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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 77?7



Let us play!

B Scheduling using Uppaal

Limit: 70
Time: 0

Configure Interact Find some solution Find best solution
Solving scheduling problems using Uppaal Using the buttons above you can:
A mamber of cars are to pass a bridge. There iz a toll for passing the bridge -- and « Configure:
a device (known as the BroBizz' or 'EasyPass" must be used in order to pass the i
bridec ( ¥ ) P Setup the mumnber of cars, their speed, and the time lirmit
& # Interact:

Try to solve the problem matually
# Find some solution:

Usze Uppaal to solve the problem and display the solution
# Find best solution:

Use Uppaal to find the best solution to the problem

There iz only one BroBizz available to the cars -- but luckdly the toll booth system
can be cheated if two cars drive close to each other. Only cars from the side at
which BroBizz iz located can pass the bridge. The toll booth at the side at which
the BroBizz iz located is colored green.

Al cars st pass the bridge within a given tirne ot (shown at the center of the
screety). Each car spends a given mumber of minutes passing the bridge. This
schedulabilite problem can be solved using the Uppaal tool —
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Scheduling Problem

Solve

using UPPAAL

Cc1
c2 unsafe | ==
unzak . - ~ ,
c3 take !
N gl = L==0
release!
urEak L
iz
y>=5
relessel
y == 25 Y = 0
Y= - safe

UNSAFE

Pass

iyl

relesze?




Resource

Idle

—Or- -

use’?

X:=0 InUse

—@

x<=B

done! /_

=B
Task

Init Using Done

use! done?
‘I' E&=63H‘I' :H‘I'




Task Graph Scheduling - Example

Compute

N (D*(C*(A+B))+((A+B)+(C*D))
@ using 2 processors )
P1 (fast) P2 (siow)
— +|2ps | | |+ |5ps
%“ * | 3ps * | 7ps
5 10 15 20 25
=T I B B — — — J .
PL| 2 3 5 63 'D/CO~S‘ )
P2 1 4 T

41
ARTIST Design PhD School, Beijing, 2011 Kim Larsen [7] ﬁ e a



Task Graph Scheduling - Example

c D Compute
AN O*(C*(A+B))+((A+B)+(C*D))
@ using 2 processors
P1 (fast) P2 (slow)
— + | 2ps | | || + | 5ps
%h — . —
5 10 R 20 25
| | | | | | J ~ I
51 6 [ Joppea
...... | ] | |'4|L '/'/L

41
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Compute
D*(C*(A+B))+(A+B)+(C*D))

Taskd

D
use2? done2!
x2:=0 InUse x2==B2 § § .
. /
X2<=B2 '~/

s e s



8 C:\Documents and Settingsikal\Desktop\DESKTOP FEB 200 AUPPAALMIPPAAL examples\y
File Edit Yew Tools Options Help

na 2009MDAY 2 Afternoonitaskgraph-AVAC

.l - UPPAAL

DaB®

[ Editar ] Simulatar [ \-'erifierl

& K@ --e

Task1

donel?

f1=f'.

Task2

donel?

=17 . 2=1

Task3

danel?

=1 . 3=1

done’

Taskd

donel?  fi=

Tasks

B1=3

donel? fszf’. =1

Task6

donel?

M1

B=T . =1

usel?

x1:=0

dle

InUse

x1<=B1

M2

use2?

w2 =0

Idle

InUse

2==F2

done2!

K2=B2

P2

W




#tasks

#chains

# machines

optimal

437

452

730

1007
1145
1187
1193
1348
1566
1664
1782
1980
2014
2168
2333
2399

125
43
175
66
88
293
124
127
152
101
218
207
141
965
318
303

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
L.0.
t.o0.
1118
1257
1318
8009
2471

-

AMETIST

advanced methods for timed systems

Symbolic A*
Branch-&-Bound
60 sec

Abdeddaim, Kerbaa, Maler
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Golf Citroen
unsafe L==10 u_ready u_over unsafe L= 10 u_ready U_over
9 take ! . ye= § 2 take ! yr= 10
¥y:=10 yi=10
release ! release ! release ! release !
y== & L==1 y== 10 L==1
. take ! . take !
over ready yi=0 zafe over ready yi=0 zafe
process Torch free? B MW DatS un
0 unsate [ __ o u_ready u_over unsafe L==1 u_ready u_over
take ! take !
y== 20 ¥y== 15
3 yi= 0 10 yi=1
release ! release ! releaze ! release !
y== 20 L==1 y== 25 L==1
O—a O—0a
OVer ready yi= 0 zafe OVET ready yi= 0 zafe

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




Experiments

COST-rates
SCHEDULE #Expl | #Pop’d
G| C B | D
Min Time | “®7 ©7 . PP7 5 60| 1762 | 2638
1538
CG> G< BG> G<
1111 GD> 55| 65| 252| 378
9|2 (3|10 °P7 ©0 557 °% | 1905 65| 149| 233
12 |3|4| “°7 °T. 277 “T | 140| 60| 232| 350
1|2 3|10 “7 T %7 T | 170| 65| 263| 408
BD> B< CB> C< 975 85
AR R CG> 1085 | time<85 - )
olo|o]|o 0 - 4
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Task Graph Scheduling - Revisited

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

using 2 processors

P1 (fast) P2 (slow)
M-_“ -+ | 2ps -+ | 5ps
fﬁw * | 3ps * | 7ps
ENERGY:
10 20
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Task Graph Scheduling - Revisited

c D Compute

/ D*(C*(A+B))+(A+B)+(C*D))
2
@ using 2 processors

Pl (fast) P2 (slow)

2

-+ | 2ps

x>

ENOERGY: |
4 ‘73252@’“97
—t—+—+—+— /70~ n
.......... Sooo .Wpff%/,‘jwe
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Compute
D*(C*(A+B))+(A+B)+(C*D))

Taskd

use1?

x1:=0 —

done1? f4:1>.<f4:1 done2”
) U,
_ S [ T T

s 0




dc _ |4

(509 [07 O]) ];)99.5 (EOa [1'9: 19]) —0 (ﬁla [1‘9: O]) —0 ZCZ- = 16.6
(02,]1.9,0]) 0.1 (L2, [2,0.1]) —7 (£4,[2,0.1])

(£o,10,0]) 2360 (Lo, [1.2,1.2]) —¢ (£1,[1.2,0]) —0
(05, [1.2,0) %S5 (€5, [2,0.8]) =1 (€a,[2,08]) 2=C" =159



dC __
o = +1

Q: What is cheapest cost for reaching £4 ?

il’lf()gtgg IIlil’l{fﬁL + 10(2 — t) + 1, ot + (2 - t) + 4} =9

=¥ strategy: leave immediately £, go to {3, and wait there 2 t.u.






clock y

A zone /:
1I<x<2 A
O<y<2 A
Xx-y>0

A cost function C

Cx.y)=
2:x-1y+3




A zone /:
1I<x<2 A
Z[x=0]: 0<y<2 A
X=0 A X-y>0
O<y<2
2
C=1y+3 A cost function C
1 C(X,y) -
2:x-1y+3
C=-1y+5
0 — clock o«
0 1 2



Cost ;= o0

Passed := ()
Waiting := {(lo, Zo)}
while Waiting # 0 do
select (I, Z) from Waiting
if | =, and minCost(Z) < Cost then
Cost := minCost(Z2)
If minCost(Z2) + Rem( ;) >
if for all ({, Z’) in Passed: Z’ £ Z then
add (I, Z) to Passed
add all (I, Z"y with (I, Z2) — (I, Z")

return Cost

'< L

Z’ i1s bigger &
cheaper than Z

h L ELYA R 1% LAY

J

< is a well-quasi

ordering which
guarantees
termination!

/
L] ]o]>




cost |

earliest landing time
target time

latest time

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

d+1*(t-T)
e*(T-t) \,

\

O — o rr 4 m

e

Planes have to keep separation
distance to avoid turbulences
caused by preceding planes




X >= X=9 4 earliest landing time
land! cost+=2 S target time
B 9 |atest time
Xx<=9 :
cost’=1 3 cost rate for being early
1 cost rate for being late
land! 2 fixed cost for being late

Planes have to keep separation

distance to avoid turbulences w

caused by preceding planes




Aircraft Landing

Source of examples:
Baesley et al’2000

optimal value
1|lexplored states
cputime (secs)

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

3100
15069
220.22

optimal value
2||explored states
cputime (secs)
optimal value
3||lexplored states
cputime (secs)

optimal value
4|lexplored states
cputime (secs)

207715
14'786.19

65

1.97

650
47993
1085.08
170
189602
12461.47

0
64
1.53

N/A
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Zone based

ISOSJ‘:Z‘C_’?@ Linear Programming
35‘75‘?9 -~ Problems
Waiting := {(lo, Zo)} ->(dualize)
while Waiting # ¢ do Min Cost Flow
select (/, 7)
Cost then

if | = I, and

i @ Rem; Cost then break
if for amvt; In Passeden
add (I, 7) to Passed

add all (I, 72"y with (I, Z) — (I', Z") to Waiting

return Cost



Aircraft Landing (revisited) [TACAS04]
RW Planes 10 15 20 20 20 30 44
Types 2 2 2 2 2 4 2
1 simplex 0.844s | 5.210s | 2.135s 17.888s 44.878s | 0.451s | 0.670s
netsimplex | 0.156s | 0.657s | 0.369s 2.363s 5.503s | 0.127s | 0.322s
factor 5.41 7.93 5.79 7.57 8.16 3.55 2.08
2 simplex 2.577s | 7.436s | 2.175s 94.357s | 120.004s | 2.322s | 0.264s
netsimplex | 0.332s | 1.036s | 0.436s 13.376s 18.033s | 0.600s | 0.179s
factor 8.00 7.18 4.99 7.054 6.65 3.87 1.474
3 simplex 0.120s | 0.181s | 0.357s | 740.100s | 516.678s | 0.166s N/A
netsimplex | 0.064s | 0.104s | 0.129s | 170.176s | 124.805s | 0.079s N/A
factor 1.87 1.74 2.77 4.34 4.14 210
4 simplex N/A N/A N/A 1.603s 0.318s N/A N/A
netsimplex N/A N/A N/A 0.378s 0.093s N/A N/A
factor 4.24 3.42

A. Loebel (2000). MCF Version 1.2 - A network simplex implementation. (http:/Amwww.zib.de)
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CENTER FOR INDLEJREDE SOFTWARE SYSTEMER

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

freel W= UL

ye=20

relesss

y=0

maximal 100 min.
at each location

y=="10
@
Datsun
wa=100
Lrsate
L==10 yo=0
@ O
Y= 25
relesss
y=0
@®
=ate
y==100

UCb



UCb

Workplan |

Citroen 8(25) Citroen
U U
—
Datsun 275 Datsun

U S

Citroen Citroen

U

S
Datsun

)

CENTER FOR INDLEJREDE SOFTWARE SYSTEMER

Citroen
Datsun

275
£(25) l 300

Citroen

)

)

Value of workplan:

(4 x

WA E



Workplan |11

Citroen

25/125
—l
Datsun
Citroen
10/130
Datsun
Citroen
25/225
—l

Datsun

Value of workplan:

/ 100 =

Citroen

Datsun

Citroen

Datsun

Citroen

Datsun

5/25

25/125
G

/90

25/50

Citroen

Datsun

Citroen

Datsun

Citroen

Datsun

Citroen

20/180
—

5/10

10/0

CENTER FOR INDLEJREDE SOFTWARE SYSTEMER

Citroen

Datsun

10/90

Citroen

Datsun

Citroen

Datsun

10/0

Citroen



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




f6>0 and f3>0

f6>0 and f3>0

done!

x1:=0 InUse x1==B1

)

—_~

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




f6>0 and f3>0

¢ Rwd+=1

End

f6>0 and f3>0

done1? J?;n*-ﬁﬂ: ~dgne?

Rwd+=1 N\

x1:=0

InUse x1==B1

)

—_~

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




Optimal Schedule ¢™: val(c™) =




Value of path o:

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






Application

D

Nng

Watts/cm?

1000

100

-
o

i386

Nuclear Reactor

*
Pentium Il ® processor
Pentium I ® processor
Pentium Pro ® processor

Pentium ® processor

$i486

1.5p

fufuinputationn
Hdyulizigas

Ip

0.7¢ 0.5p 0.35p 0.251 0.18p 0.13p 0.1p 0.07p

CSS

CENTER FOR INDLEJREDE SOFTWARE SYSTEMER

Sun’s
Surface

Rocket
Nozzle

e e ]
defudeins

Scheduler

nenemipa

Queue

)

[N e SN
-1

UCb

® ] ] £ = w =0 3 C]
T (S| Ttal 1006 Jobs 16 1 064] IOLE 0 [ 95%) RT0S 0 [0%] DV 0[] VF- 0 [0 Uniation 91 06%) Descies Mss 0

2000

P (W]

B 8 8 8 8 3

@ & ] = W £ @
Energy 1] Teta 44106 Jabs: 44108 [100%] (0LE 0 [0%) RTOS: 0[0%) OVS-0[0%) VF: 0 0%] (#31)







"Experimental” Results

Warehouse
iTunes
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"Experimental” Results
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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

X1:=0

InUse

done1l

x1==B1

~O-- - -

x1<=B1 £& cost'==-




lower-weak-upper-bound problem



Untimed games existential problem || universal problem
€ UP N coUP
L P P
P-h - -
NP NP
L+w || SO eP eP
P-h
e PSPACE
L+U EXPTIME- P
- ¢ NP-h -

1 Clock |

games

undecidable













@ —2F 4L =4F

dt dt
+2 3 +4
Win ‘x::o x=1 ‘ Wout

Minimal Fixpoint:

3 _ ~0.47

e?2—1




Wout

200000 +
150000 +
e f:z+— o-z" 4+ (3 where r is rational
100000 + df
e - >1
50000 + Closed under max and composition.
Least fixed point computable.
5
ﬂﬂ 'B . f = Win
0 10 20 30



* 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



