spwtstel T | 2Ar
Azt | gE

.M &

slolBE]lE AAH[1]S A4 A]AE|(Continuous
System)¥} o]AF A]AE(Discrete System)©] §3+E &
o Ala"lo®, A5AQ RES T2 ALHY F
Mol TS Lrehhi AFgEY olAldel R
7o) Wgto] mE AAHS] Zg W E(Operational
Mode)S WAI5H] 91s) A+t olejat sholre|=
A 2"E By, A, A A" 22 okl 4
Al 2~ Hl(Safety-Critical System)S HAI5H7] $J8) A&
T g ¥ 7=(Formal Verification)d} & t}oFsh
AS 71MS A8sto] 114124 (Dependability)S 2+

Aol BoHolet & 4 glek

-

oo
ofi
N
O (o 1

(Model Checking)[2]©] Qlt}. mEl A7
(Model Checker)gl= 2|5 A% =15 0|85}
4
e}

o] o7t le= BT = e BA
2] AR S 7MY HA" 9 AlEel Aol By
Hl-§o] il #-gof AoFe] k= ol Atk HAH
A AlEF oo R HEe A & ALFe] HEES,

4 39 Azt w2 Wske-S UEtdE 2 &7t 9)
t}. sfo| B e = @ BEuleb= FEkgh =9 AEiE 7HA]H,
735t Alekatgto] glol= mEo] 27| A oA B4 A
B 7} Ed8l=2] o] H(Reachability Problem)S &A1

I 4 G BAE ol4] 7129 oliF ALHS 913t
wel 77 7He Beels AL Bk Be o
T5o] mY W99 A (Approximation) S T3H=
upalo) 245} el A9 E7ES AT ke
o, mel A7 giels ool AlEdold, WAl £

<

(Theorem Proving)¥} Z+& 7| o & slojH = A]
&Aoo ATEE +uET ok

2 oA sfolHEe| = Ao thgk ATl e} o]
£ 2dg 9 HZF7] gt A=l s aolgch
=] AL tha T Atk 2ol A= sho| B e AJA
e A1l AFEE= stolBe|E S EulEE A
gl 3o A= StolHE|= @ BEulEle] reachability
analysisE 913k 7]224Ql 7|HE& At 47l A
= stolHeE AIAEE HEFs] 9t 7IMEs o
AF2A 275k, 5ol dES WRIth

=

2. i X|A]

2.1 slo|HE|=E QEOIE}

EA5tE 2ZEY R A== o4kl Ao
FAELE <aY 1> £ slo|HE AlAYH AR 2=
A B %A A A8 (Thermostat System [5])< 1.0
FIL 9Tk 2EA A2EL LEAR o] 2uE &
gsto] A Eolstz 2&7F oA A o= 3]
ElE AAM 225 &2, sEo| sl 2&=7} of= A
T =olxY 3F|EE 1= A|AHo|th o] A|AHE]A
o] 25 5049 &, 2% g AR 9 A
g WIS Alo]7]9] o4l A WItR E 4 qlrt
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pepeam—
Room Heat
loss
Heat Thermostat Air
gain
On/Off |
Heater |«

JE 1 254 ALEC JHEE

slolHE|c ¢ Enlel dlo|HE|E A|AEIS mA)
171 3t G5t Arel 7 A|(Finite State Machine)©|T}.
sto| He|& A|AHIO] o]4l A HSt= Slo]HeE @
Euleto] control mode= FEAEM, F2]4Ql 2+ 9
&0l W3t A g e WeEE xdd
W5 0] 3 Q|(Behavior)= Z} control mode7} Zt= A}
WEg A SR gelH

<3 2>E <3y 1>9] 227 A28 mdesh
slo|Rag|lE o EulelE RojZ 9l XA AlAH
o 291719 Aefol wet onsk offel F 74 control
modeS 7}tk & 4= vy Z+2+Q] control mode©l Al
mdo] 3t control modeo]| BHEZ7] L5t Al
invariant2} %o 25 UERY= W x9] A5 ¥
3= R 5} flow conditiono] o] Hrh <1y 2>9]
o)A 27| control moder= on®|™H x| 7] 7k 22
o] Hrk, welo] ono] M| SlIAE
1 <z < 32 yr=orstm, x| 32 flow condition?)
z=—xz+59°] wat 718 "k x7} 3744 22
Jump condition?] x = 3-& W3] off 2 o] F3lA E AL

invariant 21

off®) flow conditionQ] x=—x o] W} xQ] Zro| 7Fast

o] 1 712 Wojxd mdlo] ono g EHole A Frh
stolBE|E e ErletR YAE AlLHE tﬂ 317]

A= mdo] 7}A 4= 9l AMHIE H

9oy, sto|He = @ Eubele] M= A

7ol o4k A2z} o] AelE W7} 71 4 9l
i iolc w2 sfols
o) g W Lt
W 23 Fee wala) Hc} 018 regiono] 21,
control mode2] o121} control modeol| A 7138 4 Q=
Heso] 3o Hel2 @9 d& S0, <19 2>
el Y efrastol| whet {(on, x =2), (on, 2 <z < 3),
(ofi 1 <x<3),(on 1<zx<3)e 2] regionsS
golall & 4= Utk o] F, =wollA AFdks AdE S
e HEHS regions 43ttt
2.2 Reachability Probleml} StO|EHE|= AJAH mEI
HZ gn2E
29 AASE mde] 4HEL BAsle] mdol
z she

QAT BO A

=

Al PVset QpARgE e sWe) whet ciopst
A o] ww e} 7o)

« Zdlo] 57 Aefol =g & 4
Property)

P54 Aol YA (UsA G 5 A
WL 9HE7V? (Safety Property)

L5 sl WA (BS54 Ak W

3t=7}? (Liveness Property)

Q=712 (Reachability

242 rechability propertyet
on, &d iﬂ?’% F27] Aol A i el
A Flsk= A S reachability
analysiseral 3T}, Reachability property 92 SAE
reachability analysis 23l FJ?;»O— 28350 gholsh 4= 9l
th. o & &9, safety proper

FI

= YoHA] o= AElel
3 £ 7153 AFEE zl—o}LH_‘: Ao g 3|3} 2= 9]
o™, liveness property] 739, 70| TZE| Q]
we b Al mE Hohiel 211 ¢ 4 sk
stehe 1 2je) 44

_LL

=, reachability analysis7} &7} &

3 3
2 2
1 1
On Off

(b) 97| AFefol] w2 2:=3}
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5% BEolng Sjelshy] ofelon, male] 27| A
oA 5 AR T e QA WHaks o] 24
Q1 BA|E reachability problem©|g}al Stk

oVt AATIS] mE A7 A B BA}
sjol 243 = e wuel Fuob FHE BA%
UAIRE, Ol%ﬁﬂi" kel W E e ef AJ7to] o
Aok BE Aol i3l rechability analysis7} 715
stek whglel slolHels AAme olgHoRE w

o bsE A B S R 5 At 2ol F

lol[4], 2 4Je): dueln wge nE 4o
45 o] ohyet mdo] 1A 4 gl Ab ]
DA (Upproximationy S AAFSe] TVeE autE

reachability analysisS 3sF= HWeko g A7) A
WElo] .
2.3 slo|HE|E QEniEle| &F%

stolEe|E @ Enfehs theket MEPEo] AlQtE o

o, B O] dynamicso] that A|FAFR O] Agt o=
© 2 timed, linear, (piecewise) affine, non-linear 2.
2 B=28 & 4 Ur) Timed automata [6]= A7+
SEE EAStE clock WRE A S 7HA|AL T
HMAES oAb ALTIT} o] A4 ghe 2E 54
Z4A0] UPPAAL [7), TIMES [8]9} Z+o mdl 3#=
o]gslo] el A7) 2 wtd|(Counterexample) Y4 ]
7Vs38lt}. Linear hybrid automata [912} affine hybrid
automata [10]= F&4 o= AF Adrjdigss A
goto] WO WsleE #HA olw, linear hybrid
automatas= HyTech [5], PHAVer [10]9} &2 ==,
affine hybrid automata®] 739-o)|= SpaceEx [11] 52
o2} HMAE ZY= reachability analysisES 453§
Qlt}. Non-linear hybrid automata= A|2FAFS} o] 9
sto|He|E e EntetE FASjofd RE o] R E
F o9 o}, Flow* [12]9} 0] reachability analysis
92t =A-50] AlgtE o] £keu), dynamics7h -

'~

S

e 4
5

N

i

Target region
Initial

Reachable

Sastel AR/ A AR Folokh 44 ¢
ol 23| reachability analysis®] JE+Ao] x| = &
A7} JTH13, 14]. Reachability analysis®] 22}l o

o U2 o AolM etk

3. 9fo[H I A AERIO] Reachability Analysis
sfoluel= AARS wd A A we
olfrEo] ol JloemH[1s], thefrt AF-=0] 42t stol
BUE oujee] g £RE Qe s} o)
5= AABKAR ol FollXe W2 reachability
oA TEHOT HREE flow-pipe
a7l Feh
3.1 Flow—pipe construction
stolHel= e EntelE HAEohs dalEls
EFEL sjolHe s o EnleR YAE my
st71 Y8l flow-pipe construction [16]

analysis 411855

constructzon—e—

flo %2
e

mlo

A~
ES
Flow-pipex= 3+ Y | X 7H(Time-Step) 59+2] &
o AH RS (Region)Z ©|oF7] shv, Hdlo] 27
ol A BFHESIA flow-pipeS AALSLo] Fo]R] 2}
2 7Hse W o Y sHse A JE
obiith ae|a < 3>3} o] Zloh AS)
Ak reglonJ/]_ DAF] 9 HHo oy mEo)
A} regionol] = 7hselcka g 4= glom, FH st
T 7153t regionS Zoh| Q=] AL regionTt 1
Aol gl HES 27 oty =daby orethrt

st 4 QtKUndecidable)©]2tal ZAZ2

PN'ru&loozv
= N
ox of I

e

£ % o

oiN -l

[¢)
B0z mE 4B Hob W & giol

st ghE BAS stk Held TA:
3.2 Flow—pipe Approximation

A SlaiAE ol Alzke] me
A, =7 ARgALe] ofsf] X == 79

Flow-pipe &
o] AJH

l

Target region

oo

Undecidable

T8l 3 Reachability analysis 22| =& 75 8HReachable) A2t 2d & 4 2l =(Undecidable) 2$
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(a) Reachable states

(b) Over—approximated states

(c) Under—approximated states

T2 4 Flow—pipe approximation2| 7HE =

A7), o] Aok
et AepArgol e
Sflow-pipes ZSstA AAFE 4= UARHYI, 16] of Fit
9] ol ofHrh webA flow-pipes AAYE o 74
sk A HA7E obd AN (Approximation) 2H-8-5}
Al ek <39 4= BEO AR = s AE
@} approximation©] ¥ AFEj71e] AfolE RoFEal Q)
t}. Over-approximation WA} under-approximation W
Alo] Ql=dl, & WA 27 AA| dEET ¥ g2,
= HAE flowpipes AR

Reachability analysisOlF+= QWS & over-approximation
Wpajo] SEEIL ek, 7t 7SS 240 9] polytope
[17, 18], zono-tope [19], support function [20], Taylor
model [21] 59| 4] 83 -gsto] A = 7hs3t
AElE EZ35H= convex hullS AJA31AL o] & flow-pipe
2 ggotct w2t A over-approximation YA 02 3
=l reachability analysisO|+= EA 02 AA 2= dl
o] LdslA]| gz o} A W97 A =, e}
HelE Ed45F e
(Correctness)= =o}X X9t & -8-(Efficiency)S Wolx|=
trade-off7} &A1 FH .

reachability  analysis 2]

o|23t over-approximation®] EXS 13| K,
reachability analysis®] A7} oA Ao ‘=g 7}
o ot BAo] 23 Wizl Solr] uliel

A2 o] ERPtAE ST 4 gtk AL
oF 4=~ itk thA] WS over-approximationg ©]-2-3k
reachability analysiso]| 4]+= reachability propertyS X
L A olgn BAENE vies Aol 5
& olgele] A4 mEoliE Tlshs
£ 4 Q1S Zlojt} whHo|, reachability

analysis®] o AJehE A5kA o= e A
k3

H 2= A O safety propertyS BHQIE 4= Uk
A4S Y 5 Uk A = s HeleE o ¥
012 z3telA BATE iy} wd 7HsshR] Qb E

5 o] §15b) gk Aol ws}
L BAEA g W] dshH B

&} 4= §itUndecidable). sto|E8]= A]|AH] reachabiltiy

analysisE 7otz EtE A E regions9 AR

S BAATe} g7 9 Fa ook

3.3 A|£2]|0|M1} Reachability Analysis Z4Z& Zia} H|w
sto| B A|AELS BASk=t 7 g ARHEE

< 712 AlEEeldelgta & = qlew, e A
o] = o8 e Fstar ek AlEdelAd
o] -, mdo] 7hd = e A FHF shte 4
9] & sty 27] e 54 ARE =2
FHoll =T wi7hx|e] FAR2E ol A
Rbdef] 2d A7) o] ol e 271 de T 2
< A 5 st AH WS Folxl A2
2 7 wol otfle WAler & 4 Stk
A

d A 4 gl sho|EE|= AXEle] &
e e Bk wl, AlEdeld o2 reachability
propertys 21k 4= QUAITE safety propertyS 2315}
Pe 5 gen, nd A7 Pens 2
M W), B mele] A% AZRE B4 A7
off it F22R1 safety property’s R7]° #gket o
Al flow-pipe construction®]| over-approximation< <3
ot e aYs Hobe W AR mdo] Hi4f
Aref ol mDSl=2A] reachability property’S 2-213}7] 0|
L oRARE £ os AL o & otk meh
NHe A5 mestel Age dast st
4B A

T

slo|HE|e A A”S AHZ=3517] 3t reachability
analysis®]2) QTS FF5| Ackslo] Stk A
O 2= monitoring®] ATH22]. Monitoring2- A
T AlEdoldE ol &%t Yo r mdo] HE &
Ae wrshex) B1sH7] fliA A % o1kl A
Uelese A4, AAE Ao o A8
doldl At £4E BE WESF=A Tt 7]
wxon AR AUEle % AU Ays &
WOl path7} BE4E AUHOR U RO AHws

e
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furn_on

12l 5 Thermostat system®| SIO|E2| = QEDIEIS H S5t ¢

[

H1510|22|E AL-E A, 24, 4S3H7| |lgt == [26]

°l& 4] d=d9 45 7I%
CHARON Modeling, Simulation | CHARON language None
CheckMate® Verification Autonomous liner hybrid automata |Rectangular polytopes automation
d/dt Verification Linear hybrid automata Over—approximation
Ellopsodial ToolBox” | Verification Controlled linear hybrid system Parallellotope method
GBTa Computation Polytope, ellipsoid Convex hull determination
HSIF Modeling, simulation | Network (collection of hybrid automata) | None
HSolver Verification Input hybrid system Constraint propagationb
HyTech Verification Linear hybrid automata 3;?;2?12;;2;?22%10&
HyVisual Modeling Embedded systems None
KeYmaera Verification Differential dynamic logic Symbolic decompositionb
Level Set ToolBox" Verification Partial differential equation Hamilton—Jacobi equation solutions
MATISSEa Verification Transition system Bisimulation
MultiParametic ) ) o ) ) _ Linear / quadratic
ToolBox® Simulation, verification | Piecewise affine systems programming solver
PHAVer Verification Linear I/O hybrid automata
Ptolemy 11 Modeling, simulation i?:f;iesdhy}iize;;tem) Non—hybrid verifier
SHIFT Modeling, translation |SHIFT language None
SpacelEx Verification Linear, affine hybrid automata Timefs.tep .

flow—pipe computation

STeP Verification Real—time system Invariant ,cgenerationb
Flow™ Verification Non—linear hybrid automata Flow—pipe construction

a. Requiring Matlab,

AR & 5 YO8, monitoringsh BAR AT /AT AW BASHE P02, A3 g ol
HE HAgelA fult Hobd 4 9t HAE Aol & wael qrh
A% HEOlU ATET SASP ABACl A E O wet ndg wHsel nd A7L
2] 2 9] robustnessS FA A A[23] faults G402 Y sl= Ho] QItH25]. stolHE| = @ Eulelo] Wk
grop dl = gle Wo s A7 AegEar ik < WEEL dynamics7} Hades 24 dolks
HySAT [24]3} 22 SMT (SAT-Modulo-Theories) ZolEta & £ O‘E} Dynamics7} thE 2L o9
solver o] §30] solnel= o Eutele] Aluli o WL ofel & qlol, /A AkAIYS s m
AAle] S5 Zrol ALY, theorem provings Z-85tH= RS HE}s}o] 73%@‘:} 53|, timed automata®]
MR AZE 3 % Ch. Theorem proving® Ol 2% AP0l UPPAALT 22 £ ol AARle &
o Ao RE ZWe & UL U 4D M @ ARH R F2e DR 43 42 Al
o, 71HE M8 AR WS AU A4S 5 Utk <28 S 2w AU el wuel

b: Theorem proving
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<a¥ 2>& AZ7PF AA cock Mg VLR
timed automata= H2gF Ldo|t}[5]. W Ay} =g
WOk FASAL G}, ol A Ho| melo] £
control mode®| MFE=X] &olg 4= It}

F2l= o] AFtollA[26] StolH = AJAES A
stal HEst7] 9%t E4tES 2ARSEL, ECML [27] ©]
= Algdold doj= WAlE wdS Aokt 71
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ECML X218 Jinear hybrid automata® g HIE| 3O
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