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= Timed Automata & UPPAAL

= Symbolic Verification &
UPPAAL Engine, Options

= Priced Timed Automata
and Timed Games

= Stochastic Timed Automata
Statistical Model Checking

(Lecture+Exercise)?
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Task Graph Scheduling - Example

Compute

D*(C*(A+B))+(A+B)+(C*D))
using 2 processors )
P1 (fast) P2 (slow)
. + | 2ps ] ' + | 5ps
10 15 0 -
T | U T R — IJ .| |
P13 3 5 69 pjggll
P2[ 1 4 B
VTSA Summer School, 2013. Kim Larsen [5] :ﬁ e a




Task Graph Scheduling - Example

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

using 2 processors

P1 (fast) P2 (slow)
B + | 2ps | - + | 5ps
@ * | 3ps * | 7ps

| | | | | | Jel: ~ ! 20 25
| Dir~
' ||[|M.44 )

VTSA Summer School, 2013. Kim Larsen [6]
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Compute
D*(C*(A+B))+(A+B)+(C*D))




! C:\Documents and Settings\kgl\DesktopA\DESKTOP FEB 200 /AUPPAALMIPPAAL examplesiChina 2009\DAY 2 Afternoonitaskgraph-AVACS2010.xml - UPPAAL
File Edit Wew Tools Options Help

La@ada {Ese
| Editar || imulator || verifier |
Task1 Task2 Task3 Task4
donel? f1:1". fl=1  donel:
Task5 Task6
M1 M2
ldle ldle
usel? danel! use? clone2!
¥1:=0| Inlse | x1=HE1 =0 InUse 2=02
%1 ==B1 2==F2
donel? 15=T’. B=1  donel: donel? f5=1’. =1 done2

P2




# machines

optimal

4
20
10
12
20
8
20
12
12
16
16
19
17
18
3
10

1178
537
700
891
605
1570
629
1163
1340

t.0.
t.0.
1118
1257
1318
8009
2471

-

AMETIST

advanced methods for timed systems

Symbolic A*
Branch-&-Bound
60 sec

Abdeddaim, Kerbaa, Maler



Jobshop Scheduling

[TACAS'2001]
Sport Economy Local News | Comic Stip
2. 5min 4. 1 min |3. 3 min [1. 10 min
.10 min |2. 20 min [3. 1 min |4. 1 min
4., 1 min [1.13 min (3. 11 min |2. 11 min
1. 1min |2. 1min |3. 1min [4. 1 min
NP-hard

Problem: compute the minimal MAKESPAN Simulated annealing
Shiffted bottleneck
Branch-and-Bound

Gentic Algorithms

VTSA Summer School, 2013. Kim Larsen [10]



File Edit View Tools Options Help

BaE[2¢( AR R@= .

m ConcreteSimulator | verifier

Transition chooser

0.0 1.0 2.0 2.00 40 -

o 3

Delay: 05| @ Reset Delay

Simulation Trace

[ 4 First [1,273.666% W Last |
’ 4l Prev b Play I Next ]
Speeder

(-, -, ECO, -)
Kim

(COoM, -, ECO, -}
Jan

(coM, -, -, -

Wann

1 [>

to)=0

time = 1273.665595
Kim.x = 23.197853
Juri.x = 104.261742
Jan.x = 304.161609
Wang.x = 370.048830

Juri

om==0com ;3

Jan

Loc

COM

Gantt Chart
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Task Graph Scheduling - Revisited

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

using 2 processors

P]_._ (fast) P2 (slow)

VTSA Summer School, 2013.



Task Graph Scheduling - Revisited

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

using 2 processors

P1 (fast) P2 (slow)
.\‘(‘é--“ —+ | 2ps + | 5ps
aat
‘f“% * | 3ps * | 7ps
ENERGY:
10

VTSA Summer School, 2013. Kim Larsen [14]



Compute

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




Observer variable C'

(€0,10,0]) =29 5 (Lo, [1.9,1.9]) —¢ (£1,[1.9,0]) — > =166
(£2,1.9,0]) 2301 (£2,[2,0.1]) —7 (£a, [2,0.1])

(€0,10,0]) 6.0 (Lo, [1.2,1.2]) —¢ (£1,[1.2,0]) —
(83, [1.2, 0]) O_.§8.O (ﬁ?” [2’ 08]) s (64, [2, 08]) Zci = 15.0




dC __
ar =Tl

Q: What is cheapest cost for reaching ¢4 ?

infoci<omin{5/ + 10(2 — 1)+ 1.5t + (2 —1)+4} =9

=» strategy: leave immediately £, go to f3, and wait there 2 t.u.




THM [Behrmann, Fehnker ..01] [Alur,Torre,Pappas 01]
Optimal reachability is decidable for PTA

THM [Bouyer, Brojaue, Briuere, Raskin 07]
Optimal reachability is PSPACE-complete




clock y

A zone /:
1<x<2 A
0<y<2 A
Xx-y>0
2 @
‘ A cost function C
1 e C(X’y):
‘ 2.x-1y+3
0 e ———-  clock T
0




clock y

A zone /:
1<x<2 A
Z[x=0]: 0<y<2 A
X=0 A X-y>0
0<y <2
2
C=1y+3 A cost function C
1 C(X’y) -
2:x-1y+3
C=-1y+5




Symbolic Branch & Bound Algorithm

THM [Behrmann, Fehnker ..01] [Alur,Torre,Pappas 01]
Optimal reachability is decidable for PTA

Cost .= ¢ ; ; :

THM [Bouyer, Brojaue, Briuere, Raskin 07]
Passed := () Optimal reachability is PSPACE-complete
Waiting := {(ly, Zo)} e PR

while Waiting # 0 do

select ([, Z) from Waiting

if ] = [, and minCost(Z) < Cost then
Cost := minCost(2)

If minCost(~2) + Rem » > st then break

if for all (I, Z’) in Passed: Z' £ Z then
add (I, 7) to Passed
add all (I, Z"ywith (I, Z2) — (I', Z") 1

Z'<Z
Z’ is bigger &
cheaper than Z

< is a well-quasi
ordering which
guarantees
termination!

return Cost

VTSA Summer School, 2013. Kim Larsen [21] u e a




»

cost

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

E earliest landing time

T target time

L latest time

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

Planes have to keep separation
distance to avoid turbulences

.t d fixed cost for being late

P

caused by preceding planes l ﬁ




X >= X=5
land} cost+=2
<= —
c):)st’= X <7 J
cost’=1
X=95 land!

|~

Planes have to keep separation

distance to avoid turbulences w

4 earliest landing time

5 target time

O latest time

3 cost rate for being early
1 cost rate for being late

2 fixed cost for being late

caused by preceding planes l ﬁ



Aircraft Landing

Source of examples:
Baesley et al’2000

optimal value

1||explored states

cputime (secs)

3100
15069
220.22

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

2||explored states

cputime (secs)

optimal value

cputime (secs)

3|lexplored states 24| 46
cputime (secs) 0.36( 0.70| 1.7
optimal value

4llexplored states | N/A|N/A|N/A

207715
14786.19

65
1.97

650
47993
1085.08

170
189602f|  62[N/A
12461.47] 0.68
0
64| N/A|N/A
1.53

VTSA Summer School, 201 3.

Kim Larsen [24]
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(ﬁo, [0, 0]) 1_.2>6.O (fo, [1.2, 1.2]) —( (61, [1.2, 0]) —0
(¢3,[1.2,0]) 250 (£3,(2,0.8]) —1 (£4,[2,0.8])

s (8 ) ©) ©




f6>0 and f3>0

f6>0 and f3>0




f6>0 and f3>0 f6>0 and f3>0

Idle

- ©-

x1:=0 InUse Xx1==B1

=)~

T oy

x1<=B1 &&(cost'==4 >




f6>0 and f3>0 f6=>0 and f3>0

Idle

- ©-

End

done1? j;ﬂ*-ﬁ:g, ~dgne?2

¢ Rwd+=1 Rwd+=1 N\

x1:=0 InUse Xx1==B1

=)~

T oy

x1<=B1 &&(cost'==4 >




Optimal Schedule ¢*: val(c”




Value of path o: val(c) =

t=0
Optimal Schedule 6™: val(c™) = inf_ val(c)




Soundness of
Corner Point Abstraction

Lemma
Let Z be a (bounded, closed) zone and let f be a(well-defined) function over Z

defined by:

a'ltl +"'+antn+a‘
city + -+ cpty +d

f : (tlﬂ"')-l':’n)l_>
then inf, f is obtained at a corner-point of Z (with integer coefficients).

Lemma
Let Z be a (bounded, closed) zone and let f be a function over Z defined by:

f(te,... ,tn)r—m,l/\tl + . rap At +a

then inf, f is obtained at a corner-point of Z (with integer coefficients).

VTSA Summer School, 2013. Kim Larsen [31] u e a










Example

In some cases, resources can both
be consumed and regained.

The aim is then to keep the level
of resources within given bounds.




f6>0 and f3>0

f6>0 and f3>0

/
\

use1?

x1:=0

—-— . gy,

- ~
cost'==+2 )
~ -

|dle

InUse | x1==B1

>O=- - -

x1<=B1 &8 cost'==-




lower-weak-upper-bound problem




Untimed games existential problem || universal problem
€ UP N coUP
L cP cP
P-h
LW € NP N coNP cp cp
P-h
e PSPACE
L+U EXPTIME- P
i c NP-h -
| | Co |
1 Clock games existential prob fner p Oint AbStra oy
L P Action sy g
L+W cP c P

undecidable

1% Clock . ' o 2+ Clocks 77?




Proof.

@ Corner-point abstraction:

-3

H—’
0

P Bouyer, U Fahrenberg, K Larsen, N Markey,.. . Infinite runs in weighted timed automata with energy constraints. 2008.




Proof.

@ we encode a 2-counter machine:

e each instruction is encoded as a module;
o the values ¢; and ¢ of the counters are encoded by energy

level

1
‘*3':5——2@.3(:2

when entering the corresponding module.

P Bouyer, U Fahrenberg, K Larsen, N Markey,.. . Infinite runs in weighted timed automata with energy constraints. 2008.




L
0 ﬁe 1

n = 3: increment ¢
n = 2: increment ¢
n = 12: decrement ¢

n = 18: decrement ¢







A
10 +
8 4
6 £
Win Weout
rl 64/35 | 0
e 2 | 27/35
5 ~ 3 18/7
3 5 8 0
0 “ | | | | > Win
0 2 4 6 8

P. Bouyer, U. Fahrenberg, K. G. Larsen, N. Markey: Timed automata with observers under energy constraints. HSCC 2010




dE dF __
& = 2 a =4

+2 3 +4
Win |x::0 x:1‘ Wout

e
o 1 2 3 4

P. Bouyer, U. Fahrenberg, K. G. Larsen, N. Markey: Timed automata with observers under energy constraints. HSCC 2010




dE _ dE _
o =2k - =4k

+2 3 +4
Win |x::0 x:1‘ Wout

0 4 8

Minimal Fixpoint:

0~ 0.47

P. Bouyer, U. Fahrenberg, K. G. Larsen, N. Markey: Timed automata with observers under energy constraints. HSCC 2010




100000 H

50000 4

u_

o f:x— a-x" + 3 where r is rational

daf
.azl

Closed under max and composition.
Least fixed point computable.

P. Bouyer, U. Fahrenberg, K G. Larsen N. Markey: Tlmed automata with observers under energy constraints. HSCC 2010




UpdatBegrement
Increment n=3
Decremen

—_—

¥

(1) Karin Quaas. On the interval-bound problem for weighted timed automata. 2011.
(2) Uli Fahrenberg, Line Juhl, Kim G. Larsen, and Jiri Srba. Energy games in multiweighted automata. 2011
(3) Nicolas Markey. Verification of Embedded Systems - Algorithms and Complexity. 2011.




=1
checking y < 2z —
X=Xp X=Xp
C=C0 C:(] _XO)

P. Bouyer, K. G. Larsen, and N. Markey. Lower-bound constrained runs in weighted timed automata. QEST 2012




Bound

Universal

3 .F.:—EKPTIME [3] (Remark 18) | € k- E.'J{PTIME [3]
(Remark 17) (Remark 19)

LW NP-hard, € PSPACE eP EXPTIME-complete
PSPACE-complete for k=4 (Remark 18) | (Remark 21)
(Remark 20)

LU PSPACE-complete eP EXPTIME-complete
(Remark 20) (Remark 18) | (Remark 21)

Arbitrary | L EXPSPACE-complete eP EXPSPACE-hard (from EL)

( Theorem 9) (Remark 18) | decidable [J]

LW PSPACE-complete eP EXPTIME-complete
(Theorem 9) (Remark 18) | (Remark 21)

LU PSPACE-complete eP EXPTIME-complete
( Theorem 9) (Remark 18) | (Remark 21)

Uli Fahrenberg, Line Juhl, Kim G. Larsen, and Jiri Srba. Energy games in multiweighted automata. 2011



* Priced Timed Automata a uniform framework
for modeling and solving dynamic ressource
allocation problems!

= Not mentioned here:
= Model Checking Issues (ext. of CTL and LTL).

= Future work:
= Zone-based algorithm for optimal infinite runs.

= Approximate solutions for priced timed games to
circumvent undecidablity issues.

= Open problems for Energy Automata.
= Approximate algorithms for optimal reachability
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T'Fin!l'“

Tr=inim

Trainin

| | apprlO]!

| o Appr

Train(0)

X>=3
leave[0]!

Safe ._<

x=0

x<=20

Stop

Cross
x<=5

x>=7

X=

Start
X<=15

Gate

Free
e id_t e id_t
len>0 len == e == front()
go[front()]! apprie]? leave[e]?
enqueue(e) dequeue()

Occ
e:id_t
appr[e]? stop[tail()]!
enqueue(e)




T'Finﬂ'“
TrFinH'H |
TrFin!ﬂ’l I
Train(0)
X>=3
|
‘ Safe ._< leave[0]! Cross
: | x<=5
: ; appr[0]!
x=0
x>=7
Il x=
: ’ Appr Start
x<=20 X<=15
L Stop

Gate




Trginfl’l'ﬂ

Trﬂin"’“

Tf"i"'""

Train(0) e:id_t

X>=3 leave[e]?

x<=10
stop[0]?




State (L1, x=0.81)
Transitions
(LT , x=0.81)
-2.1 —>
(LT , x=2.91)
->
(goal , x=2.91)

E() goal ?
A() goal ?
A[]—L4?




controllable

—
(x<2)
uncontrollable é-) @

————>

A (memoryless) winning strategy
@ x<l,c o from (£,0), play (0.5, )

~. can be nreembpted bv 1.

?s B

VAT T TS NT T Ty




Theorem [AMPS98 HK99]

Reachability and safety timed games are decidable and
EXPTIME-complete. Furthermore memoryless and “region-based”
strategies are sufficient.

~ classical regions are sufficient for solving such problems

Theorem [AM99 BHPRO07,JT07]

Optimal-time reachability timed games are decidable and

EXPTIME-complete.

[ANMOO] Asarin, Maler. As soon as possible: time optimal control for timed automata (HSCC'99).
[EHPROT] Brihaye, Henzinger, Prabhu, Raskin. Minimum-time reachability in timed games (ICALP'07).
[JTO7] Jurdziriski, Trivedi. Reachability-time games on timed automata (ICALP'07).




Winning states Losing states

£y (S

£ L

£ O

£3




Backwards Fixed-Point Computation

Definitions
cPred(X) = {qeQ|3geX.q~>.q}
uPred(X) = {qeQ|3geX.q~>,q)
Pred(X,Y) = {qeQ|3dt. geX and Vs<t. gscYC}

X

n(X) = Pred] X U cPred(X) , uPred(X°®) ]

Pred,(X,Y)

Theorem:

The set of winning states Is obtained as the least fixpoint

of the function: X = n(X) U Goal




- -&Lﬂ—

are symmbolic states, i.e. sets of concrete states;
g —m

is the set of (concrete) goal states;
— Ez{Sin»S",SiJ-S"}

the (finite) set of symbolic transitions (controlla
— Waiting C E

is the list of symbolic transitions waiting to be 1
— Passed

is the list of the passed symbolic states;
— Wim[S]|C S

is the subset of S currently known to be winnin,
— Depend[S]|C E
indicates the edges (predecessors) of S which mu
information about § is obtained.

symbolic version of on-the-fly MC algorithm

for modal mu-calculus

Liu & Smolka 98

ECD-07] Berhmann, Cougnard, David, Fleu

VISA-SiimhfeerSchiovl] X048y, Larsen, Lime.

. Larsen, Lime. Uppaal-Tiga: Time for playing

Initialization:
Passed — {So} where So = {(EO-,- 6)}/‘5
Waiting — {(Sn.a.5") | S" = Post.(S0)”" };
Win[Sy] — So N ({Goal} x R ):
Depend[So] — 0; B

Main:
while ((Waiting # 0) A (so &€ Win[So])) do
= (S, a,58") «— pop(Waiting):
if S € Passed then
Passed «— Passed U {S"};
Depend[S'] — {(S,a, S")}:
Win[S'] — 8" N ({Goal} x R,
Waiting — Waiting U{(S",a, S")| 8" = Post, (S")""};
if Win[S'] # 0 then Waiting — Waiting U {e};
e (* reevaluate *)"”
in" — Pred(Win[S]U U Predc(Wz'n[T]),
U S Predu(T \ Win[17)) N S;
f (Win[S] € Win") then
Waiting «— Waiting U Depend[S]; Win[S] — Win™;
Depend[S'] — Depend[S’| U {e};
endif

endwhile

Efficient on-the-fly algorithmsifpntha mealypisoif timed games (CONCUR'05). D

cames! !CAV'E?E.



= Reachability properties:
= control: Alp U q] until/
= control: A{) q < control: Al true U q ]
= Safety properties:
= control: AlpW q ] weak until
= control: A[] p & control: A[ p W false ]
= Time-optimality :
= control_t*(u,g): AlpUq]

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

[CDF+05] Cassez, David, Fleury, Larsen, Lime. Efficient on-the-fly algorithms for the analysis of timed games (CONCUR'05).
[BECD+07] Berhmann, Cougnard, David, Fleury, Larsen, Lime. Uppaal-Tiga: Time for plaving games! (CAV'07).




File  Edit

fDocuments and Settings/kgl/Desktop/DESKTOP FEB 2007/UPPAA

Wiew Tools  Options Help

a 2009/DAY 3fconcur.xml - UPPAA

= M

o8 e Ka-sme

Editar |} Simulator [ \-'erifier]

M

Drag ouk

Drag ouk

Transition chooser

00 40 20 300 40 A
Main
L2
C—m ]
Delay | D{;:l D Reset |
| P Take transition |
Trace contrals
| et || u'lf“ W Last |
| Al Prev || B Flay || I next |
Speader
. ™
o 1 | K’Ii I
Slova Fast
[ I+ Random ]

Sirulation Trace

HO =0
Main, = 0,000000

DEMO




T'Fin!l'“

Traindn

TrFin!ﬂ’l

Train(0)

X>=3
leave[0]!

Cross

| Safe ._(

‘I | appr[0]!
x=0

1| Appr
x<=20

x<=10
stop[0]?

X<=5

x>=7
x:

Start
x<=15

go[0]?
X=

Stop

Gate

Free
e:id_t
len >0 len ==
go[front()]! apprie]?
enqueue(e)
Occ
e:id_t
appr[e]? stop[tail()]!
enqueue(e)

e id_t

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




Traimim
TrFinl'I\ |

Trfliﬂ'n‘

Train(0)
x>=3
|

. Safe .( leave[0] Cross
: | x<=5

1| apprion

x=0

Gate




ooooo

Trglnfl’l'ﬂ oooooo

Trﬂin"’“ : & & ¥

Truin!ﬂ\
Train{0)

- ;“:

x<=10
stop[0]?

Find strategy for controllable

actions st behaviour satisfies (




= Robust and optimal

Clamping Injection Cooling Ejection CO n t ro I

m ; = Tool Chain

R | « Synthesis:  UPPAAL
TIGA

= Verification: PHAVer
= Performance: SIMULINK

= 40% improvement of
existing solutions..

[CJL+09] Cassez, Jessen, Larsen, Raskin, Reynier. Automatic Synthesis of Robust and Optimal Controllers — An Industrial Case Study (HSCC'09).




12,2 ltres/second = R1: stay within safe

[ rump J;——""‘“ interval [4.9,25.1]
*I Accumulator

[ ] = R2: minimize

average/overall oil
volume
t=T

- *
Machine/Consumer

: o v(t)dt /| T
Cvmsmesaznz wmusees () S )

Vmin




Machine Rate (litre/second)

Infinite

301/ 717 717 1 1 T T T 1
o8k ' ! ! ' ; ' : ' ' '
2.6
2.4
2.2
2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2r
0.0

i i
8 10 12 14 16 18 20
Time (second)

cyclicdemand = F: noise 0.1 1/s

to be satisfied by our
control strategy.

= P: |latency 2 s between
state change of pump




Abstract Game Model EhanN

= UPPAAL Tiga
offers games of perfect information

= Abstract game model such that states only
contain information about:
= Volume of oil at the beginning of cycle

= The ideal volume as predicted by the
consumption cycle

= Current time within the cycle V, V_rate
= State of the Pump (on/off) V. acc
» Discrete model ti_me

VTSA Summer School, 2013. Kim Larsen [68] u e a




y<2°D y<4'D y<8"D y<10"D y<12*D
77y y==2D "7 y==4'D """y y==8D 77y y==10D T
: V_rate-=12 ' V_rate+=12 V_rate-=12 V_rate-=13 '
‘ ““““““ # :""“““*‘““""““"““““‘“?‘"1
y<=2*D y<=4'D  “~_ y<=8"D "\, y<=10"D -7 y<=12"D |
- - " ,/ ]
Noise(time-2"D) < Noise(2"D) N7 - lens: :
Checks whether V

y==2D*D && i naI_N UiSE(}

.-"'-
-
-
-

!

under noise gets
outside
LT [Vmin+0.1,Vmax-0.1]

|
|
| -
|
|

Noise(10*D) .-~ JNoise(timgrD*S} Noise(time-D*8) >~ _Noise(6"D)

y<=20"D ‘sy<=20D__.-~_  y<=18"D ./~ \y<=16"D TSl

I

I
/<=14*D :
= Il

bool Noise(int s){
// s is the duration of consumption (in t.u.)
return (V-s<(Vmin+1)*D | V+s>(Vmax-1)*D);}

DO

1! %
/ \

L

y<14'D




z>=2"D && i<N

V_rate+=22, z=0,
start[i]=time
void update_val(){

update _pump? int V_pred = V,;
update_pump? update_pump? time++
V+=V_rate;
V_acc+=V+V_pred,;
z>=2*D ¥
update pump?

V_rate—-=22, z=0
sfopli]=time, i++ Every 1 (one)

seconds




TO (o) I C h a.i n Quassiomodo

A Strategy Synthesis TIGA T T T T =

10+ AR '

\B] N

S o4 ) :

= :

S 8+ g

S

TTT

g ol Y S ......... ......... ......... ,, ........

5 0 r}) I:IIZI H[Iilﬂr |-| dlnr‘ HE‘[” H SI:I[ r|III:l:Iﬂ Hléj Hh‘lnﬂ Hh;lf _IISZIrI HZE{I
tame (S) Performance Evaluation
25 SIMULINK

Guaranteed
Correctness
Robustness

sl

Volume (litre)

10

with

sl I |
a 5 10 15 20

Time (second)
Verification PHAVER
VTSA Summer School, 2013. Kim Larsen [71] u B B

40% Improvement




www.cs.aau.dk/~kgl/Shanghai2013

Exercise 28 (Jobshop Scheduling Part 1)
Exercise 19 (Train Gate Part 1)
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http://www.cs.aau.dk/~kgl/Shanghai2013
http://www.cs.aau.dk/~kgl/Shanghai2013

