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Overview   

 Timed Automata & UPPAAL 
 
 Symbolic Verification &  

       UPPAAL Engine, Options 
 

 Priced Timed Automata 
   and Timed Games 

 
 Stochastic Timed Automata 

  Statistical Model Checking 
 

      (Lecture+Exercise)4 
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ICTAC School, Shanghai 2013 Kim Larsen [3] 



Resources & Tasks 

Resource 

Task 

Shared variable 

Synchronization 

ICTAC School, Shanghai 2013 Kim Larsen [4] 



Task Graph Scheduling – Example 
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E<> (Task1.End‏and‏…‏and‏Task6.End) 
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Experimental Results 

Abdeddaïm, Kerbaa, Maler 

Symbolic A* 

Branch-&-Bound 

60 sec 

ICTAC School, Shanghai 2013 Kim Larsen [9] 



Jobshop Scheduling 

[TACAS’2001] 

Sport Economy Local News Comic Stip 

Kim 2.   5 min  4.   1 min 3.   3 min 1. 10 min 

Jüri 1. 10 min 2. 20 min 3.   1 min 4.   1 min 

Jan 4.   1 min 1. 13 min 3. 11 min 2. 11 min 

Wang 1.   1 min 2.   1 min 3.   1 min 4.   1 min 

Problem: compute the minimal MAKESPAN 
NP-hard 

Simulated annealing 
Shiffted bottleneck 
Branch-and-Bound 
Gentic Algorithms 

ICTAC School, Shanghai 2013 Kim Larsen [10] 



Jobshop Scheduling in UPPAAL 

ICTAC School, Shanghai 2013 Kim Larsen [11] 
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Task Graph Scheduling – Revisited 
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A simple example 

ICTAC School, Shanghai 2013 Kim Larsen [16] 



A simple example 

Q: What is cheapest cost for reaching        ?  

ICTAC School, Shanghai 2013 Kim Larsen [17] 



Priced Zones 

A cost function C 

           C(x,y)= 
                 2¢x - 1¢y + 3 

A zone Z:   
 1· x · 2   Æ  

 0· y · 2   Æ  

 x - y ¸ 0 

[CAV01] 

ICTAC School, Shanghai 2013 Kim Larsen [18] 



Priced Zones – Reset  

A cost function C 

           C(x,y) =  
                2¢x - 1¢y + 3 

A zone Z:   
 1· x · 2   Æ  

 0· y · 2   Æ  

 x - y ¸ 0 

Z[x=0]: 
     x=0 Æ 

     0· y · 2 

C = 1¢y + 3 

C= -1¢y + 5 

[CAV01] 

ICTAC School, Shanghai 2013 Kim Larsen [19] 



Symbolic Branch & Bound Algorithm 

 
 

 Z’  is bigger & 
cheaper than Z 

 

· is a well-quasi 

ordering which 
guarantees 

termination! 

ZZ '

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 

 for PTA 

ICTAC School, Shanghai 2013 Kim Larsen [20] 



cost 

t 
E L T 

E  earliest landing time 

T  target time 
L  latest time 
e  cost rate for being early 
l   cost rate for being late 
d  fixed cost for being late 

e*(T-t) 

d+l*(t-T) 

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

Runway 

Example: Aircraft Landing 

ICTAC School, Shanghai 2013 Kim Larsen [21] 



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

land! 

x >= 4 

x=5 

x <= 5 

x=5 

x <= 5 

land! 

x <= 9 

cost+=2 

cost’=3 cost’=1 

4  earliest landing time 

5  target time 
9  latest time 
3  cost rate for being early 
1  cost rate for being late 
2  fixed cost for being late 

Runway 

Example: Aircraft Landing 

ICTAC School, Shanghai 2013 Kim Larsen [22] 



Aircraft Landing Source of examples: 
 Baesley et al’2000 

ICTAC School, Shanghai 2013 Kim Larsen [23] 
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Model Checking 

: Never two trains at 

the crossing at the 

same time 

Environment 

Controller 

ICTAC School, Shanghai 2013 Kim Larsen [32] 



Synthesis 

: Never two trains at 

the crossing at the 

same time 

Environment 

Controller 

? 

ICTAC School, Shanghai 2013 Kim Larsen [33] 



Synthesis 

: Never two trains at 

the crossing at the 

same time 

Controllable Uncontrollable 

Find strategy for controllable 

actions st behaviour satisfies  

Controller 

Environment 

ICTAC School, Shanghai 2013 Kim Larsen [34] 



Timed Automata & Model Checking 

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

Ehi goal  ? 

Ahi goal  ? 

A[ ] : L4 ? 

ICTAC School, Shanghai 2013 Kim Larsen [35] 



Timed Game Automata & Synthesis 

Problems to be considered: 
- Does there exist a winning strategy? 
- If yes, compute one (as simple as possible) 

controllable 

uncontrollable 

ICTAC School, Shanghai 2013 Kim Larsen [36] 



Decidability of Timed Games 

ICTAC School, Shanghai 2013 Kim Larsen [37] 



Computing Winning States 

ICTAC School, Shanghai 2013 Kim Larsen [38] 



Reachability Games 
Backwards Fixed-Point Computation 

Theorem: 

The set of winning states is obtained as the least fixpoint  
of the function:             X a p(X) [ Goal 

cPred(X)  =  { q2Q | 9 q’2 X. q c q’} 

uPred(X)  =  { q2Q | 9 q’2 X. q u q’} 

Predt(X,Y)  =  { q2Q | 9 t. qt2X   and  8 s·t. qs2YC } 

p(X) = Predt[ X [ cPred(X) , uPred(XC) ] 

Definitions 

X 

Y 
Predt(X,Y) 

ICTAC School, Shanghai 2013 Kim Larsen [39] 



Symbolic On-the-fly Algorithms for 
Timed Games          [CDF+05, BCD+07] 

symbolic version of on-the-fly MC algorithm 
for modal mu-calculus 

Liu & Smolka 98 

ICTAC School, Shanghai 2013 Kim Larsen [40] 



UPPAAL Tiga     [CDF+05, BCD+07] 

 Reachability properties: 
 control: A[ p U q ]   until 

 control: Ahi q  control: A[ true U q ] 

 Safety properties: 
 control: A[ p W q ]  weak until 

 control: A[] p  control: A[ p W false ] 

 Time-optimality : 
 control_t*(u,g): A[ p U q ] 

 u is an upper-bound to prune the search 

 g is the time to the goal from the current state 

ICTAC School, Shanghai 2013 Kim Larsen [41] 



UPPAAL Tiga 

DEMO 

ICTAC School, Shanghai 2013 Kim Larsen [42] 



Model Checking (ex Train Gate) 

: Never two trains at 

the crossing at the 

same time 

Environment 

Controller 

ICTAC School, Shanghai 2013 Kim Larsen [43] 



Synthesis (ex Train Gate) 

: Never two trains at 

the crossing at the 

same time 

Environment 

Controller 

? 

ICTAC School, Shanghai 2013 Kim Larsen [44] 



Timed Games 

: Never two trains at 

the crossing at the 

same time 

Controllable Uncontrollable 

Find strategy for controllable 

actions st behaviour satisfies  

Controller 

Environment 

ICTAC School, Shanghai 2013 Kim Larsen [45] 



Plastic Injection Molding Machine 

 

 Robust and optimal 
control 

 

 Tool Chain 

 Synthesis:       UPPAAL 
TIGA 

 Verification:    PHAVer 

 Performance:  SIMULINK 

 

 40% improvement of 
existing solutions.. 

Quasiomodo 

[CJL+09] 

ICTAC School, Shanghai 2013 Kim Larsen [46] 



Oil Pump Control Problem 

 R1: stay within safe 
interval [4.9,25.1] 

 

 R2: minimize 
average/overall oil 
volume 

 

Quasiomodo 

ICTAC School, Shanghai 2013 Kim Larsen [47] 



The Machine (consumption) 

 Infinite cyclic demand 
to be satisfied by our 
control strategy. 

 P: latency 2 s between 
state change of pump 

 F: noise  0.1 l/s 

 

 

Quasiomodo 

ICTAC School, Shanghai 2013 Kim Larsen [48] 



Abstract Game Model 

 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 

 State of the Pump (on/off) 

 Discrete model 

 

D 
V, V_rate 

V_acc 
time 

Quasiomodo 

ICTAC School, Shanghai 2013 Kim Larsen [49] 



Machine (uncontrollable) 

Checks whether V 
under noise gets 

outside 
[Vmin+0.1,Vmax-0.1] 

Quasiomodo 

ICTAC School, Shanghai 2013 Kim Larsen [50] 



Pump (controllable) 

Every 1 (one)  
seconds 

Quasiomodo 

ICTAC School, Shanghai 2013 Kim Larsen [51] 



Tool Chain 

Strategy Synthesis TIGA 

Verification PHAVER 

Performance Evaluation  

SIMULINK 

Guaranteed 
 Correctness 
 Robustness 
 
with 
 40% Improvement 

Quasiomodo 

ICTAC School, Shanghai 2013 Kim Larsen [52] 



LAB Exercises 

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

 

Exercise 28 (Jobshop Scheduling Part 1) 

Exercise 19 (Train Gate Part 1) 

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

