= Timed Automata / UPPAAL
= Verification
= Priced Timed Automata / UPPAAL CORA
= Optimal Scheduling (multicore applications)
= Optimal Infinite Scheduling
= Multi objective optimization

= Schedulability Analysis & Scheduling
= Single Core, Multi Core
= Dynamic voltage Scheduling
= Energy Automata

= Stochastic Priced Timed Automata / UPPAAL SMC
= Statistical Model Checking
= Low Power Medium Access Protocol
» Stochastic Hybrid Automata
= Energy-Aware Buildings
= Battery-Aware Scheduling

= Stochastic Priced Timed Games / UPPAAL STRATEGO

= Optimal & Safe Synteses
= Energy-Aware and Optimal Satelitte Scheduling

= Conclusion
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Exponential Distribution

X>=3 | I Ot PEERY ISR SR NP E
idll
Safe ‘< leave[id]! Cross
X<=5
apprlid]!
x=0
x>=10 X>=7
x=0 x=0
Appr Start
x<=20 x<=15
x<=10
stop[id]?
/

Input enabled

Uniform Distribution




Stochastic Semantics of

Timed Automata
Pritime<=T)(<> TT3) ? zz ==l

0.66
0.60

0.54

0.48
>o 42
no 36 E cumulative
.o E mean

X<— 030

0.24

0.18

BO bl B1 o

0.06

° 12 r«y
0 010203 040506070809 1.0 1.1 1.2 1.3 1.4 1f'_ 4
1 =
Runs: 147556 in total, 110938 displayed, 36618 remaining. 1 1 -
Probability sums: 0.751837 displayed, 0.248163 remaining. —7T — T=1
Mean: 1,22004. 2 4

& Pr{C<=6](<>T.T3) ?

y<=2 Pr[c<=C](<> T.T3) ?

0.66/

0O o T1 o T3 B

a » " 0.48
2;0.42
50.36 E3 cumulative
3 E mean
20.30

0.24
0.18]
0.12]
0.06]

Composition = Race between components o os 1o s | = ¢ c<4

distribution

1 147556 in total, 110802 displ

fOI’ Outputtlng ; cbal b;t;“m . 0,750915 displaye f = € —*
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Beyond Uniform / Exponential Dist.

END

@:D x>=2 ™ X>=2 ™ X>=2
x=0 o/ x=0 N
x<=4 x<=4 x<=4

END

O

x>=2 X>=2

() ()
p x=0 O/ x=0

x>=2

’ END

1:2 \\

ICT Energy PhD School, Fiuiggi, July 2015

3 Pr{<=12)(<> DistL.END)
Probability Density Distribution l

Il density
= average

6.9 7.7

X 93 10.1 109 1.7
run duration in time

Runs: 26492 in total, 26492 displayed, 0 remaining.

Probability sums: 1 displayed, 0 remaining.

Minimum, maximum, average: 6.13286, 11.9154, 9.00569.

s Er R —
1Q Pr{<=12)(<> Dist2.END) [ =]
Probability Density Distribution

0.40|

0.35|

o
w
8

2z,

2 0.25]

5

C 0.2

5020 Il density
= [ average
R 0.15

K

g

50.10|

0.05|

of
4.0

5.1

6.2 3 8.4 95 10.6 117
run duration in time
Runs: 26492 in total, 26492 displayed, 0 remaining.

Probability sums: 1 displayed, 0 remaining.

Minimum, maximum, average: 4.0133, 11.8556, 6.50371.
L

1, Pri<=12)(<> Dist3END) - —— e () )

( Probability Density Distribution
0.16]

‘ 0.14]

0.12]

£0.10

g

Soos W censity
B =] average
5 0.06)

2

2

50.04

°
3
D

o
0 17

5.1 . 85 102 119
run duration in time

Runs: 26492 in total, 24568 displayed, 1924 remaining.

Probability sums: 0.927374 displayed, 0.0726257 remaining.

Minimum, maximum, average: 0.0133127, 11.9925, 4.24549.
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Includes all
Phase-Type
Distributions.

Can encode any
distribution with
arbitrary
precision.




Generate

random run

!

Validate

m=d?

!

Core Statistical

}<I p
A
M, *
p,®
Hypothesis
testing

at significance level ®

Algorithm

Inconclusive

Pr,(A) . p

PrM(A) 2 [a-?,a+7]
with confidence p

Confidence
Interval



Queries in UPPAAL Syntax

= Evaluation
Pr[<=100] (<> expr)
= Hypothesis testing
Pr[<=100] (<> expr)>=0.1
c<=100 #<=50 [] expr <=0.5
= Comparison
Pr[<=20] (<> el)>=Pr[<=10] (<> e2)
= Expected value
E[<=10;1000] (min: expr)
Explicit number of runs. Min or max.

= Simulations
simulate 10 [<=100] {exprl,6 expr2}

ICT Energy PhD School, Fiuiggi, July 2015 Kim Larsen [7] “ a a



Queries in UPPAAL SMC

| Pr[ <= 200](<> Train(5).Cross) Message
S NO Pr[ <= 200](<> Train(5).Cross) I
Probability Clopper-Pearson Cls

B

0.020
0.018
0.016
0.014
5,0.012
=0.010
£0.008
“0.006
0.004

0.002

(44.1056; 0.00997358)
(44.1056; 0.00704134)
(40.843; 0.0)

[ upper limit
Bl lower limit

=] average oK )

ab

0 | 1 NImiiin{hm Tarinay
10 20 30 40 S50 60 70 80 90 100 110 120 130
run duration in time

Parameters: aa=0.01, £=0.01, bucket width=0.587972, bucket count=200. X
Runs: 26492 in total, 26492 displayed, 0 remaining. N Crocs o
Prabatimings andsSchatik plaierd, J0lyedabning. Kim Larsen [8]

Average: 40.843.




Queries in UPPAAL SMC

(B

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

m m ——
( Drag out D ( Drag out ) e Message
”
Enabled Transitions Gate.list[0] = . r
iti
Gate.list[1] = (L+0):N -
Train(5) Gate.list[2] = (149 runs) H1:
appr(0]: Train(0) --> Gate Gate.list apk
perlQl-Tra are I;;H : l]m Pr(<> ...) <= 0.79
Gate.list[5] = with confidence 0.99.
Gate.list[6] =
Gate.len =5 Ap
Train(0).x >= 23 X<
Trainlll x € [13,60]
( Next ) ( Reset ) e
appr[37TTammsT ==> Gate Train(I).x <= Train(0).X | 6 ~
. Train(1).x - Train(5).x ¢ Messa e
Tram(Z)
(Safe, Stop, Safe, Appr, Stop, Start, Stopping Train(2).x - Train(3).x e g
stop(tail()): Gate --> Train(3) ~|Train(3).x - Train(5).x € |, (65 1 ) HO
Train(4).x - Train(0).x < S runs :
(Safe, Stop, Safe, Stop, Stop, Start, Occ) Train(1).x - Train(4).x (1+2):N
appr(2]): Train(2) --> Gate Tramu:n.x - Train(3).x ¢ -~ PI'(<> ---) >= OS 1
Train(5).x - Train(0).x < apg . .
(Safe, Stop, Appr, Stop, Stop, Start, Stopping x=( with confidence 0.99.
stop(tail()): Gate --> Train(2) m
A
(Safe, Stop, Stop, Stop, Stop, Start, Occ) Apg
Trace File:
( ) g ( \
([ Prev ) Next [ Replay )
( Open ) ( Save ) ( Random ) Stop Stop
Train(4) Train(5)
Slow Fast [[_.,,f[,” .\ ]
W T—;‘ J Cafa & i £ Crncs Cafa = £ (Crncs
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Kim Larsen [9]




Queries in UPPAAL SMC

Pr[ <_ 1nm(<> Tmln(‘-'s\ (‘mQQ\ 2=

Probablllty comparlson

(Safe,

[ ] comparison m

stop(tg
(Safe,

appr(Z

(Safe. |

=2 o 12 24 36 48 60 72 84 96
time

value 0.0 means less-than is true.
value 0.5 means probabilities are indistuinguishable.
value 1.0 means greater-than is true. y/

ICT Energy PhD School, Fiuiggi, July 2015 Kim Larsen [10] “w
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Analysis Tool: Plot

Composer

» (23 wilson Score Intervals

» [ Frequency Histogram
¥ [ Pr[ <= 100)(<> Train(4).Cros
¥ @ )Jul 16,2011 11:09:38 AM
» [ Probability Density Dist]
» [ Probability Density £-Ci
» (L1 Probability Density Clog,
» [ Probability Distribution
» (L1 Probability £-Confidenc
» [ Probability Clopper-Pe:
¥ [ Cumulative Probability |
Ij, cumulative
" average
» [ e-Confidence Intervals
» (L1 Clopper-Pearson Confil
» (13 wilson Score Intervals
» (1 wald Confidence Intervi
» [ Frequency Histogram
¥ [ Pr[ <= 100])(<> Train(5).Cros
¥ [ Jul 16,2011 11:09:38 AV
» (L1 Probability Density Dist
» [ Probability Density £-Ci
» [ Probability Density Clog.
» (L1 Probability Distribution
» [ Probability e-Confidenc
» (11 Probability Clopper-Pe:
¥ [ Cumulative Probability |
B
' average
» (11 e-Confidence Intervals
» (11 Clopper-Pearson Confi
» (L] wilson Score Intervals
» (i wald Confidence Interv:
» [ Frequency Histogram
» [ Pr[ <= 100](<> Train(0).Cros
» [ Pr[ <= 100](<> Train(1).Cros

[€ )
e

Greruyge

» [ e-Confidence Intervals
» [0 Clopper-Pearson Confid!
» (13 wilson Score Intervals

Plot Composer

» {3 Wald Confidence Intervals Draw:  Color: [ Shape: B: stroke: [— [4] Area: | B

Cumulative Probability Distribution

» (i1 Clopper-Pearson Confidence Intervals Data set: cumulative
av
s)
1.00]

8006

» [ wilson Score Intervals
» [ wald Confidence Intervals
> ﬁ Frequency Histogram
¥ [ Pr[ <= 100](<> Train(4).Cross)
¥ [ Jul 16,2011 11:09:38 AM
¥ [ Probability Density Distribution
|3, density
_ average
» [0 Probability Density -Confidence Intervals
» [ Probability Density Clopper-Pearson Cls
» (L1 Probability Distribution
» [0 Probability e-Confidence Intervals
» [0 Probability Clopper-Pearson Cls
¥ [ Cumulative Probability Distribution
 cumulative
" average
» [ e-Confidence Intervals
» [0 Clopper-Pearson Confidence Intervals
» (L] Wilson Score Intervals
» [ wald Confidence Intervals
» [0 Frequency Histogram
v [ Pr[ <= 100](<> Train(5).Cross)
¥ [ )Jul 16,2011 11:09:38 AM
¥ [ Probability Density Distribution
&)
" average
» (L1 Probability Density £-Confidence Intervals
» [0 Probability Density Clopper-Pearson Cls
» [ Probability Distribution
» [0 Probability e-Confidence Intervals
¥ [ Probability Clopper-Pearson Cls
| upper limit
" lower limit
| average
¥ [ Cumulative Probability Distribution
 cumulative

Schogl: Kigfagl, July 2015

Plot Composer

Data set: density

Draw:  Color: M Shape: '+ stroke: | [4) Area: [ Bars

nfidanra Intanals
(& = <« >

Cumulative Probability Distribution

10 16 22 28 34 40 46 52 58
run duration in time

[ density
[ density
[ density
[ density
I density










Lightweight Media Access Control

= Problem domain:

= communication
scheduling

= Targeted for:

= self-configuring
networks,

= collision avoidance,

= low power
consumption

= Application domain:

= wireless sensor
networks

ICT Energy PhD School, Fiuiggi, July 2015

Initialization (listen until a
neighbor is heard)

Waiting (delay a random
amount of time frames)

Discovery (wait for entire
frame and note used slots)

Active

= choose free slot,

= use it to transmit, including
info about detected collisions

= listen on other slots
= fallback to Discovery if
collision is detected
Only neighbors can detect
collision and tell the user-
node that its slot is used by
others



id==0}

it =

nitia

curr=0,
poweid]=SEND

©

te=

can_hearfid][aux_no,

powerid]=L STEN

ad

can_hear(id][aux_node]
sendiim?
curr=slot_nolaux_nodel,
powerid|=RECY

t=0

initializa

tion

pted from A.Fehnker, L.v.Hoesel, A.Mader

et O
added |\ g Srome
———power ———0 =
s --used UPPAAL to explore 4- and 5-node
" &.. topologies and found cases with
- —— perpetual collisions
2 A {€:000IMC problems)
firstic | dpr]=1 <=2
t==p power(ic]=RECY counter<frame-1
e e \M*{Qi Statistical MC offers an insight by
cn v o = 7= calculating the probability over the

detectad={dstacted<0)?curfdstactad,
reC_ VEC=ZEI_VeC
col_count++, collisions=cgf_count

\auxﬁvec:maxivec || aux_gac==zaro vec
counter=-1. aux_vec=zergjJvec

t=0

e rr={eurr+1)%frame
counter=Fframa
aux_vecHirst[id]
ace{auy_|vec.se
second[]

Jﬁ =zero
&) che

tlid]=zero_vec. secondﬁ]zzem_vec.

curr==slot_nofid] && fi%d]——zero_vec && 1d=0

taux_vec(glof] &&

L counter=-1. detected=-J_ slot nofid]=-1 aux_vec bf zero vec
aux_vec=zero_vac, fiftfidl=zero_vec, slot nofid]FEslot,
sent_info=0 AUX_VeC=Taro_vec
ready listaning
te=1 t«=2  can_hear(id][aux_nodel==1
fany currigesiot_nolid] && (first(id]!=zero_vec || id==0} C‘\ currt=slot_nolid] A, sendWyi?
_ normal col=aux_slot,

poweidFSEND

t==1
aux_node=id,
aux_slotsdetected

sandit it

t==0

curr={curr+1)%fr
firstid]=zaro_v

t=0

detected=-1,
sent_info=1

®
wnding

te=2
sent

firstid][curr]=1

powarid]=LISTEN \JJ
rec_vec=sent_infa?

EIT'r?:{currM 1%frame,
first[id][eur =0,
=0 t==2 &%
coll=slot nofid]

power[id]=RECY

rec_ong
\) te=2

zarg_wvec | firstlaux_node].

curr=(curr+1)%frame.

t==2 rec_VeCsZEers_vec
curr={curr+1)%frame,
can_hear[id][aux_node]
sendWil?

number of collisions.
+ estimated cost in terms of energy.

detected={detected<0)?currdetected,
I8C_VEC=Zerg VEC,
col_count++ collisions=cal_count

te=2
dong

J

active usage




SMC Of LMAC WithPrﬂ.biliNgwditefé llision Count in '
ﬂ.88|;/ltyesyg allisign Cou ,Tﬂ;mu

— 1
Energy probability density

= Wait distributiol o

0.18

= geometric - 018
. A 0.14

= uniform 013

20:11 1 "I Euni—ring
= Network topolo::: = ]
g ' =] exp-chain
* chain 900 o
. 0.04
" ring 5.0 ]
o 0.0l ) A
B COI I 1ISION p o bal 390-54“ 3.2E4 = eBn.':r%i S 6E4 3.9E4
. . Brlanar <= i >=
= Collision count ?‘%Pé[gmgg y <= 50000 /S time>=1000Q) |
S 0.040 = exp-ring
. Em’ Uni-rir
= Power consumptionge.cse ’
0.020
0.010 2610
iy 4 \
D 70 140 210 280 350
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Pr[collisions<=50000] (<> time>=1000) |



10-Node Star

Probability Density Distribution

The first collision:
happens before 500tu

40 an 140 190 240 2410] 340 2490 440
lime

 The first collisions happen before 500tu.

* It is unlikely (8.2%) that
there will be 0 collisions.
» And if they happen, they are perpetual.

ICT Energy PhD School, Fiuiggi, July 2015

0.099
(.08
0.07
=006
£ 0.055
£0.04
z
=0.033
= (.22
0.011

UI_A_\ N

il

Probability Density Distributicn

i 16 24 32 470 43
collisigns

Probability Density Distribution

I
Collision counts after 1000tu

S B4 72 OHD g3 94

Collision counts after 2000tu:
the numbers are doubled —
perpetual collisions

0 0

= |

200 40 60 &0 100

120 140 150 180 200
collisigns



Fehnker, lvancic.

Benchmarks for Hybrid Systems Verification.
HSCCO04

With Alexandre David,
Dehui Du

Marius Mikucionis
Arne Skou




Stochastic Hybrid Systems

| s'i\mulate 1 [<=T100{Temp(0).T, Temp(1).T}
e N o

simulate 10 [<=100]{Temp(0).T, Temp(1).T} )OH[OJ.:

AL P~ | = | .
Pr[<=100](<>

Temp(l)”.T<=5 and time>30) >= 0.2

I

Temp(O).T >=10)

| P}'[<=1 OO](g}

L ,ll‘ || '-‘ {
\!?) (738 runs) Pri<>» ...) in [0.771138,0.871138] EfVﬁ\M EETammlT_)

A == Y
\ \\;“‘. l'\‘ \ w
MARVANRY
AW AR
ATN'NERAN
AR
'\ || OWN,N
\ 1 W\
| B\ N ‘ \
)

with confidence 0.95.

0 7 14 21 28 35 42 ti‘::e 56 63 70 77 84 91 98
ICT Energy PhD School, Fiuiggi, July 2Z0T5 Kim Larsen [19] “_d



Stochastic Hybrid Systems

(19, Pris=20i(s (limesm12.&EBallp>4) =< )

UPPAAL SMC

Uniform distributions (bounded delay)
Exponential distributions (unbounded delay)
Syntax for discrete probabilistic choice
Distribution on next state by use of random

GUI for plot composing and exporting
Hybrid flow by use of ODEs

+ usual stuff (structured variables, user-defined types
user-defined functions, ....)

MITL
Networks
Repeated races between components for outputting

ICT Energy PhD School, Fiuiggi, July 2015 Kim Larsen [20] u a




Energy Aware Buildings

DanisFNational Defense Building Administration
Pilot — Sjeelland’s Odde

Modeling components
building layout
room temperature
heater controler

R1

R5

central controler Results

weather temperature Probability estimate
user profiles Uppaal SMC Probability distribution

Properties ...over time
...over ene
discomfort —_— rgy
confortable time Istribution comparison
energy consumption
comparison

ICT Energy PhD School, Fiuiggi, July 2015

j#i

daily
rapid
fixed

Gl

T! =Y a;;(T; = T;) + bi(u — T;) + c;h;

weather

S1 S2 S3

static

D/-O f}/

< i
g‘f dynamic

Kim Larsen [21]
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R1

R5

T/ =) ai;j(T; = T;) + bi(u— T;) + c;h;
J#i

T[id]=TO[id]
T[id]'==(cvec[id]*h[id] +
bvec[id]*(u+-T[id]) +

sum(j-rid_t)(Amat[id][]*(TG]+-T[id])))/scale

Normal 3

H[id]==0 &&
T[id]<=get]id]
need[id]=true

T[id]>get[id]
need[id]=false

Tlid]'==(cvec[id]*h[id] +
bvec[id]*(u+-T[id]) +
sum(jnd_t)(Amat[id]]*(T[]+-T[id])))/scale

-

Low 3

Off T[r]1<=on]r]

h[r]=1
T[r]>=off[r]

On

60
c'==hl[r]

(b) Template for Heater control.

l (a) Template for Room temperature.

(10.0 70 10.0 11.0 9.0)

(d) Heating vector ec.




room

on
get
low
dif
mp

pow

21
19
16
15
1.0

21
19
17
16
1.0
30

21
19
18
16
1.0

21
19
17
16
1.0

21
19
16
15
1.0

Strategy 1

idle choosing
100 irid_t, jorid_t irid_t 100
need[i] && HJil==0 && target=i_ _ _ .
H[]>0 && T[]-T[I>=diflil ™ imp[i]*need]i]
*(H[i]==0)

jorid_t
need[target] && H[target]==0 &&
H[1>0 && T[j]-T[target]>=dif[target]

Strategy 2

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

(a) Strategy 1 (as in [FI04b]).

Strategy 3

room 7 has no heater

room j has a heater

temperature T; <

difference T; — T; =

< get;
> dif;

room j has a heater

room 7 has no heater  room 7 has no heater

room j has a heater

temperature T; < get; temperature T; < get;
threshold T; = get;

threshold T; = on




P | Fdniohifid o,
: n[id|=tnight]id].on,

-10 l r et[id]=tnight[id].get,
% : ow[|d]=tn|ght[|d].l<|>;/; . afternoon
> - 418 -

o absent@) _  t==04 =17 =18
20 t<=6 t=0 __% offfid]=tnightfid].off, k2 Pl/day)
0 6 12 18t 24 t== on&d{}lﬂ?lgh&ﬁjon,t x>0
ime offfid]=tday[id].off, get[id]=tnight[id].get, x=0,
on[id]=tda¥[igi].on, low[id]=tnight{id].low bveclid]--
get[id]=tday[id].get morning lunch
arrive t>=8 t>=12
low[id]=tday[id].low \. x=0,
t<= t<=13 bvec[id]++ x<=1 l
15} - Rt B e R e e | bk N ottt o Ao L e 3 O N O N

o 5 P IEdon

10 R orr

§.5t::£:::£::ﬁ- bn L ""w::ﬂ:::ﬁ::f:::&::i:::“"“aimJW"ma"me"m;m¢::::t::i::£"E:aget

s . N N R |z tow

<0

time

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48



a=R

: o | T2
. paae & | R
i : : ; =g
0 ; ; ; ; ; ; ; ; : : : . ; ; ; : i E i ; QT[S]
0 4 6 8 10 12 14 16 18 20 22ti 24 26 28 30 32 34 36 38 40 42 44 46 48
me
simulate 1 [<=2*day] { T[1], T[2], T[3], T[4], T[5] }
50 e
g0 f | T S T e ik
-23_0 ......... /0 A O O JU1L S S _ |EF Heater{1].r
- “ | |EE]Heater{2].r
g20 T 1 |[Ed Heater[3]r
§10 l : : : :

0 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(1).r, Heater(2).r, Heater(3).r }



irid t

T[il<low[i]
OK Discomfort
1000 forall(izrid_t) 1000
T[i]>=low[i]
comfort'==1 && comfort'==0 &&
energy’==sum(i:hid_t) energy’==sum(i:hid_t)
pow[i]*h(i] pow(i]"h(i]

Prlcomfort<=2*day] (<> time>=2*day)

Figure 16: Monitor for comfort and energy.

0.72 0.7 -
0.60| - 0.66
20.48 bo.ss
5 5 20.44 a
<0.36 L |Edst g I
£ = 20.33 f
Z0.24 - |Edss go »” i
’ g . 0.1y i
ole=" : 0 hi— aag, | e O”ﬂ I Adile s 1 7
31.9 34.0 36.1 38.2 403 319 341 263 }5 47
comfort time ' " comfort time ) '
(d) Flat weather, Dynamic user. (f) Daily weather, Dynamic user.




Pr[Monitor.energy<=1000000](<> time>=2*day)

o .
0.42] - 0.063
i I i e 0.054) : 1 }1;
=Zaanl oL
§o' 0.045 & :
.90, = b
5%0 gm‘ W B2
39 0.027 y -|Eds3
0. |
g 0.018 . duﬁ :
0. oo 9,
: : M@'\ ]
348.4 357.0 365.6 374.2 ; o s o o
consumpaon
energy pt energy consumption
(c) Dail weather, Static user. (f) Daily weather, Dynamic user.




Battery-Aware ot
Real-Time Scheduling

With Erik Wogensen
René R Hansen

= SENSATION Project




Batteries

= CPS often have to

operate

independently

(batteries)

= Unpredictable load
(stochasticity)

= Battery state and

lifetime de
non-linear
workload (

nend
y on

nybrid)

ICT Energy PhD School, Fiuiggi, July 2015

= Electrochemical Cell

Y Py

Anode Cathode

T

Electrolyte

Figure from [Jongerden, 2010]



A =TT
h2 Y2
h]_ 1
i(t) —

Bound charge

Available charge

Available charge:

Bound charge:

dy1

dt

dvz
dt

——i+k(hy—h) h =%

k(ha — hy)

h2 - il}fci



c = 0.166666, .
avail =c *C* 0.01 * pct_init,
bound = (1-c) * C * 0.01 * pct _init,
k = 0.0002824065 - 0.00005

init!

on && avail < C/6 * pct thresh_empty/100

empty!
on = false
avail ' == -on * load + k * (bound/(1-c) - avail/c) &&
bound ' == -k * (bound/(1-c) - avail/c)

Realistic constants (e.g. Li-ion battery)




1000 1500 2000 2500 3000 3500
time

load total charge available charge bound charge bound charge height empty




3600
3400

3000
2800
2600
2400
2200
2000
21800
$1600
1400
1200}

Il

A

17

T\
/
1

load total charge

500 1000

available charge

1500
time

2000

bound charge

bound charge height

empty



Init

_init?

deadline = 2*wcet,
bcet = bcet, wcet = wcet,
idle load = idle _load™ 0. 001

load_on = _[oad ‘on
K
Ready ‘

t <= deadline
utility rate =1

Running

t >= deadline
&& exe < wcet 3

urg! t>= deadline

ready!
0

run?
exe = 0,

task load = load_on * 0.001

t > deadline

RunningLate

exe <= wcet
&& t <= deadline

?
exe >= bcet &

made++

utility_rate =0

exe <= wcet

exe >= bcet
missed++

utility rate = 0,
task tyoad =0

Ildle

@

v




ready?

run!




1.12E4 1.4E4




Init ‘
_init?
bal thresh = BAL THRESH

ready?

on && balance >= bal _thresh
run!

hy
Bal =
alance = -

2
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= Timed Automata / UPPAAL
= Verification
= Priced Timed Automata / UPPAAL CORA
= Optimal Scheduling (multicore applications)
= Optimal Infinite Scheduling
= Multi objective optimization

= Schedulability Analysis & Scheduling
= Single Core, Multi Core
= Dynamic voltage Scheduling
= Energy Automata

» Stochastic Priced Timed Automata / UPPAAL SMC
= Statistical Model Checking
= Low Power Medium Access Protocol
= Stochastic Hybrid Automata
= Energy-Aware Buildings
= Battery-Aware Scheduling

= Stochastic Priced Timed Games / UPPAAL STRATEGO

= Optimal & Safe Synteses
= Energy-Aware and Optimal Satelitte Scheduling

= Conclusion







Going to Sydney - in 1 hour

>=42 Can | get to Sidney?
----------------- 1-player
ul42, 45] (1-player)
T<=45 |
’6 =20 : Will I always come to Sidney?
02 -.U00,20] i (1-player)

So T<=140 \i iSidney What is the optimal WC strategy?

0.1 >~
——————— (2-player)
HeavyO U[0,140] |
T<=35 Go l Is there a strategy guaranteeing
1@_‘3[_013_5_]-/' WC <= 60?
T=0 . _
. 0.9.-" | (2-player)
-~ T=0 it
7523 0.1 fe=2 What is the optimal strategy?
T=0 (1Y2-player)
\T=0

What is the optimal strategy
Guarenteeing WC <= 607
(1V2-player)

ICT Energy PhD School, Fiuiggi, July 2015 Jakob H. u B s
Taankvist [43]




Uppaal TIGA
strategy NS = control: A<> goal

strategy NS = control: A[] safe

Sl

G ¢

Timed Game synthesis

abstraction

. minE(cost)
Stochastic -

Priced
"Timed Game

maxE(gain)

-

Statistical Learning

strategy DS = minE (cost) [<=10]: <> done under NS
strategy DS = maxE (gain) [<=10]: <> done under NS

o

Uppaal
E<>errorunder NS /j

A[] safe under NS _

Glo

Timed Automata

J

P|o°

Stochastic Priced
Timed Automata

/Uppaal SMC L

simulate 5 [<=10]{el, e2} under SS
Pr[<=10](<> error) under SS E

[<=10;100](max: cost) under SS
N | ) J

optimized
Strategy




Y C:/Users/kgl/Desktop/DESKTOPlZ/UPPAAL?UPPAAL examples/ATVA2014/ATVA2014D.xml - UPPAAL

L W N

Eile Edit View Tools Options Help

Da@deaaR@-o

Simulator | ve

control: A<> Kim.Sidney && time<=60

Kim

-

«[Lm ] >
Delay: 42,9212 & Reset
) Take transition
Trace controls
HFirst | 2903 Wit |
’ D Play [ I Next ]

Speeder
n
i
| | I | | | I | | |
Slow Fast
| » Random |
Simulation Trace
(Aalborg) -
Kim

| Drag out ] Drag out \
- t(0) = 0
Transition chooser T = 42.920000
00 100 200 300 40.0 . t = 42.920000

time = 42.920000

Aalborg
T<=2

e:int[1,10]
e:int[1,10]

B =ne X |




Controllable
c'==3 &&
« What is the best WC time ?

« What is the best WC cost?

« What is the best expected
time?

« What is the best expected
cost?

« What is the best expected
cost if task must be
done before 150 ?

c'==10 &&
x<=50

Uncontrollable




Controllable
« What is the best WC time ?

« What is the best WC cost?

« What is the best expected
time?

« What is the best expected
cost?

« What is the best expected
cost if task must be

c'==10 && c'==8 &&

x<=30 x==30 done before 150 ?
Uncontrollable




Controllable
« What is the best WC time ?

« What is the best WC cost?

« What is the best expected
time?

« What is the best expected

cost?
c'==10 && c'==8 && b What |S the best expeCtEd
x<=50 x<=50 cost if task must be

done before 150 ?
Uncontrollable




Controllable
c'==3 &&
« What is the best WC time ?

« What is the best WC cost?

« What is the best expected
time?

« What is the best expected
cost?

« What is the best expected
cost if task must be
done before 150 7?

c'==10 &&
x<=50

Uncontrollable




and Optimal
Scheduling of Satellites

OOOOO




Mission Analysis

= Aalborg
ground
station can
supply 37
min link time
per day

= Max of 18
N0OuUrsS
3 e twe e n Elevation Mean Daily Average Pass Mean Daily Max Time

Mask (deg) Passes Length (min) Access (min) Between
Passes (hr)

3 a S S e S 0 5.41 8.31 44.9 18.1

5.01 7.40 37.1 18.2

4.45 6.20 27.6 19.7

5
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System Design: Layout

S
ICT Energy Ph

ol, Fiuiggi, July 2015

ADS-B Antenna

Internal Magnetorquer
Interstage C (within
magnetorquer)

X-band
Transmitter

Discrete
Magnetometer
(within
magnetorquer)

Syrlinks
Stack Breakout

Interstage Boards (x4)

SOFT Daughterboards
SOFT Motherboard

ADS-B payload

NanoMind A3200
NovAtel OEM615 GPS

Astrofein WDE

ADCS Motherboard

Tetrahedron Baseplate

Stack Breakout B
RW-1 Tetrahedron

»

Interstage Boards (x4)

Stack Breakout A Deployment Switches (x4)
P31us EPS

BP4

NanoMind A3200

NanoCom AX100 DMC-3 Motherboard

FPPTipTop
Bepioyme;

L-band Patch Antenna

Kim sen [52]



GOMX3 Power Budget

Nominal Orbit X-band Orbit SOFT Orbit
ner: ner ner
1538 Joules 1538 Joules 1538 Joules 1538 Joules
705 Joules 705 Joules 705 Joules 705 Joules
0Joules 0Joules 0Joules 0Joules
1538 Joules 1538 Joules 1538 Joules 1538 Joules
2051 Joules 1073 Joules 1073 Joules 708 Joules
1538 Joules 1538 Joules 1538 Joules 1538 Joules
1668 Joules 1668 Joules 1668 Joules 1668 Joules
1309 Joules 1309 Joules 1309 Joules 1309 Joules
7026 Joules 7026 Joules 7026 Joules 7026 Joules
431 Joules 431 Joules 431 Joules 431 Joules
0 Joules 3836 Joules 3836 Joules 3836 Joules
0Joules 677 Joules 0Joules 31483 Joules
0Joules 49 Joules 2296 Joules 0Joules
-band Transmitter 0Joules 127 Joules 5928 Joules 0Joules
HF Antenna Release 0Joules 0Joules 0Joules 0 Joules
0 Joules 0Joules 0Joules 0 Joules
17805 J 21517 J 28887 J 51780 J
21548 J 21548 J 24324 ) 21548 J
3743 ] 31 -4563 J -30232 J
0.025 2.59 0.00021 0.0%/-0.0305 -3.0%q -0.2019 -20.0%
0.17372 | 0.00146 -0.1876 -1.403
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Counter

N\

t =0, n_nom = n_nom + 1.0, t =0, n_comm = n_comm + 1.0,
soc = min(soc + 0.020, 100.0) soc = min(soc + 2.500, 100.0)

Nominal ’—)‘ Cotnm

t <= orbit & T~~~ __ = orbi
t==orbit ™ ~~~____ W/ __----- == orbit t <= orbit
t==orbit__--==""" SN ""=-- t == orbit

------------ Xband
. I;b:rgbit -- = ‘s. t <= orbit
soc > 20.190 && soc > 3.050
Lband_status == NOW t =0, soc = soc - 3.050,
t =0, soc = soc - 20.190, n_Xband = n_Xband + 1.0
n_Lband = n_Lband + 1.0

SOFT orbit only Orbits that will deplete

allowed during the battery are not

experiment allowed.

windows

double soc = 80.0; // Battery is a floating point value between 0 and 100




=0 x =0,

Wait | hand status = SOON j;“_ Lband_status = NOW >$w
, 1:(2*day) x <= 10*orbit l

X == 5*%orbit !

|
| x == 10*orbit x <= 5*orbit |
|
\ I

Lband_status = WAIT

Stochastic arrival!
(Rate of exponential)




simulate 1 [<=2*week] {n_soft*100, (Mission.Soon + Mission.Now*2)
*50, 1000+soc*10, 1000, 2009}‘//,

200 4, 1900 /
BOC / UL\H_N’_\_\ 1800|;
00 v ,,\,’L"& 1700
B0 ]./,_ 1600
.. ”1* 1500
300 1400}
100 m“‘-"\ 1300 I/
04 / 1200
0 i 1100
OO gl
T e
{ B00
700
600
500
400]
300
| 200
NI =8 rll 2 o —1 ]

o

U
0 4,0E3 8.063 1.2E4 1.6E4 2.084 4.0E3 B.OE3 1,264 1,664 2.0€4

AR

» strategy s = maxgE(n_soft) [<=2*week]: <> time==2*week
« simulate 1 [<=2*week] {...} under s




maxg(n_soft + 0.08 * n_nom) maxg(n_soft)

.,
Y

s

1700 1700

1600 1600

1500 1500

1400 1400 /
1300 / 1300 f
1200 1200

1100 1100

value
value

il 1 — 1 ] — 11
4.0E3 B.0E3 1.2e4 1.664 2,084 4.0E3 B.0E3 1.2e4 1.664 2,084
time time

ETITITLT
IETITITIT




maxg(n_soft + 0.08 * n_nom) maxE(n_soft + 0.2*n_xband)[<=2*week]

1800} 1800)
1700} 1700)
1600 1600)
1500} 1500)
1400 /‘\/— ) /L_/ 1400|
1300 '/ oo of 1300
1200} 1200)
1100} 1100)

value
value

EESE8888
EESE8R88

-
8

—1 — 1 — 11
4.0E3 B.0E3 1.264 1.6E4 2,084
time

.&
ER S

Be careful what you wish for!




Other Case Studies

Energy probability density

Probability density Reply Distribution . Energy Consumption Cumulative distribution of collision
050 0s8l -
0.45| 0.80| o
040 072 ]
035 064 ped
0.30) - } 058 ,.06]
Zozs B sty 5 =p 1 ,
80.20 ] cumulativ £0.40 199804 5|
go 18 E cumulativ &9 35 199 s 4 )
] 024 02] ! [!/ H/,-"/
005 :;: 01 i
o 2400 2700 3000 3300 3600 3900 B s om g oa s s s 56
9 M0 B0 0 2000 1800 40E3  20E4  36E4 5264  GBE4 eneray
time time

FIREWIRE BLUETOOTH

Smart Grid Energy Aware
Demand / Buildings
Response
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10 node LMAC Schedulability

Analysis for
Mix Cr Sys

Genetic Oscilator
(HBS)

Passenger Battery
Seating in Scheduling
Aircraft




www.uppaal.org

RELATED SITES: TIMES | UPPAAL CORA | UPPAAL TRON

UPPAAL

Home

Home | About | Documentation | Download | Examples | Bugs

UppaaAL is an integrated tool environment for : ] License
modeling, validation and verification of real-time : . .
i = = H The UpPaaL tool is free for non-profit
systemns modeled as networks of timed autormata, . . . L . . .
i ) B A ¥ A applications. For information about commercial
extended with data types (bounded integers, arrays, . .
te) licenses, please email sales{at)uppaal{doticom.
etc.). o » 8 »
) ) ) v . To find out more about UPPAAL, read this short
The tool is developed in collaboration between the — introduction . Further information may be found
Departrent of Information Technology at Uppsala . 2 S | 8 at this web slite in the pages About ’
University, Sweden and the Department of Computer T '3 i . !
) ) T " Documentation, Download, and Examples.
Science at Aalborg University in Denmark. @ | | & I
& | | 8 s .
Download Ll I Mailing Lists

Figure 1: UPPAAL on screen,

- . UppaaL has an open discussion forum group at
The current official release is UPPaaL 3.4.11 (Jun 23, 2005). A release of UPPAAL 3.6 alpha 3 (dec 20,

. . . . . . Yahoo!Groups intended for users of the tool. To
2005) is also available. For more information about UPPAAL version 3.4, we refer to this press release.

join or post to the forum, please refer to the
information at the discussion forum page. Bugs
should be reported using the bug tracking
systermn. To email the development team

directly, please use
uppaal({at)list{dot)it{dot)uui{dot)se.
UPPSALA AALBORG UNIVERSITY
UNIVERSITET
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www.uppaal.{org,com}

THANKS !

L\
@W
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