between input and output actions?
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Non-deterministic Choice
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“*Tossing a coin

“*Possible traces?
* Both outcomes possible
= Nothing said about relative frequency

= |f coin Is fair, the outcome iIs 50/50
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Non-Deterministic Choice e

Basic Research

modelling failure

How do we model an unreliable communication channel which accepts
packets, and if a failure occurs produces no output, otherwise
delivers the packet to the receiver?

Use non-determinism...

Kim G. Larsen



Internal-Actions A

in Computer Science

“* Spontaneous actions
** Internal actions
+» Tau-actions

+» Internal transitions can be taken on the initiative of a
single machine without communication with others

A =a-amoaunt;
b =h+armount




Extended FSM oy

Basic Research
in Computer Science

o amoutprice, * EFSM =
FSM +
variables +
enabling conditions +

e Transition still atomic
it e e e e Can be translated into
5 5 in 5 5 i ity:= . .

----- oot | | amount= | capacity-t FSM if variables have

V amc?unt+§1

Jea bounded domain
___________ B~ o U O 1 W W W e State: control location

Cof but  tea_but

_____ spgpertoflbut | tea bt S 3 + variable values:

"'cfapaciity::'
capacity-1

(state,amount,capacity)

CiSS * (50,5,10)

Kim G. Larsen



Parallel Composition: e

Interleaving i

Basic Research
in Computer Science

s

R 51
flip_slide 5
Flipper © )O 2 states

3 states

___________ {50.,.5?3)_._.tﬁmk____i(ﬁﬂ,.aﬂ)_talk _________ ;..(50,52)

2*3 states

Lecturer = 5 5
Speaker || Flipper :flip_slide.

c s s from Flippe/r' from Speaker
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Process Interaction A

in Computer Science

! = QOutput, ? = Input
+*Handshake communication University=

Coffee Machine || Lecturer

® oLTS?
e -

¢ TWO Way *How many states?
Coffee Machine Lecturer *Traces ?

. ........... ........ Salary? .........

1NN BNl C Df_bUt! ............................................
“tea_but? ™\ S —
4 states

4 states

s vt sorTeAS 4 states:Interaction constrain overall behavior 10

synchronization results in internal actions
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Real Time Systems

s |
l y ‘ |
Pl sensors
i
|n ¥ )
T‘ i actuators
ﬂ 2 o
llim e
Plant Controller Program
Continuous Discrete
EQ.: Realtime Protocols
Pump Control
Air Bags
Robots Real Time System
Cruise Control A system where correctness not only
éE)SPIayers depends on the logical order of events

ir timi I
production Lines but also on their timing!!
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Real Time Model Checking

Plant Controller Program
Continuous Discrete
Sensors
Model
actuators of

tasks
(automatic?)

Model

2l
5 —
environmen “Nm
(user-supplied /
non-determinism) @
'!'

CiSS \_ UPPAAL Model

CENTER FOR INDLEMREDE SOFTWARE STSTEMER
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Real Time 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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Real-time Model-Based Testing

Plant Controller Program
Continuous Discrete

Sensors

il
Kactuators
Test gene

| ] :
online) wrt. :
Design Model INE
@ outputs

CiSS K UPPAAL Model Y
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UPPAAL

Graphical Design Tool

Crag out I: Name:; ITask Parameters: Iint[lJ,N]& &, const int id

e timed automata =
& C:/Documents and Settings,/kgl/Desktop,/KIM/UPPAAL/UPPAAL examples;Scheduling/Scheduling-Jacob.xml - UPPAAL
Editor I Simulatorl 'v'eriFierI
* clocks
------ # Declarations
ready!

File Edit Visw Tools Options Help ® State maChlneS
o3 e ldle communication
e=id t=0,

IDa@mlaaaB@-se +

:‘JProject

?ﬁ TaskQueus t<= L [Id]

L9 System declarations /D datatypes
N _ .
>=E[id] user defined functions
e=id cost variable

Rgady
donel
®
e==id
ax==CJid] un?
ax=0
\H\\\E;g%gng t>DJid] }E%fg
ax<=CJid]

ij'Startl J @Calendar...l andhakke...l (2 wind. .. v| @2 Firefosx vI @4 Micra... v| @Microsoft...l - adobe A... ”‘gwl::/m:n:u... J 100% ' &£ = ﬂ.%u 10:34
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UPPAAL

& C:/Documents and Settings/kgl/Desktop,/KIM/UPPAAL /UPPAAL examn

File Edit %iew Tools Options Help

Graphical Simulator

B = @

Editar Simulator | yerifier |

Drag ouk

QR eR @

Enabled Transitions

(Ready, Idle, Idle, Free, Start)
nonemply: Queue --> Scheduler
(Ready, Idle, Idle, Select, Start)
hd: Scheduler --> Queue
(Ready, Idle, Idle, -, Start)

run: Scheduler -- > Taskd
(Running, Idle, Idie, Occ, Start)
done: Taski --= Scheduler
(Idle, Idle, Idle, -, Start)

=
Mext | Reset |
Simulation Trace
e ;|
(Ready, Idle, Idle, Free, Shiftdown)
QueLUe

rem: Scheduler -- > Queue LI
Trace File: I
Prev [dExk Replay
Open Save Random
I
1 1 1 1 1 4 1 1
Slow Fast

TaskD Task1
Idlle lele
F st -t
==E[0] ==E[1]
reaclyl readyl
=0 =0, el=1 =0,
e=0 a=1
Ready DI Ready .
done! @ ! =0I0l done! @ ’ ks
= e==1
ax==C[] un? ax==C[1] un?
a=0 ax=0
Rurgning tD[0] Rurgning +0[1] Empor
ax==L[0] ax==C[1]
Scheduler :
. 4 Yariables
ronempty? M= &l = 2
Task2 E[0] = 20
Iclle E[1]= 20
’(?t-:: =L[2] E[2] =10
- L[0] = 30
= =E[]
- e ¢l I[1]=25
TaskD  Task1 Task2 Scheduler GOueue L[z] =12
= Start C[0] =30
D I__J D[1]=25
w Dlz]= 12
C[0] =4
| Ready” Running] @B E@ @@ c[i]=2
dane C[2]=1
Fl0]=1
F[1] =2
[ B 2
rem Gueue list[0] = 2

.

e vVisualization

and recording
Inexpensive fault detection
Inspection of error traces
Message Sequence Charts
(Gannt Charts)

[

=

f.‘b‘startl J @Calendar...l andbakke...l 2 wind... v| &) 2 Firefox 'I @] 4 Micro... v| 58] Microsoft... | 7~ adobe &... ”:IZ Java... - J 100% | @ ([« 2 @D O 1037

v
7
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UPPAAL

£ [:/Documents and Settings/kgl/Desktop/KIM/UPPAAL /uppaal-4.0.1/demo,/train-gate.xml - UPPAAL =
File Edit ‘ew Tools Opkions Help

IDa@aeafa--=.

Editor | Simulakor Verifier |

Crerigm
E<» trainz(0).Cross and trainsil).Stop .:I
E<» trainz(0).Cros3 and (forall (i : id t) i '= 0 imply trains(i).5top) .
o Check
4[] forall (i : id_t) forall (j @ id_t) trains(i).Cross && trains(j).Cross imply i == 3 . Insert
A[] gate.lizt[N] == 0 ] Remove
0 Camments
trains(0).Appr --> trains(0).Cross .
traina(l).Appr --»> trains(l).Cross .LI
QuEry

hrains(4).Appr—-= trains{4).Cross

Verifier
e Exhaustive & automatic
checking of requirements
e .. including validating, safety, liveness,
ey ool bounded liveness and
2 e response properties

Froperty is satisfied.

St Gl e .. generation of debugging information

trains(S). Appr -- = trains(S). Cross

A for visualisation in simulator.

Froperty is satisfied,

P

Skatus
[EFains, 1), Appr — = Eramnsl L), foss
Property is satisfied.

f.i;'Startl J IQICaIendar...l =] Indbakke...l 22 wind. .. v| &) 2 Firefox v| ] 4 Micrg

e Optimal scheduling for cost models

v
7
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“Impact
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Google:

UPPAAL:
SPIN Verifier:
NUuSMV:

134.000
242.000
57.700

> 1.500
Google Scholar Citations

(Rhapsody/Esterel < 3.500)



Impact

Academic Courses @

DTU, MCI, IT-U (DK) e
Chalmers, L
Link6ping,Lund,
Chalmers,

Malardalarn (S)
Nijmegen, Twente, CWI
(NL)

Upenn, Northumbria(US)

Braunschweig,
Oldenborg, Marktoberdorf
(D)

Tsinghua, Shanghai, ISS,
NUS (Asia)
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Impact

Tutorials Given @

Estonian School (01)
IPA Fall T o

UPPAALZK: Small Tutorial
FTRTFT =iy
CPN (02) Ver 1.0
SFM (02)

MOVEP (

L oof 22 BB 7 50 8 17 i iverivsnesrsrnssnesvessenbesvans s beessesrassssssers ssrs sbensesranserans ressensesvansssreersesessen 2

DISC SCt o UppANL 2
MOVERP (| SUEBRAL G B s e s s 2 e T
PRISE (0 s it s o0 o s LS

3.3 UPPAAL TOBM .oooc.oo o eesosseesseoesessesesonsos oo 7 L2 EL

PDMC (O 3.4 Urgentd O ommiatted 10 = L ol o ittt ettt et ee et et et et s e st s s s e st anmnaes 9 Ty g

ARTIST? 3.5 f'-'-":l-l"li;-fr-'--'?.nI: ......................................... 31 WE

36 FFUEOPRY w2 s

EMSOFT UPPAALDA YD1 FI(E 1) 44218 D BHENTVET,

s DL 55 L il T s s Sl om

RTSS (05, s -

TECS week (06) e eEEE——
TAROT (06) N g SERES
ARTS (06)

GLOBAN (06)

c s SRTIST ASIAN SCH (07)
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Impact

UPPSALA
UNIVERSITET

Company Downloads
Mecel \
Jet ; wmm;mm
Symantec
SRI

Drag out Hame: | Trsin Parameters:  nk{0.N] & corst il

Relogic i
Realwork LT

NASA

Verified Systems
Microsoft

ABB

Airbus —
PSA
Saab Pestobiepe —» Trel.deves
Siemens

Volvo

Lucent Technologies

Gt 9!, Quenpe. 5, addT)
{5afe, Safe, Safe, Appe, Orr, Start)
{Trand. 4. 8000, Gate. aoor i)
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Timed Automata
Alur & Dill 1989

== BRICS c

Basic Research s s
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Dumb Light Control

press?
?
@ == " Bright

press?

WANT: if press is issued twice quickly
then the light will get brighter; otherwise the light is
turned off.



Dumb Light Control ... i 90




Timed Automata review

Alur & Dill 1990

Clocks:
n Guard
Boolean combination of integer bounds
/ on clocks
Action — Reset
used Xs=o&y>3 Action performed on clocks
for synchronization
Y \//a State
( location, x=v, y=u) where v,u are in R
| xX:=0 Transitions
y
. (eteﬂa\"s (n,x=2.4, y=3.1415) a >
DIsC (m, x=0, y=3.1415)
e \4 N e (71, x=2.4, y=3.1415) el.1)
pe (1, x=3.5, y=4.2415)

‘ E Ec!zi!gesseorch

in Computer Science
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Timed Automata Alur & Dill 1990

Synchronizing
/ action

Reset \
\

X: real-
valued clock

States:
( location , x=Vv) where veR

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

Conjunctions
of x—n

CENTER FOR INDLEJREDE SOFTWARE SYSTEMER

Transitions:
(Off , x=0)
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Timed Automata

Reset \
\

Alur & Dill 1990

Synchronizing
/ action

X: real-
valued clock

States:

( location , x=Vv) where veR

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

Conjunctions

CENTER FOR INDLEJREDE SOFTWARE SYSTEMER

T —Xx>3 of x~n
Transitions:
(Off , x=0)
delay 4.32 - (Off , x=4.32)
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Timed Automata

Reset \
\

Alur & Dill 1990

Synchronizing
/ action

X: real-
valued clock

States:

( location , x=Vv) where veR

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

Conjunctions

CENTER FOR INDLEJREDE SOFTWARE SYSTEMER

T —Xx>3 of Xx—n
Transitions:
( Off , x=0)
delay 4.32 - (Off , x=4.32)
press? - (Light , x=0)
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Timed Automata

Synchronizing
/ action

Alur & Dill 1990

Reset \
\

X: real-
valued clock

States:
( location , x=Vv) where veR

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

Conjunctions
of x—n

CENTER FOR INDLEJREDE SOFTWARE SYSTEMER

Transitions:

delay 4.32
press?
delay 2.51

( Off , x=0)
> (Off , x=4.32)
> (Light , x=0)
> (Light , x=2.51)
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Timed Automata Alur & Dill 1990

Synchronizing
/ action

Reset \
\

X: real-
valued clock

States:
( location , x=Vv) where veR

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

Conjunctions

CENTER FOR INDLEJREDE SOFTWARE SYSTEMER

—x=3 of x—n
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)
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Intelligent Light Control

Using Invariants

x:=0 x=100
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Timed Automata

Invariants

/‘ x<=5

Location
Invariants

BRICS

Basic Research
in Computer Science

n

x<=5& y>3

review
Clocks: x, y
Transitions
.2)
(n, x=2.4, y=3.1415) A
e(1.1)

(n, x=2.4, y=3.1415)

(n,x=3.5, y=4.2415)

/

N

L

Invariants
ensure

|
progress!!




Intelligent Light Control

CENTER FOR INDLEJREDE SOFTWARE SYSTEMER

Using Invariants

x=100

[, 8

Transitions:

delay 4.32
press?
delay 4.51
press?
delay 100

a

( Off , x=0)
- (Off , x=4.32)
- (Light , x=0)
- (Light , x=4.51)
- (Light , x=0)
- ( Light , x=100)

> ( Off , x=0)

& = Basic Research
in Computer Science

Note:

( Light , x=0) delay 103 >

Invariants

ensures
progress



Example

With two clocks

y.=0 x:=0
LO
a b
y<=2 X<=2
y<=2, X>=
C
L1
Reachable?
== BRICS
== == Basic Research
n Computer Scien



Example

With two clocks

y.=0
a
y<=2
L1
Reachable?
CS

LO

<=2 x>

x:=0

X<=2

(LO,x=0,y=0)




Example

With two clocks

y.=0
a
y<=2
L1
Reachable?
CS
Research
mputer Scien:

LO

x:=0

X<=2

y<=2, x>=4

(LO,x=0,y=0)

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




CSS

Example y

With two clocks

y.=0 0 x:=0 - :a
A b | R
y<= X<=2 X
y<=2 x>=4 (LO,x=0,y=0)
C | 98(1.4)
(LO,x=1.4,y=1.4)
9a
1 (LO,x=1.4,y=0)
Reachable?
CEEC,

in Computer Science




Example y

With two clocks

=0 =0 !
Y L0 X o :a : )
a b | | | -
y<=2 x<=2 N
y<=2 x>=4 (LO,x=0,y=0)
¢ 2 (1.4)
(LO,x=1.4,y=1.4)
24
L1 (LO,x=1.4,y=0)
98(1.6)
Reachable? (LO,x=3.0,y=1.6)
: 5.
S (LO,XZS_O,y:O)




Networks Light Controller & User

xX:=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)
press?! - ( Bright, Rest, x=0, y=0)
y:=0 press!
gL 55 BRICS
&= = Basic Research

in Computer Science



Networks of Timed Automata

(a’la CCS)
/1 ml1
B Two-way synchronization
xX>=2 _ .
y<=4 on complementary actions.
a! a? AR R R R R R RER R R RGN
Closed Systems!

X =0

Y Y Y

Example transitions

(/1, m1,.........

‘ = BRI_. If a URGENT CHANNEL

Basic Research
in Computer Science



Timed Automata
Formally
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constraints

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

¢ = z<c|c<z|z<c|c<z |1 NP2

where c € N (or Q).



Clock Valuations and Notation

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

Notation
Let u e RC, r CC, d € R>g, and g € B(X) then:

e u+de RC 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) =ulz) forz & r.

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



Timed Automata

Definition
A timed automaton A over clocks ¢ and actions Act is a tuple
(L,1lg, E, I), where:

e L is a finite set of locations
e Iy € L is the initial location
o ECLXB(X)xAct xP(C) x L is the set of edges

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



Semantics

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

following transitions:
o Lu) "Dy (Lutd)iffucI() and utde (D),
o (Lu) L (I« iff there exists (I, g,a,r,!') € E such that
—ufFEg,

— u' = u[r], and
— o e 1(th

*fug{z) =0 for all z € C






>g

action

BRIC

3
°D N
¥
2

reset-set










Brick Sorting

== BRICS c

Basic Research s s
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LEGO Mindstorms/RCX

B 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.




The Plant
Conveyor Belt
&

Bricks

Controller

Program
LEGO MINDSTORM



First UPPAAL model CISS

Sorting of Lego Boxes

eject
remove

Ken Tindell

Piston

N/

- O Conv

Yel

%er Belt

Controll

er

MAIN

PUSH

81

99
0
90 Red

Black

Exercise: Design Controller so that black boxes are being pushed out

‘ i EcEi!S?gseorch

in Computer Science



NQC programs Int actives
int DELAY;
int LIGHT LEVEL;
task MAIN{
DELAY=75;
LIGHT LEVEL=35;
active=0; task PUSH{
Sensor(IN_1, IN_LIGHT); while(true){
Fwd(OUT_A,1); wait(Timer(1)>DELAY && active==1);
Display(1); active=0;
Rev(OUT_C,1);
start PUSH; Sleep(8);
Fwd(OUT_C,1);
while(true){ Sleep(12);
OfF(OUT_C);
wait(IN_1<=LIGHT LEVEL); 1
ClearTimer(1); 1
active=1;
PlaySound(1);

waitt(IN_1>LIGHT _LEVEL);

}
}

A
whl

B
in Computer Science



A Black Brick

B1

blick!
F":' S::g 6 F' s== | :E: )\ F|I:| === | ﬁ F I,_-.——f;II]
O O N O
Mo Sensar onZ pistan end
pos<=4 pos==18 pos==81 pos==390
ok? re maoyve
as=0

o :

start aff

KEs.

esearc
in Computer Science
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Control Tasks & Piston

TaskPUSH
TaskMAIN x==ctime ejectl active=0
: = blck?
red? [>.<] %=0 : | |
active=true walt passive
¥<=ctime _ ]
active== go?
Piston
5! GLOBAL DECLARATIONS:
eject? const int ctime = 75;
; INt[0,1] active;
Y= :
¥ -
| PN ) clock x, time;
remave! 52 y==1 )
y<=1 chan eject, ok;

urgent chan blck, red, remove, go;

‘ i Eo%ﬁgseorch

in Computer Science
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From RCX to UPPAAL — and back

m Model includes o Task MAIN
Round-Robin e | ' A
Scheduler. == A il

m Compilation of RCX -
tasks into TA Gy i~ v iy I e e
models. : el

m Presented at ECRTS
2000 In Stockholm.

ECEN i Task 0
xxxxxx

::::::::::::::::

...........
::::::

-------------
::::::

---------

ECEN ymm - 20

LTI (R ST
xxxxxx

= From UPPAAL to 5 com B

ke Bkl S G gyl EC SN 10731 NG g A Bk S AT 0 EESH s (0337 KN g bl ek S S g 1230 DN 1733
.......

QC X: M arti j N Tt 7 e 2 AR SR T
Hendriks.

Basic Research
in Computer Science

A
i
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The Production Cell in LEGO

Course at DTU, Copenhagen

Rasmus Criger Lund
Simon Tune Riemanni

Production Cel

ol 55 BRCs
&= == Basic Research

in Computer Science



Light Control Interface

.. €SS
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press?

release?

touch!

starthold!

endhold!

=0

L++/L--/L:




o«

Light Control Interface

Interface

release? ¥z
’ touchl
! I
endhpld L @A) touch!
press? = x== |
= - starthold!
relepse? |
release? ) endhold!
© zAse?
starthold!
\_

== BRICS
&= == Boasic Research
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Dim
startho
L=,
W=l
Switch LM, ~ an= (1_‘,,
A “w\t& =t
: ::i'«:i:n:iela‘ih
on==0 d ‘
touch? end
=001,

=0

L++/L--7/L:




Networks of Timed Automata

(a’la CCS)
/1 ml1
B Two-way synchronization
xX>=2 _ .
y<=4 on complementary actions.
a! a? AR R R R R R RER R R RGN
Closed Systems!

X =0

Y Y Y

Example transitions

(/1, m1,.........

‘ = BRI_. If a URGENT CHANNEL

Basic Research
in Computer Science



Network Semantics

T1||XT =(5;xS,,—, S%)”x SS) where

Sl ||XSZ —“)Slﬂx SZ Sl”)(SZ—M)Sl”XSZ,

! -~ ? e
S, —>318  S,—>75,

sy 1,82 —— ([, Ss

e(d) e(d)

S1

s, s, —=2—si], s,

>2 82,




Network Semantics o

(URGENT synchronization) : e“‘s\'“c
TIkT, =(S,%xS,,—», stlly s2)  where

Sy . )131, So —bE 5 52,

Sl ||XSZ —“)Slﬂx SZ Sl”)(SZ—M)Sl”XSZ,

! - ? =
S]_ 2 >1 Sl SZ —a)z 52

sy 1,82 —— ([, Ss

s,— 5157 5,—29 5,57
Sl ||>§2 e(d) > Sl’”x 52' vd' < d, Yue UAct:
' Y ul
== oo — (sle(g) li;) A sze(i) E) )



Light Control Network

Interface

releasg: x'=0 totichl ‘cmfm
User endhpld! . @ touch! touch?

press? = = | ‘

< _ starthold!
relepse? | |

m—— ) endhold!

£ ase? » starthold?
\
\_

‘ E Eo%!:ckfseorch
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Valldatlon Light Controller

Interface
'l
Dim
Switch
rElEase starthold?
Endhold! an==0 S
) )
@) J— touch? touch?
H release? L=, oL=L,
om=1 L.=0,
relegse? orn=0
w==relta DL =Lx:=00n:=1
starthiold
2 LightController
~Light Controller

in Computer Science



Druzba:
The Shower Problem
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The Druzba MUTEX Problem

-
- o
> o o

) Gerd
Kim
== BRICS
== == Basic Research




The Druzba MUTEX Problem

K==7
Room Corridor _— Shower
O -
x=0 X:=0
w<=5 x<=10

44444
‘‘‘‘‘
44444




The Druzba MUTEX Problem

Using the light

L:=0 x>=7 as semaphor
Roumo L==0 Corridor o= Shower
x:=0 >O L:=1,f
X<=5 =0 x<=10
TS E [




Overview of the
UPPAAL Toolkit
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File Templates WYiew GQueries

£ C\Documents and Settings'Kim'Desktop'UPPAAL example:

Options  Help

ightBertinor

=101 x|

| B a @

System Editor | Simulator | Werfier

Dirag out

a & &

WQ%@

Name: IInlellace

Parameters: I

4 LightBertinara2004
i--# Global declarations

- Declarations
- User

- @ Declarations
5 Contral

- @ Declarations
# Process assignments
ooy System definition

Editor

BRICS

== = Basic Research

in Computer Science

crt

release? w=0

enpholdl

we=g

¥==5

stargholo!

press?

tou

hl

UNIVERSITET AALBOnRG UNIVERSITY

M s . at o

Simulation Trace
nieface. 4 fauchl, Contral

touch?) ;I
[-, OF. -}

[User. 2.press!. Interface. 1. press?)

Trace File:

Prew st Replay
Open Save Random
1
| | 4 | | |
Fast

Interface.x = User.z

cuments and Settings htBertinoro2004.xml - UPPAAL 1Ol x|
mplates  Wiew Queties Options  Help
a @ & & a R a-smo
Editor  Simulatar IVaHfiar |
Drag out i Dirag out -
~Warniabl Interface
Enabled Transitions .
L =0 User o Control
time in [22,58] _..T’* =+ ar
H *
User.z in [2,5] ® 0L
Tnterface.x in [2,5] T .“. ey
- .z i =y
Mexd Reset [t ime User.z in [20,53] 4
time — Interface.x in [20,53]

User Interface Control

L

ile  Templates

Wiew  Queties

Simulator

Options  Help

UIFRASL 351, &d 20M

D a ®

System Editar I Simulatar

Qe &

Werifier I

Owerview

PWIE<> Interface.Dim .

P2

Query

Model Check

Ingert

Remave

Comretts

Comment

true --> Interface.0ff

I’l’he light switch will always eventually turn off

Status

Property iz satisfied.
tiue - Interface. Off
Propety iz satisfied.
E<r Interface.Dim
Froperty iz not satisfied

Verifier



CSS

Train Crossing

Stopable
Area

[10,20]

Queue

il

& Basic Research Gate
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Trai N C rOSSI N g Communication via channels and

shared variable.

Stopable
Area
appr, \ [10,20]

stop

[7,15]
-

Queue empty
nonempty

hd, add,re

mL

Gate

& Boasic Research
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Timed Automata
IN UPPAAL
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CSS

Declarations O w

& C:/Documents and Settings/Kim/Desktop/uppaal-3.4.7/demo /train-gate.xml - UPPAAL - |EI|£|

File Templates Wiew Queries Cptions Help

IDa@mlaae

Syztem Editor I Simulator | Verifier |

’%@w

Drag out |;' it |
Jtrain-gate * For more details about this examnple, see i
------ L B Global declarations * "Automatic Verification of Real-Time Communicating 3ystems by Constraint Solwing™, [
E Train * by Wang ¥i, Paul Pettersson and Mats Daniels. In Proceedings of the 7th Interhational
E Gate * Conference on Formal Description Technidques, pages 223-238, North-Holland. 1994,

E [td ueLe *

------ # Process assignments

Lo Spztem definition const N 5: 4/ # trains + 1
int[0,H]  el; Constants
chan appr, stop, go, leawe;

chan enpty, hotenpty, hd, add, rem; BOUﬂded IntegerS
1 Uaingale clock x: Channels

to- g Global declarations

EHL S Clocks

:Jtrain-gate int[0,N] list[N], len, i: ArrayS

L [alabal declarations
EIE, Train
i fe.g Declarations

E, Gate
Eloﬁ [ntd ueve . Templates
- Processes
I?Trainl:=Train|:El, 1j:
Traind:=Trainlel, 2): SyStemS

Traind:=Trainlel, 3);:
Traind: =Trainiel, 4);: "

=8 IntQueue
i e Declarations

ayaten
Trainl, TrainZ, Traini, Traind,
Fate, Oueue;




Declarations in UPPAAL

m The syntax used for declarations in UPPAAL is similar to
the syntax used in the C programming language.

m Clocks:
- Syntax:

- clock x1, .., xXn ;

- Example:
- clock x, vy; Declares two clocks: x and vy.

‘ i Ec!zi!gesseorch
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Declarations in UPPAAL (cont.)

m Data variables

- Syntax:

- mntnl, . ; Integer with “default” domain.

- int[l,u] n1, .. ; Integer with domain “I”’ to “u”.

- int nlm], .. ; Integer array w. elements
Nn1[O0] to nl[m-1].

- Example:

- Int a, b;

_ int[0,1] a, b[5][6]:

‘ i Ec!zi!gesseorch
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Declarations in UPPAAL (cont.)

m Actions (or channels):

- Syntax:

- chan a, .. ; Ordinary channels.

- urgent chan b, .. ; Urgent actions (see later)
- Example:

- chan a, b;
- urgent chan c;

‘ i Ec!zi!gesseorch
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Declarations UPPAAL (cont.)

m Constants
Syntax:

- const Int cl1 = nl;

- Example:
- const Int][0,1] YES = 1;
- const bool NO = false;

‘ i Ec!zi!gesseorch
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Timed Automata in UPPAAL

S invariants

Safe '
©< leave!

appr!
e:=id, x:=0
Discrete x.=0
Variables
x>=7
Guards
Appr Start
x<=20 x<= 15
X<=10,
e::id X:=0
Synchronizations
Resets Stop
‘E BRICS
== = Basic Research

in Computer Science



Timed Automata in UPPAAL

i :=Expr

Expr =i |i[Expr]|
n|—Expr|
Expr + Expr
Expr —Expr
Expr > Expr
Expr/Expr |
(ga?Expr: Expr)

inv ::= x < Expr | x <= Exprl|inv,inv

Resets

x := Expr

S invariants
Q X<=5
x:=0
x>=7
Guards
g::=gclgdlg,g

1 g :i=x ®Expr|x®y +Expr
gd -:=Expr op Expr

Re{<, <=,=,>=>}

op e{<,<=,=,>=,>,=}




Expressions

list[len]: =g,
add? len++

noternpty

len=0
e =lisg0]
hid?

i<len  listil=listfi+1],
i++

‘ E Eo%ﬁ?seorch

in Computer Science
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used In

guards,
invariants,
assignments,
synchronizations
properties,




Expressions

5

FExpression

BRICS

Basic Research
in Computer Science

IND
NAT

Expression ' [’ Expression ']’

"{" Expression ')’
Expression "++' | '++’ Expression
EFxpression '"—-—' | "'—--' Expression
Fxpression AssignOp Expression
UnaryOp Expression

Fxpressicon BinOp Expression
rF.r

Expression '?' Expression Expression

ID .7 ID



Operators

Unary

r r | f!f

Binary

rer | <=1
Py o
K |
"and” | 'or
Assignment
Pa=t | 7=t
=t rae=t

‘ E Eo%ﬁ?seorch

in Computer Science
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Guards, Invariants, Assignments

Guards:

It is side-effect free, type
correct, and evaluates to
boolean

Only clock variables,
Integer variables,
constants are referenced
(or arrays of such)

Clocks and differences are
only compared to integer
expressions

Guards over clocks are
essentially conjunctions
(l.e. disjunctions are only
allowed over integer
conditions)

BRICS

Basic Research
in Computer Science

Assignments

It has a side effect and is
type correct

Only clock variable,
Integer variables and
constants are referenced
(or arrays of such)

Only integer are assigned
to clocks

Invariants

It forms conjunctions of

conditions of the form x<e
or x<=e where X is a clock
reference and e evaluates

to an integer



Synchronization

Binary Synchronization Broadcast Synchronization
m Declared like: s Declared like

chan a, b, c[3]; broadcast chan a, b, c[2];
m If ais channel then: m If ais a broadcast channel:

- al = Emmision - a! = Emmision of broadcast

~ a? = Reception - a? = Reception of broadcast

m A set of edges in different
processes can synchronize if
one is emitting and the others
are receiving on the same b.c.

m Two edges in different
processes can synchronize
If one is emitting and the

other Is receiving on the channle. A process can always
same channel. emit.
Receivers MUST synchronize if
they can.
No blocking.

‘ i Ec!zi!gesseorch
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More on Types

m Multi dimensional arrays
- e.g. Int b[4]12];
m Array Initialiser:
- e.g.int bj4)] = {1, 2, 3, 4 };

m Arrays of channels, clocks, constants.

- e.g.
- chan a[3];

- clock c[3];
~ const K[3] { 1, 2, 3 };

m Broadcast channels.
- e.g. broadcast chan a;



Templates

CENTER FOR INDLEJREDE SOFTWARE SYSTEMER

1
: M ame: ITrain Param(ers: |int[|lN

] &: const id

' = Templates may be

Safe @

appr!
E£:=id,
#=0

leavel

parameterised:

— 1nt v; const min;

const max

m Templates are instantiated
to form processes:

int[O,N] e; const id

inl:=Trainiel,

KECS.

in Computer Science

=

Appr

x==20
w==10,
g==id

Stap
Drag ouk
s 4 trair-gate

------ # Global declarations
EE Train
Lo g Declarations
E Gate
EE Intdueue

. L Declarations
...... L WFocess azsignments
Lo Systern definition

ing:=Trainlel, LA ?
=Trainlel, 3):
=Train(el, 4);

Quene: =Intlusue(el):

- Trainl:=Train(el, 1);
- Train2:=Train(el, 2);



Extensions

Select statement Forall / Exists expressions

= models a non-deterministic = Fforall (x:int[0,42]) expr
choise true if expr is true for all

m X I Int[0,42] values in [0,42] of x

Types m exists (x:int]0,4]) expr

true if expr is true for some

values in [0,42] of x
m Record types

m Type declarations

_ Example:
m Meta variables: forall
not stored with state (x:int[0,4)Darray[x];

meta Int X;

‘ E Ec!zi!gesseorch
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Urgency & Commitment

Urgent Channels Urgent Locations

m No delay — time is freezed!

m May reduce number of
clocks!

m No delay If the
synchronization edges can
be taken !

= No clock guard allowed. Committed Locations

m Guards on data-variables.

No delay.
. Next transition MUST
= Declarations: involve edge in one of the
urgent chan a, b, processes in committed
cl[3]; location

m May reduce considerably
state space

‘ i Ec!zi!gesseorch

in Computer Science



Queries :
Specification Language
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Logical Specifications

m Validation Properties
- Possibly: E<>P

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

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

m Bounded Liveness
- Leads to within: P >_,Q

ol 55 BRICS
&= == Basic Research
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Logical Specifications

m Validation Properties
- Possibly: E<>P

- F<>p

(v~

RICS

sic Research
in Computer Science
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Logical Specifications

i Y
o
m Safety Properties Al]y
- Invariant: A[l P
- Pos. Inv.: E[]P -
'T/
|
- El]e
|
- ¥
== BRICS
== E\Oélig RpsegrrcSI::ien



Logical Specifications

|
|
_ A< >
m Liveness Properties
~ Eventually: A<= P O——>
- Leadsto: P->Q
|
== BRICS
&= = Basic Research
Computer Scien




m Bounded Liveness
- Leads to within: P >_,Q
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Trai N C rOSSI N g Communication via channels and

shared variable.

Stopable
Area
appr, \ [10,20]

stop

[7,15]
-

Queue empty
nonempty

hd, add,re

mL

Gate

& Boasic Research
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Gear Controller e

with MECEL AB Lindahl, Pettersson, Yi 1998
— = ———
=4
g Cfg Interface

\—. -/

Network GearBox Engine Flowgraph
Canbus [ Interface ]
Reqliewlaar 1
| FromGear HewGear
[T-.'.-{F-Ela:lrl.I
GearContral
- GCT Lmear
(ToGear)
[
BaqSet GearSet OpenClut<h J Clutchlslpen Reqpeed TerqueZera
Ragllew Gearneu CleseClut<h ClutchlsClosed Feqlarque SpeadSet
ReqieroTorque
¥ ¥
GearBox Clutch Engine
KENS... (ErrStat) (ExzStat) (VasCaze)
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Gear Controller ——
with MECEL AB g
> Interface
Requirements _
GearBox Engine

GearControl@lInitiate ~+ <1500 ( ( ErrStat =0) = GearControl@GearChanged ) (1)

GearControl@lInitiate ~ <1 ooo
( ( ErrStat =0 A UseCase =0) = GearControl@GearChanged ) (2)
Clutch@ErrorClose ~» <o GearControl@CCloseError (3)
Clutch@ErrorOpen ~+ <29 GearControl@COpenError (4)
GearBox@Errorldle ~+<zs0 GearControl@GSetError (3)
GearBox@ErrorNeu ~+<2o0 GearControl@GNeuError (6)
Inv { GearControl@CCloseError = Clutch@ErrorClose ) (T)
Inv ( GearControl@COpenError = Clutch@ErrorOpen ) (&)
Inv ( GearControl@GSetError = GearBox@Errorldle ) (9)
Inv ( GearControl@GNeuError = GearBox@ErrorNeu ) (10]
Inv ({ EngineGErrorSpeed = ErrStat £0) (11)
Inv ({ Engine@Torque = Clutch@Closed ) (12)
/\ Poss ( GearGGear; ) (13)

iE{R.N. 1,5}

/\ Imv ( ( GearControl@Gear A Gear@Gear; ) = EngineQTorque ) (14)

IIIIII
1]
[v =)
-

&

PE{ Rl unB}
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UPPAAL 3.4

notempty? rem’? list[len]:=e,
@{ ©r= ) add? [En++
Free notempty!
Ermphyy len=0
e =list{0]
empty! hd?
ot appre? @) len==0
M
rem |
- ::gfﬂ list{i]:=0,i=0
("':i\ leave? el
=End
appre
i<len  listi]=list[i+1],
stop! i++

int[0,N] list[N], len, i;

Gate Template

IntQueue

ol 55 BRCs
&= == Basic Research
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UPPAAL 3.6 (3.5) with C-Code

CSS

CENTER FOR INDLEJREDE SOFTWARE SYSTEMER

LHIBLLIMeIELEL

int[0,N] list[HN], len:
- volid engqueues (int[0,N] element)
Free {
li E t 0 list[len+] = element:
Hscmpty . 1
isEmpt
vold dequeus()
{
int i = 0:
C len -= 1:
appr‘? 'liv{]'hilE [1 < len)
|
go: EHQUEUE(ED dequeue(} list[i] = list[i + 1]:
i++:
leave? P
\ », list[i] = 0O:
Occ i =0;
!
appr?
enqueue(el) stop! bool isEmpty()
{
return len == 0;
!
int[0,N] hdi)
{
return list[0]:
Gate Template }
gl S8 BRICS Gate Declaration
&= = Basic Research

in Computer Science
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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’2K]
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

= BRI
Basic
n Com

Radar Memory Interface Card [NJC'05]

CS

R rch
Sc
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Case Studies: Protocols

m Philips Audio Protocol [HS'95, CAV’'95, RTSS’95,
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]

ABB Fieldbus Protocol [ECRTS’2K]

IEEE 1394 Firewire Root Contention (2000)
Distributed Agreement Protocol [FormatsO5]

Leader Election for Mobile Ad Hoc Networks
= BRICS [Charme05]
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www.uppaal.com

RELATED SITES: TIM

UPPaAL is an integrated tool environment for
muodeling, validation and werification of real-time

systems modeled as networks of timed automata,
gxtended with data types (bounded integers, arrays,

etc.).

The tool is developed in collaboration between the

Department of Information Technology at Uppsala

University, Sweden and the Departrment of Computer

Science at dalborg University in Denmark,

Download

e
-
- prCa—
| = e
» W
— ]
x il | I, # |
3 =
" g

Figure 1; UPPAAL on screen.

The current official release is UPPaaL 3.4.11 (Jun 23, 2005). A release of UPPAAL 3.6 alpha 3 (dec 20,
2005) is also available. For maore information about UPPAAL wersion 3.4, we refer to this press release.

UNIVERSITET

Basic Research
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AALBORG UNIVERSITY

License

The UrPaaL tool is free for non-profit
applications, For information about commercial
licenses, please email sales{atiuppaal{dot)com,

To find out more about UPPAAL, read this short
introduction . Further information rmay be found
at this web site in the pages About,

Docurnentstion, Download, and Examples.

Mailing Lists

UppaalL has an open discussion forum group at
Tahoo!Groups intended for users of the tool, To
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 email the development team
directly, please use

uppaal atilist{dat)it{ dotiuuldat)se.

UPPAAL & | UPPAAL TR



