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= Stochastic Hybrid Automata

= Biological Oscillator
= Continuous vs. Stochastic Models

= Parameter Optimization - ANOVA
= Energy Aware Building

= Controller Synthesis for Hybrid Systems







Stochastic Semantics of TA

Exponential Distribution

/

X>=3

] A
Safe Q( |eave[|d]/,§> Cross sl
(1+id) - N*N <= | N

Uniform Distribution

apprl| Let’s make this hybrid.
What happens to the semantics if you add
differential equations?

Appr Start
Composition =
Input enabled Stop Repeated races between components

for outputting
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9.0

21

7.2

6.3

5.4

value

4.5

3.6

27

18

0.9

1% Pr[<=20](<>(time>=12 && Ball.p>4))

Cumulative Probability Distribution

Plaver 1

0.15
0.14
013
012

0.01

I Message \

@ (738 runs=s) Pri<> ...) in [0.100407,0.200407]
with confidence 0.895.

E cumulative
= average

OK

o]
12.00 12,22 12.44 12.66
run duration in time

Runs: 738 in total, 111 displayed, 627 remaining.

Probability sums: 0.150407 displayed, 0.849593 remaining.

Minimum, maximum, aver; : 12, 13.1466, 12.1804,
P

12,88 13.10 X=O

hit!

simulate 1 [<=20]{Ball1.p, Ball2.p}

Eeall.p
E gallz,

Prl<=20](<>(time>=12 && Ball.p>4))

¥V VY WARmewy |

2.0 4.0 &.0 8.0 10.0
time

12.0

14.0 16.0 18.0 20.0




UPPAAL SMC

= Uniform distributions (bounded delay)
= Exponential distributions (u .~ |
= Discrete probabilistic choice
= Distribution on successor s
= Hybrid flow by use of ODEs
= + usual UPPAAL features

= Logic: MITL support.
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= Uniform distributions (bounded delay)

= Exponential distributions (unbounded delay)
= Discrete probabilistic choice
= Distribution on successor s
= Hybrid flow by use of ODEs
= + usual UPPAAL features

= Logic: MITL support.




= Uniform distributions (bounded delay)

= Exponential distributions (unbounded delay)
= Discrete probabilistic choices

= Distributi
= Hybrid flc
= + usual
= Logic: Mi




= Uniform distributions (bounded delay)

= Exponential distributions (unbounded delay)
= Discrete probabilistic choices

= Distribution on successor state - random

= Hybrid flow by

v==-0.81 &&

= + usual UPPAA p==1"v e
. p=10 v = —(0.85+random(0.1))"v — 4
= Logic: MITL sug —

bouncel p>=6&&v<08&8&v>=-4
—— B8 v [ ?:—4_{]

v=—(0_8+random(0.12))*v




= Uniform distributions (bounded delay)

= Exponential distributions (unbounded delay)
= Discrete probabilistic choices

= Distribution on successor state - random

= Hybrid flow by use of ODEs

= + usual UPPAA —

= Logic: MITL sur T g [

p=10 v =—(0.85+random(0.1))"v — 4

hit?
bouncel p>=6&&v<0&& v>=-4

p==0&& v <0 V=40
v=—(0.8+random(0.12))*v




Uniform distributions (bounded delay)
Exponential distributions (unbounded delay)
Discrete probabilistic choices

Distribution on successor state - random
Hybrid flow by use of ODEs

+ usual UPPAAL features

Logic: MITL support.

d=oNVO|lOoNG| =0 | T | L[OUy0 | ORw¢ | Xo |
H<1000(Opeak N = O<pPpeakN)




H=(L, |,,%, X,E,F,Inv)

where

L set of locations
|, initial location
Y=X,U X, setof actions

X set of continuous
variables
valuation »: X—R
(=R%)
E set of edges (l,9,a,¢,’)
with gCRX and
$CRXxR* and aex
For each | a
deIaY function
F(): R.yxRX — RX
For each | an invariant
Inv(l)CRX

/O - broadcast sync
= input-enabled

==1"y hit?
==1
’ ! p>=6&&v>=0
p=10 v = —(0.85+random(0.1))*v — 4
hit?
bouncel! p>=6&_&v<0& & v>=-4
p==0&& v <0 v=—4.0

v=—(0.8+random(0D.12))*v

Player 1 Player 2

h2
eJ"




H=(L, |,,%, X,E,F,Inv)

where

L set of locations
|, initial location
Y=X,U X, setof actions

X set of continuous
variables
valuation »: X—R
(=RX)
E set of edges (l,9,a,¢,’)
with gCRX and
$CRXxR* and aex
Eloi‘ eafch | a
elay function
F(Y): R, oxRX — RX —
For each | an invariant
Inv(l)CRX

Ball

v==-9.81 &&

hit?
p>=6&&v>=0
v = —(0.85+random(0.1))"v — 4

hit?
bouncel! p>=6&_&v<0& & v>=-4

p==0&& v < 0 V=40
v=—(0.8+random(0D.12))*v

Player 1 Player 2
General “delay”. | _,
Handles clock rates. hit!
=y

X<=3




Ball Semantics

V:::—?_B’I &b hit?
p==1"v p>=6&& v >=0 = States
p=10 v = —(0.85+random(0.1))*v — 4 (| ,V) where veRX
hit? . = Transitions
— 5_3124%&& v<0&&v>=-4 (I V) _ (I V’) where
p==0&& v <0 - ’ d A5
v=—(0.8+random(0.12))*v v = F(I)(d 17/)
_ - provided v’ Inv(l)
(p=10,0=0) 5 (p= 10— 9.81/2d* v = —9.81d)
|
bouncel , _ 0,y = 14.02-0.83) at d = 1.43 (l,y) =, (') if
d . )
4 (p=6.92,0=0)at d = 1.18 there exists (1,9,a,¢,I")€E
4 (p=0,v=1151) at d = 1.18 with veg and
| )
bOlE)lCG. (y,y )Egb and
Ve Inv(l’)




Ball
v==—081 &&
'==1*v

p=10

bouncel
p==0&&v <0

hit?
p>=6&&v=>=0
v = —(0.85+random(0.1))"v — 4

hit?
p>=6&&V<0&&V>=-4
v=—4.10

v=—(0.8+random(0.12))*v

(p=10,0=0) % (p =10 — 9.81/2d% v = —9.81d)

Stochastic Semantics
For each state s=(l,v)

Delay density function®
ps: Roo— R

Output Probability Function
v, 2, — [0,1]

!
bouncel ) _ oy — 14.02-0.83) at d — 1.43
Player 1 Player 2 y=q Next-state density function®
- g hit!
hitl .
@J" o St R
x<=3 where ac .
t=1.43 t=1.43
Pry[hit! bounce!] = f 2.5e7 25t dt Pr,[hit! bounce!] = j 1/3 dt
t=0 t=0
= [—e25¢] 143 =097 =[5t ]1 43 — .48 * Dirac’s delta functions for
deterministic delays / next state




Processes A

<Integrator>

Player

Ball

Fixed delay dt — clock updates.

. et >
Delay given by distribution — hit!
e e e D e >
Fixed delay to reach p==0 — bounce.
pr——p - - — m m mmm e >
i Time

Race between processes.

Choice of dt and clock updates can be changed (solver).




Secretion being released
from cell by exocytosis




= Circadian oscillator.
N. Barkai and S. Leibler. Biological rhythms.
Circadian clocks limited by noise. Nature, 403:267-
268, 2000

= Two ways to model:
1. Stochastic model that follow the reactions.
2. Continuous model solving the ODEs.

= Analysis:
= Evaluate time between peaks.

= The continuous model is the limit behavior of the
stochastic model.

= Use frequency analysis for comparison.




A+Dy LDL
; Oa
OR
;O
DR—>DR+A
A /
Oy
Dy — My +Dy
o
Dy — Mg +Djg

g
Dr — Mgr +Dp

B
My —A)'MA—FA
B
Mp =5 Mg +R
A+R - C
5A
C—R
5A
A—0
3R
R—0

1)
MAﬂﬂ

1)
Mgﬂﬂ

(a) Reactions.

A>0 && DA>0

A--, DA--,
D _A++

A*DA*gammaA

D_A>0
MA++

!
!

D_A*alpha_A

MA>0
A++

¢
¢

MA*betaA
A>0

q

A*deltaA

D_A>0
D_A-—-,
DA++, A++

o

D_A*thetaA

DA>0
MA++

DA*alphaA

MR>0
R++

MR*betaR
R>0

o

R*deltaR:100

A>0 && DR>0

A--, DR-—-,
D R++
A*DR*gammaR

D_R>0
MR++

o

D_R*alpha_R

A>0 && R>0
A--, R--,

C++

A*R*gammaC
MA>0

==

MA*deltaMA

(b) UPPAAL model representation.

C*deltaA

MR>0
MR--

o

MR*deltaMR:100




dD, /dt
dDg /dt
dD', /dt
dD}, /dt
dM, /dt
dMp /dt

dA/dt

dR/dt
dC /dt

64D}y — yaDAA

OrDy — YrDrA

YuDAA — 64D,

YrDrA — Op D),

04Dy + ou Dy — Sy, My
oDy + arDg — Sy Mg
BiMy + 04Dy + gDl

A(YaDa +YRDR + YcR +84)

BrMpr — YcAR + 04C — OgrR
YcAR — 0,C

(a) Ordinary differential equations.

—

alphaA=50, alpha_A=500, alphaR=0.01, alpha_R=50,
betaA=50, betaR=5, deltaMA=10, deltaMR=0.5, deltaA=1, deltaR=0.2

gammaA=1, gammaR=1, gammaC=2, thetaA=50, thetaR=100,
DA=1, DR=1, D_A=0, D_R=0, MA=0, MR=0, A=0, R=0, C=0

alphaA’==0 && alpha_A’==0 && alphaR’==0 && alpha_R’'==0 &&

betaA’'==0 && betaR’==0 && deltaA’==0 && deltaR’==0 &&

deltaMA’==0 && deltaMR’==0 && gammaA’'==0 &&

gammaR’==0 && gammaC’'==0 && thetaA’==0 && thetaR'==0 &&

DA’== thetaA*D_A-gammaA*DA*A &&

DR’==thetaR*D_R-gammaR*DR*A &&

D_A’== gammaA*DA*A-thetaA*D_A &&

D_R’== gammaR*DR*A-thetaR*D_R &&

MA’== alpha_A*D_A+alphaA*DA-deltaMA*MA &&

MR’== alpha_R*D_R+alphaR*DR-deltaMR*MR &&

A’== betaA*MA+thetaA*D_A+thetaR*D_R
—A*(gammaA*DA+gammaR*DR+gammaC*R+deItaA) &&

R’== betaR*MR-gammaC*A*R+deltaA*C-deltaR*R &&

C’== gammaC*A*R-deltaA*C

(b) UPPAAL automaton representation.




time

time
(b) Stochastic model simulation plot.
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Oscillations per 24 hours

Fig.11: Average frequency spectra
of protein R. ot = 2h, K = 12500.
N =100 (N = 1) for the stochastic

determlnlstlc model.
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Oscillations per 24 hours

Fig.12: Average frequency spectra
of protein C. ot = 2h, K = 12500.
N =100 (N = 1) for the stochastic

determlmstlc model.




1100

Use the MITL formula
true U[<=1000] (A>1100 &

(tau__1<=100
RHigh?
__0=0

5 “_100(5“

00)

RHigh?

(tau__1<=10000)

RHigh?
=0

(tau__1<=10000)
RLow?

true U[<=5] A<=1000).

Generate monitors (one
shown).

Run SMC.

(tau__0<=5)
RLow?

ACCEPT = true

35 55 75 1

A period C period R period
(a) A, peak at 24.22. (b) C, peak at 24.21. (c) R, peak at 24.23.

19 37

(10000<tau__1 )&&( tau__0<=
RHigh?

(5<tau_

Fig. 9: Estimated periods: Pr [x<=100] (<> secondPeak.ACCEPT).

_0)&&( 10000k tau

-1

?
REJSCL?‘: trup REJECT = true
(F<tau__0 )&&(|10000<tau__)
RHigh?|
REJECT|= true
-0 (10000 <fau__1)
===== RLow?
REJECT = true

(10000<tau__1)
RHigh?







* Find optimal parameters for, e.g., a
controller.

= Applied to stochastic hybrid systems.
= Suitable for different domains: biology, avionics...

= Technique: statistical model-checking.

= This work: Apply ANOVA to reduce the number of
needed simulations.




= Energy aware buildings
= The case-study in a nutshell

= Choosing the parameters
= Nailve approach

= Efficiently choosing the (best) parameters
= ANOVA




Energy Aware Buildings

= The case:
= Building with rooms separated by doors or walls.
= Contact with the environment by windows or walls.
= Few transportable heat sources between the rooms.
= Objective: maintain the temperature within range.

R1

RS

(a) Rooms R; with heaters Hj,.




= Model:

= Matrix of coefficients for heat transfer between
rooms.

= Different controllers — wuser profiles.

= Goal:
= Optimize the controller.




Room

-\:

Room

Room

Controller
Heater P '- cciltorc?ﬁir.
- User Profiles (per room)
Heater !!-
]
S Monitor
Local bang-bang S

controllers.

Weather model




Tlic]=Tq[id] =Y ai;(T; = T;) + bi(u—T;) + cih;
J#i

T[id]'==(cvec][id]*h[id] +
bvec[ld] (u+—T[|d]) +

Normal

need[ld] true

‘ Tlid]'==(cvec[id]*h[id] +

;gw bvec[id]*(u+-T[id]) +
sum(j:rid_t)(Amat[id][j]*(T[]+ —T[id])))/scale

(a) Template for Room temperature.



T[r]<=Ton]r]

move|r]?
r=target

c'== =
h[r]=0
offfr]!

On

60
c'==

\_h[r]=0,

move
r=target .<

Local “bang-bang” controller.

:[I‘]?




Ineed|target] || H[target]>0

ASAP! A
lrid_t, j:r|d t rid_t
- ' target=i_ ________ (0D choosing
I,]d(;% importanceli]* . 100
(H[i]==0)*need][]]
jorid_t
need[targ et]==0 &&
\_ H[{]1>0 & )
move|j]!

H[target]=H[j], H[j]=0




Toff[id]=tnight[id]. T off,
Ton[id]=tnight[id].Ton,
get[id]=tnight[id]. Tget,
Tlow[id]=tnight[id]. Tlow

==24 leave

absent‘(

t<=6| Toff[id]=tday][id]. Toff,
t== Ton[id]=tday[id].Ton,
7| get[id]=tday[id]. Tget

morning
arrive t>=8

t<=24

Toff[id]=tnight[id]. Toff,
Ton[id]=tnight[id]. Ton, B
get[id]=tnight[id]. Tget, | =17
Tlow[id]=tnight[id]. Tlow

lunch a

Tlow[id]=tday[id]. Tlow

t<=9 t<=13

fterngon
t>=12 x>0
x=0, >. x=0,

bvec[id]++ x<=1 bvec[id]- t<=18




lrid t
T[iJ<Tlowli
ASAP!

Discomfort
1000

+ Maximize comfort.
- Minimize energy.
? Play with Ton and Tget.

Possible with Toff but not here).
T s eues

OK

1000 forall(i:rid_t)

T[i]>=Tlow]]
ASAP!




3] — OO e WeatherMOde|

Ot
|

-1.5 !

value

-2.0

User Profile

SR PR SRR S g g

Elon

R R Sy S 1 R Y A N YUY Sy e Sy s R U N N N D N T e A ==
ot it fetenlos st e

B et o e ‘f E low
o 2 4 6 & 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48
time

B Rl T e e

PP IO B Tt et Tt ettt et S S SN S S S
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temperature

=




a=ny

T

=~ E e

| = e

.::::::::::::::::::::::EQT[S]

2 4 6 B1[]121416182{]22‘_2426283[]323436384[142444648
Ime

simulate 1 [<=2*day]{ T[1], T[2], T[31, T[4], T[5] }

T T

Syol r:-:- | :I_l_""_: S - - |EHeaterit1r
s iinins i 5 18 | |[EdHeaterl2]r

g20 1 — T A R S T M| | Heatert3lr
1 [0 L IS Sl ]

o 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48

time

simulate 1 [<=2*day]{ Heater(l) .r,Heater(2) .r, Heater(3).r }




How to Pick the Parameter
Values?

* Ton, Tget € [16,22] — 49 discrete choices.
More if considering other parameters.
= Stochastic simulations.
= Weather not deterministic.
= User not deterministic (present, absent...)

= How to decide that one combination is
better?

= Probabilistic comparisons?
49*48 comparisons * number of runs.

= To optimize what? Discomfort or energy?

Grenoble Summer School 37 u a




= Remark: Yenergy
. . X
= Stochastic hybrid system x X >>§
— SMC x Sl
X X y
= |dea: L
= Generate runs. discomforg

= Plot the result energy/convmorc
= Pick the Pareto frontier of the means.

= How many runs do you need?
= What’s the significance of the results?




“Naive” Solution

= Estimate the probabilities
Pr[discomfort<=100](<> time >= 2*day)
Prlenergy<=1000](<> time >= 2*day)

* From the obtained distributions (confidence
Khown), compute the means.

= Pick the Pareto frontier of the means.
R .

probability

>

Grenoble Summer School 39

discomfort




y

probabili

025.m"m"m"”%.Zmﬁi%mﬁum"m“muéum

Ed p(22;18)
Fdm@2:18)
E=d p(21;18)
=3 m@21:18)
E=1p(22;19)
P - [E=dM22:19)
I — I ] p(22:17)
12.8 18.2 [=]M(22:17)

74
discomfort

(a) Over discomfort.

|ETp21:18)
“E=d M(21;18)

Ed p(22:18)

1B M(22:18)
|E=d p(22;19)

E=Im22:19)

191 238
energy

285

[ ]p22:17)
[=]M(22:17)

(b) Over energy.

For each (Ton, Tget)

discomfor;




ANOVA Method

= Compare several distributions.
= Evaluate influence of each factor on the outcome.

= Generalization of Student’s t-test.

= Compare 2 distributions using the mean of their
difference.

= |f confidence interval does not include zero,
distributions are significantly different.

= Cheaper than evaluating 2 means + on-the-fly
possible.

Grenoble Summer School 41 u a




ANOVA Method

= 2-factor factorial experiment design
= Ton, Tget are our 2 factors.
= Fach combination gives a distribution to compare.
= Measure cost outcome (discomfort or energy).

= ANOVA estimates a linear model and
computes the influence of each factor.
= The measure of the influence is the F-statistic.

= This is translated into P-value, the factor
significance.

= Assume balanced experiments.

Grenoble Summer School 42 u a




ANOVA Method

Fewer runs, more efficient than before.

= Generate balanced measurements for each
configuration to compare.

= Apply ANOVA on the data (used the tool R).
= |f the factors are not significant, goto 1.

= Reuse the data and compute the confidence
intervals of the means for each comparison.

= Compute the Pareto frontier.

Grenoble Summer School 43 u e a




ANOVA Results

P<0.05=significant

Number Discomfort time Energy consumption
of runs Factor F' value P-value F' value P-value
249 Ton 63.8874 3.30e-12 0.7147 0.4000

Tyet 0.0063 0.9369 17.5777 6.24e-05

Ton : Tget 0.0629 0.8026 0.7181 0.3989

4 .49 Ton 136.1676 <2e-16 1.1647 0.2818

Tyet 0.1537 0.6955 17.9283 3.55e-05

Ton : Tyet 0.0003 0.9869 0.0582 0.8096

8- 49 Ton 315.7978 <2e-16 2.4425 0.1189

Tyet 0.1202 0.7290 35.8938 4.76e-09

Ton : Tyet 0.0096 0.9218 0.8253 0.3642

16 - 49 Ton 629.1384 <2e-16 6.5909 0.01044

Tyet 0.5895 0.4429 90.9612 <2e-16

Ton : Thet 0.2852 0.5935 5.3053 0.02152

32 .49 Ton 1263.5390 <2e-16 27.9527 1.42e-07

Tget 1.0840 0.2980 | 172.3296 <2.2e-16

Ton @ Tyet 0.5401 0.4625 3.2632 0.07104

64 - 49 T, 2575.3208 <2e-16 65.6245 7.7T4e-16

4.6682 0.0308 | 405.4892 <2.2e-16

Ton : Yget 0.5949 0.4406 0.1926 0.6608
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T Pareto means O
240 - 4 —
+++ toty
220 % +b£- ++ t |
# E-t!'- ﬂ‘t_ 4
L+ _
> 200 i & + +
2 ¥
¢ 180 | —
+
160 4t + _
4+
140 _
+
120 + + —




22

19 20 §1
Ton

18

17

ABiaua

&
. &

e
L 8
LI

* e

. ' — “....,.“
052 0vZ 082 022 012 002 06

18
7 Tget

16

DR 1

.
* e

e el

IR, g
CENG

22

o

19 20 21

Ton

18

17

HojwodsIp

16

e —
0/ 09 0S5 OF O 0Z O O
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Ton

Tget
ge Tget

(a) Discomfort. (b) Energy.




= Naive approach:
738 runs per evaluation per cost
*2 (energy & discomfort) *49
(configurations).
= Th 5min

= ANOVA:
3136 runs = 6min 6s.

= Corei7 2600




Discussion

= Analysis of variance used sequentially to
decide when there is enough data to
distinguish the effect of 2 factors.

= Efficient use of SMC.

= What if the factor has no influence?
= Need an alternative test.

= Possible to distribute.
= Future work: Integrate ANOVA in UPPAAL
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q;,(t) = K*u(t) ﬁ




Stochastic Hybrid Systems

.......

simulate 1 [<—100]{Temp(O)T Temp(])T}
e ~ ...

simulate 10 [<=100]{Temp(0).T, Temp(1).T} )0”[0]!©

= Pt I
Pri<=1 OO](<> Temp(]) T<=5 and t|me>30) >= 0. 2
i

Pr[<—1 OO](<> Temp(O) T >— 10)

T
— =
@ o
= =
oo
=
—
——
=

T W \ TN ] | ™ || f I|'I
N v\ Y \' H SN

N '

__

= e e S -""'——-—-
14 2 2

1 28 35 42 63
time
Grenoble Summer School




on/off

ol

Heater

7?7

ARoom.T, TB[0], TB[1], TB[2], TB[3]}

., ==

Simulations (1)

critical high

high YEAN

" Room

T'==(Te
Normal T=20
off? NormalOff

T ==(Tenv-Tyks ’ T==(Tenv-T)k
const int Tenv=7; - /\
const int k=2; 28
const int H=20; | = 2,/
const int TB[4]= 22/

{12, 18, 25, 28}; -

critical low |

nomal /
1 8 \ EdHARoom.T

\/ [ TBL0]
=Ry
| ow ETel2]

E78l3]

45 50 55 &0 65 70 75 B0 B5 90 95 100

time




Normal

T'==(Tenv-T)k+

NormalOff
T'==(Tenv-T)/k

T simulate 1 [‘<_=_100]{_HARoom.T,TB[O], TBI1], TB[2], m[s]_ ‘ ‘
| Simulations (1)
34
| = /\ critical high
28 . -
B / _ \ ~ high - / -
- normal '
2 AN
\_/Iow / .
12 —
critical low

time

0 5 10 15 20 25 30 35 40 45 50 55 60

65 70 75 B0 85 Q0

CriticallyHigh
T'==(Tenv-T)/k+H

T>TB[3]
Vcrithigh]!

High
T'==(Tenv-T)/k+H

T>TB[2]
VThigh]!

Normal

CriticallyHighOff
¥ T'==(Tenv-T)k

T<TB[3]
V[high]!

HighOff
T T'==(Tenv-T)k

T<TB[2]
V[normal]!

Normal Off

T'==(Tenv-T)/k+H
. T=20 B

T>TB[1]
V[normal]!

Low
T'==(Tenv-T)/k+H

T>TB[0]
V[low]!

CriticallyLow
T'==(Tenv-T)/k+H

T'==(Tenv-T)k

T<TB[1]
V[low]!

LowOff
T'==(Tenv-T)/k

T<TB[0]
V[critlow]!

CriticallyLowOff
T'==(Tenv-T)k




9 simulate 1 [<=100]
- - . a—

i-value t HERoom
lI=crithigh CriticallyHigh
VI[i]? T'==(Tenv-T)/k+H
x=0 T>TB[3]
V[crithigh]!
V[high]? Vcrithigh]? - .
x=0 one

[ -
T3 simulate 1[<=1000] { mL2N.x mN2H, mH2CHx, mH2Nx, m ‘1t mLoN |Done && mH2CH Done &8

34
32
30
28

Simulations (1)

CriticallyHighOff
T'==(Tenv-T)k
T<TB[3]

V[high]!

| (45.0045; 3.7601)

(45.0045; 5.52369)
(45.0045; 2.93134)
| (45.0045; 3.08224)
| (45.0045; 9.84707)
(35.7207, 15.7652)

B mL2nx
| mnzHx
E mH2cH.x
E mH2n.x
B mnz2L.x
- |[Ed mLacLx

8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 23 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45

time




TARoom2

CriticallyHigh

x>=L && x<=U
V[erithigh]!

High

x>=L && x<=U

V[high]!

x>=L && x<=U

V[normal]!

CriticallyLow

x=0,
L=uL[1],
U=uU[1]

Low

V[low]?
x=0,
L=uL[0],
U= uU[O]

V[high]?
x=0,

L=dL[0],
U=dU[0]

HighOff

x>=L && x=<=U
V[normal)!
x=0,

L=dL[1],
U=dU[1]

NormalOff

x==L && x<=U
Wlow]!

x=0,

L=dL[2],
U=dU[2]

LowOff

x>=L && x<=U
Wcritlow]!

CriticallyHighOff

T==

CriticallyHigh
(Tenv-T)/k+H

T>TB[3]

Vcrithigh]!

High HighOff
T'==(Tenv-T)/k+H )y T'==(Tenv-T)/k

CriticallyHighOff

T<TB[3]
V[high]!

Crmcal Iy LowOff

T>1B12] T<TB[2]
ﬂﬂ%ﬂl V[normai]!
T'==(Tenv-T)k+H o AN NormalOff
T=20 - 5 A T==(Tenv-T)k
T>TB[1] T<TB[1]
V[normal]! V[low]!
Low LowOff
T'==(Tenv-T)k+H T'==(Tenv-T)k
T>TB[0] T<TBI[0]

] _ . Critlow]!
const }nt LI3]1={3,5,2}; riticallyLowOff
const int uU[3]={4,06,3}; |[==Tenv-T)k
const int dL[3]={3,9,15};
const int dU[3]={4,10,106}




TARoom

Crit
K>

i value
l_
VI[i]?
hoesl
Vcrithi
o=l
Verithi

x>

ivalue_|
hil=high
VI[i]?
b=l |
Vlhigh]
hx=U
Vhigh]

x>

ivalue_|

i'=norm|

VIi? \
o

V[norm

b=l
Vnorm

ivalue_|
\d!=low

T4 simulate 1 [<=100] { HARco

- e

ncallyLow

Simulations (1)

-

== lyHighOff

env-T)/k

env-T)/k

]!

Off
nv-T)/k

V[i?

env-T)/k

: I
3 yLowOff

/ /l iv-T)k
0

0 7 14 21 42 49 S5
time
Li‘rcall';.rLO\».r' ~ on7’ brmcallyLow — T ———




TARoom

R Al 1M

‘ HARoom

) T
V7 GriticallyLow on? CriticallyLowOff " 107

const 1Nt dU[3]=

- —— —— T ™ +: .
13, simulate 1 [<=100] { HARoom.T, (TARoom CriticallyLow-+TARoom.CriticallyLowOffi*(TB[0].. e (=) [Ib.Su ticallyHighOff
- — J— ——— — -—(TenV-T}fk
Criticall Simulations (1) B[3]
I
x>=L \%[ 42 gh]!
ivalue_t
B 30 ;hOff
VIi]? F=(Tenv-T)/k
\oe<L 36
ithi 7
:;[T_;Ithlgh] i - B[2]
Vcrithigh]?] brmal]!
w=Lafl| =0 ”
| 27 prmalOff
ivalue_t | / /\ ‘/ / ==(Tenv-T)fk
\i!=high 24
e B1]
V[high)?
==L & 15 / / WOff
F=(Tenv-T)/k
ivalue_t 12 S
jl=
I\:.( [i?’_? rmal g B[O]
M 6 itlow]!
V[rljjormal]? .
x=
V[normal]? 3 / l/ /I/ -11 (_z?r i{k{t_}?ﬁ(ﬁ
0 I
ivalue t 0] 7 14 21 28 35 42 49 i s] 70 77 24 a1 a3
P — time
\il=low : T




&& Controller.z==1) ||
er.z==6 &% Tank2.x<=2 && Controller.z==1) ||

er. z==5 && Tankz.x<=1 && Controller.z==1),

oller.on-=Controller.on { z == 1, tau, z =0 }

yau are in
(Tankl.x==7 && Tankl.x-Controller.z==6 && TankZ.x<=1 && Controller.z==1)
{Tankl. 5 && Tankl. 5 &&% Tank2.x-Controller.z==2 && Controller. z==1) |
(Tankl. 5 && Tankl.x-Tankz. && Tankz.x-Controller. 10 |
Tankl. 7 && Tankl.x-Tank?2. && Tank2.x-Controller. 2 &% controller. |
Tankl. 6 && Tankl.x-Tankz. && Tank2.x-Controller. 2 &% cController. |
(Tankl. 6 && Tankl.x-Tankz. && Tankz.x-Controller. 1 && Controller. |
Tankl. 5 && Tankl.x-Tank2. && Tank2.x-Controller. 2 &% controller. |
Tankl. 5 && Tankl.x-Tank2. && Tank2.x-Controller.z==1 && Controller. |
(Tankl. 5 && Tankl.x-Tankz. && Tankz.x==Controller.z && controller.z=
[Tankl. 4 && Tankl.x-Tank?2. && Tank?.x-Controller.z==2 && Controller.
Tankl. 4 && Tankl.x-Tank2. && Tank2.x-Controller.z==1 && Controller.
(Tankl. 4 && Tankl.x-Tankz. && Tankz.x==Controller.z && controller.z==1)
(Tankl. 3 && Tankl.x-Tank2. && Tank2.x-Controller.z==1 && Controller.z==1) |
{Tankl. 2 && Tankl.x-Tankz. && Tank2.x==Controller.z && Controller.z==1) |
(Tankl.x==2 && Tankl.x-Tankz.x==1 && Tankz.x==Controller.z && Controller.z==1),

take transition
Controller.on->Controller.off { z == 1, off!, z := 0 }
Tankz.Hu->Tankz.Hd { 1, off?, = =0 }

|
|
: off? x=0
|

State:  Tankl.Lu Tank2.Ld Contraller.on )
when you are in

({Tankl. && l<=Tank2.x &% Tankl.x-Controller.z==7 && Tankz.x<3 oller.z==1) |
(Tankl. && Tankl.x-Controller.z==6 &% Tank2.x<3 &% Contraller.
K{: CTankl. &% Tankl.x-Controller.z==5 && Tank2.x<3 && Controller.
{Tankl. &% Tankl.x-Controller.z==4 && Tank2.x<3 &% Controller.
(Tankl. && Tankl.x-Controller.z==3 &% Tank2.x<3 &% Contraller.
{Tankl. && Tankl.x-Controllaer.z==2 && Tank2.x<3 &% Controller
{Tankl. &% Tankl.x-Controller.z==1 && Tank2.x<3 &% Controller
&

=1
(Tankl. Tankl.x==Controller.z &% Tank2.x<3 && cController.z==1),
take transition
controller.on->Controller.off { z =

=1, off!, z :=0 }
Tankl.Lu->Tankl.Ld { 1, off?, x =0

¥

{ Tankl.Ld Tank2.Ld controller.off )
when you are in

(Controller.z==1 && Tankl.x<Z && Tankz.x<4),
take transition



../../UPPAAL/uppaal-tiga-0.13/bin-Win32/twotankstr.txt

Probability density

0.40|

i

E cumulativ Go 32

Energy Con:

018 |
o

‘Cumulative distribution of collision

Energy probability density

o
2400 2700 3000 3300 3600 3800
eneray

D 7225 19 3 3 445 8 53 5 6
e

I . . :

ﬂ"d’_ o ‘r---"‘ ::

&~ : R i

/ ‘ f g ﬁ

| iy oL poar i

N = ! Sy HH

Z | m:gn f_,l’ ’.‘”‘ m;zn " : \i.‘

0. + ’ 14 Pﬁ " H

L 4 1 1 [ [ ] 17 A
01 ‘{ F o :

I4E4 1684 - 19E4
enargy

6.6E4

T.TE4




