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Statistical Model Checking 
in UPPAAL 



UPPAAL 

2 

A[] forall (i : id_t) forall (j : id_t) 

      Train(i).Cross && Train(j).Cross imply i == j  

Safety 

E<> Train(0).Cross and Train(1).Stop 
Reachability 

Train(0).Appr --> Train(0).Cross 
Liveness 

A<> ..   E[] ..  

sup: ..     inf: .. 
Limited quantitative analysis 

Performance properties 

State-space explosion 

Pr[ <> Time ≤ 500 and Train(0).Cross] ≥ 0.7 

Pr[Train(0).Appr -->Time ≤ 100 Train(0).Cross] ≥ 0.4 

Summer School on Informatics RIO 2012 



UPPAAL SMC 
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Performance properties 

State-space explosion 

Pr[ <= 200](<> Train(5).Cross) 

Performance properties 

State-space explosion 

Pr[ <= 100](<> Train(0).Cross) >= 0.8 

Pr[ <= 100](<> Train(5).Cross) >= 

Pr[ <= 100](<> Train(1).Cross) 

Generate runs 

Summer School on Informatics RIO 2012 



Overview 

 Stochastic Semantics of Networks of Timed 
Automata 

 Statistical Model Checking in UPPAAL 

 Estimation 

 Sequential Hypothesis Testing 

 Sequential Probability Comparison 

 Parameterized Probability Comparison 

 SMC of Hybrid Automata 

 Case Studies & Demo 

 

 

 
SMC for Networks of Timed Automata, 
FORMATS  2011 

Kim Larsen [4] 



Stochastic Semantics of TA 

SMC for Networks of Timed Automata, 
FORMATS  2011 

Kim Larsen [5] 

Uniform Distribution 
Exponential Distribution 

Input enabled 
Composition = 
Repeated races between components 
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Pr[c<=C](<> T.T3) ? 

Stochastic Semantics of  
Timed Automata 

 Composition = Race between components 

for outputting  

Kim Larsen [6] SMC for Networks of Timed Automata, 
FORMATS  2011 

Pr[time<=2](<> T.T3) ? Pr[time<=T](<> T.T3) ? 



Stochastic Semantics of  
Timed Automata 

Assumptions: 

 Component TAs are: 

• Input enabled 

• Deterministic 

• Disjoint set of output actions  

¼ ( s , a1 a2 …. an ) :  

    the set of maximal runs from  s with a prefix 
  t1 a1 t2 a2 … tn ak 

    for some t1,…,tn 2 R.  

Kim Larsen [7] SMC for Networks of Timed Automata, 
FORMATS  2011 



Statistical Model Checking 

LCCC Workshop on Formal Verification of Embedded 
Control Systems, April 17-19, Lund, Sweden 

Kim Larsen [8] 
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PrM(Á) 2 [a-²,a+²]  
with confidence µ 

p,® 

PrM(Á) ¸ p 
at significance level ® 

}<T p 

[FORMATS11, 
LPAR12, RV12] 



Queries in UPPAAL SMC 

SMC for Networks 
of Timed Automata, 

FORMATS  2011 
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Pr[ <= 200](<> Train(5).Cross) 

++precision 



Queries in UPPAAL SMC 

SMC for Networks 
of Timed Automata, 

FORMATS  2011 

10 

Pr[ <= 100](<> Train(0).Cross) >= 0.8 

Pr[ <= 100](<> Train(0).Cross) >= 0.5 



Queries in UPPAAL SMC 

SMC for Networks of Timed Automata, FORMATS  2011 11 

Pr[ <= 100](<> Train(5).Cross) >= 

Pr[ <= 100](<> Train(1).Cross) 

∀T<=100 

Pr[<=T](<> Train(5).Cross) >= 

Pr[<=T](<> Train(1).Cross) 



Analysis Tool: Plot Composer 

SMC for Networks of Timed Automata, FORMATS  2011 12 



Demo 

Summer School on Informatics RIO 2012 Kim Larsen [13] 



Stochastic Hybrid Systems 

 A Bouncing Ball 

Marktoberdorf Summer School, 2012 Kim Larsen 
[14/52] 

Simulate 5 [<=20] {p} 

Pr[<=20](<>(time >=12 && p >= 4)) 



Stochastic Hybrid Systems 

 A Bouncing Ball 

Marktoberdorf Summer School, 2012 Kim Larsen 
[15/52] 

Simulate 5 [<=20] {p} 

Pr[<=20](<>(time >=12 && p >= 4)) 

UPPAAL SMC 
Uniform distributions (bounded delay) 
Exponential distributions (unbounded delay) 
Syntax for discrete probabilistic choice 
Distribution on next state by use of random 
Hybrid flow by use of ODEs 
+ usual stuff (structured variables, user-defined types 
    user-defined functions, ….) 
 
Networks 
Repeated races between components for outputting 



Schedulability  
& Performance Analysis 

?? 



Task Scheduling 

LCCC Workshop on Formal Verification of 
Embedded Control Systems, April 17-19, Lund, 
Sweden 

Kim Larsen [17] 

T2 is running 
{ T4 , T1 , T3 } ready 
ordered according to some 
given priority: 
(e.g. Fixed Priority, Earliest Deadline,..) 

T1 

T2 

Tn 

Scheduler 
 
 
 

2 1 4 3 

ready 
done 

stop 
run 

P(i), UNI[E(i), L(i)], .. : period or  
                          earliest/latest arrival or ..  for Ti 
C(i), UNI[BC(i),WC(i)] : execution time for Ti 
D(i): deadline for Ti 

 

utilization of CPU 



Modeling Task 

LCCC Workshop on Formal Verification of 
Embedded Control Systems, April 17-19, Lund, 
Sweden 

Kim Larsen [18] 

T1 

T2 

Tn 

Scheduler 
 

 
 

2 1 4 3 

ready 
done 

stop 
run 



Modeling Scheduler 

LCCC Workshop on Formal Verification of 
Embedded Control Systems, April 17-19, Lund, 
Sweden 

Kim Larsen [19] 

T1 

T2 

Tn 

Scheduler 
 

 
 

2 1 4 3 

ready 
done 

stop 
run 



Modeling Queue 

LCCC Workshop on Formal Verification of 
Embedded Control Systems, April 17-19, Lund, 
Sweden 

Kim Larsen [20] 

T1 

T2 

Tn 

Scheduler 
 

 
 

2 1 4 3 

ready 
done 

stop 
run 

…… 



Schedulability Analysis 

LCCC Workshop on Formal Verification of Embedded 
Control Systems, April 17-19, Lund, Sweden 

Kim Larsen [21] 

const int E[N] = { 200, 200, 100, 100 };      

const int L[N] = { 400, 200, 100, 100 };  // Ready interval 

const int D[N] = { 400, 200, 100, 100 };  // Deadlines 

const int WC[N] = { 60,  40,  20,  10 };  // Worst Computation Times 

const int BC[N] = { 20,  20,  10,   5 };  // Best Computation Times 

const int P[N] = {   1,   2,   3,   4 };  // Priorities 

simulate  1 [<=400]  
 { Task0.Ready + 2*Task0.Running +3*Task0.Blocked,     
   Task1.Ready + 2*Task1.Running +3*Task1.Blocked  + 4,   
   Task2.Ready + 2*Task2.Running + 3*Task2.Blocked + 8,   
   Task3.Ready + 2*Task3.Running + 3*Task3.Blocked +12 } 

A[] not (Task0.Error or Task1.Error  
                       or Task2.Error or Task3.Error)  



Schedulability Analysis 

LCCC Workshop on Formal Verification of Embedded 
Control Systems, April 17-19, Lund, Sweden 

Kim Larsen [22] 

const int E[N] = { 200, 200, 100, 100 };      

const int L[N] = { 400, 200, 100, 100 };  // Ready interval 

const int D[N] = { 400, 200, 100, 100 };  // Deadlines 

const int WC[N] = { 60,  40,  20,  60 };  // Worst Computation Times 
const int BC[N] = { 20,  20,  10,   5 };  // Best Computation Times 

const int P[N] = {   1,   2,   3,   4 };  // Priorities 

A[] (not Taski.Error)    i : 0,1,2,3  
 

Pr[<=4000]  
  ( <> Task0.Error or Task1.Error  
                or Task2.Error or Task3.Error) 

simulate  10000 [<=400]  
 { Task0.Ready + 2*Task0.Running +3*Task0.Blocked,     
   Task1.Ready + 2*Task1.Running +3*Task1.Blocked  + 4,   
   Task2.Ready + 2*Task2.Running + 3*Task2.Blocked + 8,   
   Task3.Ready + 2*Task3.Running + 3*Task3.Blocked +12 } 
   : 1 : (Task0.Error or Task1.Error or Task2.Error or Task3.Error) 

   



Performance Analysis 

LCCC Workshop on Formal Verification of Embedded 
Control Systems, April 17-19, Lund, Sweden 

Kim Larsen [23] 

sup : Task2.r, Task3.r 



Performance Analysis 

LCCC Workshop on Formal Verification of Embedded 
Control Systems, April 17-19, Lund, Sweden 

Kim Larsen [24] 

E[<=800; 5000] (max: Task0.r) 
E[<=800; 5000] (max: Task0.r) 
E[<=800; 5000] (max: Task0.r) 
E[<=800; 5000] (max: Task0.r) 

D=400 

D=200 

D=100 

D=100 



Herschel-Planck Scientific Mission at ESA 

LCCC Workshop on Formal Verification of Embedded 
Control Systems, April 17-19, Lund, Sweden 

Kim Larsen [25] 

Attitude and Orbit Control Software 
TERMA A/S Steen Ulrik Palm, Jan Storbank Pedersen, Poul Hougaard 



Modeling in UPPAAL 

LCCC Workshop on Formal Verification of 
Embedded Control Systems, April 17-19, Lund, 
Sweden 

Kim Larsen [26] 

UPPAAL 4.1 Framework 
ISoLA 2010 



Symbolic MC vs. Statistical MC 

DTU Ph.D. School 2013 



SMC Simulation to Find Error 

DTU Ph.D. School 2013 



Other Case Studies 

FIREWIRE BLUETOOTH  10 node LMAC 

Battery 

Scheduling 
(SENSATION) 

Erik Wogensen 

Kim Larsen [29] LCCC Workshop on Formal Verification of Embedded 
Control Systems, April 17-19, Lund, Sweden 

Energy Aware 

Buildings 

Genetic Oscilator 

(HBS) 

Passenger 

Seating in 

Aircraft 

Schedulability 

Analysis for 

Mix Cr Sys 

Smart Grid 

Demand / 

Response 



SMC Queries - Examples 

 Pr[<=100](<> goal) 

 Pr[#<=10]([] safe) 

 Pr[x<=200](<> goal) >= 0.3 

 E[<=100; 1000](min: expr) 

 simulate 10 [<=100] { e1, e2, x1 } 

 simulate 100 [<=10] { e } : 2 : goal 

 

Exercise 28 (Jobshop scheduling part 2) 

Summer School on Informatics RIO 2012 Kim Larsen [30] 


