View metadata, citation and similar papers at core.ac.uk brought to you byff CORE

provided by Waseda University Repository

2020 FE BLam

NATVY RIRATLAETY VI EFE
HydLa O EEWEKEDOREL &
Z DA WIRREE

Refinement and Formal Verification of the Declarative Semantics

of Hydla: A Hybrid System Modeling Language

2 H 202141 H 25 H
feiE W AR Ba%

WtgesaiEsts @ AIATERA LT 5T

EARE R ﬁﬁ’?‘fﬁiiﬁ%’%ﬂ
TEHRF T - THHOEEE I

pEERE - 5119F105-5
I &2


https://core.ac.uk/display/392354835?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

B

NA TV Y RYRAT LIEERZ L #En 2 b2 @D IR AT L TH Y, h¥ER, FH
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Abstract

Hybrid systems are systems that include both continuous and discrete changes.
Hybrid systems can represent a wide range of systems, including dynamical systems,
circuits, and control systems. HydLa is a hybrid system modeling language that en-
ables concise descriptions through constraint declarations and constraint hierarchies.
HyLaGI, an implementation of HydLa, featured error-free computation with symbolic
parameters. In HydLa and HyLaGlI, solutions are obtained by declarative semantics
and operational semantics, respectively.

As an application of declarative semantics, we can prove the equivalence of different
programs by comparing solution sets obtained from the semantics. In addition, when
we consider a particular program transformation, we can prove that the transforma-
tion is safe if the solution set does not change after the transformation. On the other
hand, since there has been no theoretical study using the declarative semantics of
HydLa, it is necessary to re-examine the semantics itself. Because of the complex-
ity of HydLa’s declarative semantics, it is also necessary to verify the calculation of
solutions formally using proof assistants instead of pen-and-paper proofs.

In this research, we first examined the existing declarative semantics with example
programs. As a result, we found that the redefinition of trajectory and improving
the way implicit continuity is handled are needed. Based on this result, we defined
trajectories with an extended codomain and their limits, continuity, differentiation,
and so on. Then, we proposed a declarative semantics that deals implicit continuity
dynamically. Also, we proved that the proposed semantics uniquely determines a
solution to a deterministic example program, and as a corollary, the programs are
equivalent.

We also implemented and verified the redefined trajectories and the declarative
semantics using Coq, a proof assistant. We proved two kinds of properties about
trajectories. First, in intervals not containing L, limits, continuity, and differentiation
are the same as those of ordinary functions on real numbers. Second, at the point
where the value is |, we proved that left continuity, right continuity, and continuity
do not hold, and the derivative also has the value 1. For the declarative semantics, we
proved that certain parameterized trajectories are solutions to an example program
containing a parameter, and as a corollary, one of the trajectories is a solution to any
program in which the parameter is instantiated to concrete values.
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1.1 BRCAW

HENERS IoT O & 5 WYHRRBEZER 2 > ¥ a— & Eo{RAEZER o oM E/E
TR VDY AT ANDELDEEE > TWS., TDOX5%T A7 MFHANE, R
HEATICHE S BIRZER O o IR L Gl ) &, JEPELL e 2ICRET S
WERIREEDZ (L (B L) 2K DIET. ZOHME by B (L2 IET S AT 4
ENATVy RYRT L[] &0, 155% - [ - iR 7R EIRANTHOS AT L%
RHETZeNTES. HIEHBOIIRI AT LDBWT, AT DRI BNE
I2b—YarIidIeR, TORLMICHTIMNEEZMAET 2 L 3EETHS.
A7V RYRTLZHBANTET Y V73 2FEL LTI, "7V y RE—F< b
Y2l X B DHRINTHS. NA TV Yy FEIRTLETY VI EeBICEKRA2DD
DBH5[BHOD, N TV FA— b by RREICLETRIZERETHE. N TV v
R RT7 LETY 7555 HydLa[4][5] 1%, HIFOEF Ll 6] 1< X o TR
ADFRETH 5. ™A TV v R AT ADBRIHIfZ WS LTilicid Hybrid
CC[7] 3% %. HyLaGI[8][9] ¥ HydLa ®FE> I 2 L —& T, iBitHEICk > TH#ED
BROETEZIIUDE LIRARBERERRELTVE. N 7Y v R RT LK LEER
7 7a—F %275 Y=L LTIEIZ KeYmaera X[10] % dReach[11] 23% %753, ZH b
WY a2l —XRTRBLAMEEY —LTH 5. FRXMEFHHEICHESYIaL -4k LT
Acumen[12] % Flow*[13] 23% %. HydLa & HyLaGIL \ZBWTHRIZZ N ZNE S HYEK
BRI EMGRIC I D ERZ N TWS. EENEKREIZEEHE s 7 I v 7ItB0n
TFur 5 LD EATH 202 HRNIERLZdDTHY, BIENERRLIZ 0
75 LOFETFIEEZHE LD TH 5.
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BEmOIHE LTEME DIEONMESZHKR T2 TR 077 L0%
MiEZHETE2I D TES. 7077 0N L TREDEREEZ 2, 0D
IR THREENED LR TNIZ DEMIZETH LI b rd. /T TINETI
HydLa iIZBWTEKRZ WK R o720, FIIEEKRBEAROEMRG b HET
H5. ¥/ HydLa DESHERHRIIEHTDH 2720, KR TOIEATIIZ < EHEE
HXERERH WA TR > THAEEBIE T2 2 DR ETH 5.

1.2 ZARERX DS

AL DORERELLTITRT. FH2ETEIANA 7V v RO RAT L RTEHRNICHE SN, T
Vy RYRATALETY /58 HydLa O & BRGROMEICOWTHAT 2. H3 &=
TlX HydLa QSR HyLaGl Ll S X > TEBHEI N TV A EEEZMHN T 5.
5 4 B TI3E 6 T HydLa O E 5 NWEKGSRE IV 2 EHEEHXER Coq 220
THHT 5. % 5 BTl HydLa DEFOE SIWEKMICOW TN/, ZOMEE K
DENZRRTA2EENBERABOIBBIZOVWTHRNS., H6ETIIE S BTHRETLIE
I DWW T Coq TORAI K UMAEZBRS. 7B TIEISROFBEL RGO F &
DIZDWTHRANS. F7258 2 &, 5 3 FIECHR [9], 555 FITSCH [14] B EITR - TV 3.
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HlFICED < &5 HydlLa

HydLa ZHIHDES L HIFEBIC X o TAL TV Yy RYRATLARETY VT35
TH5. ZOBETEANA TV Y RYRATAIZOWTIHBAR#1Z, HydLa DR L Bk
OMEZFHAT 5. REIIS (9] BEICR-> TV 5.

21 NTIVYFRIRTL

NA TV R RT LIRFE OREEIC & b BRWIREEDBERZE L, b L Ak d 3
SRATLTHE. N TV v FYRAT LIHERCR - EiiRkzwa L, S5 - Bl - filE T
FIRE DR IR ANDICHDN D 5. BIZIETFETIE, VRIS BB 5 M3k
ZTH D, HRICK o THRER EDNERICZELT 2 BB DL TH 5. [HEET
X, EPEIREE - EEIRENEGELTH D, 24 v FUIDEXOBREPHRENLTH 3.
— R HIE T2 TR NEREEDIY) D b 2 B DSEERCZE (LT, 2 DSt DR I3 22k
TH5.

NA TV RPRTLZEANCETY V755 FEE LTERD FKAILNATVWEDIE
NATVY REF—Fr b 2] THSE. N TV Y FA=F< VO ZATIZERS.

EE L N TVY FIRATA HBROBEEDNSRS.

B
ZHOARES X = {21, ,2n . n I EXCBEMIND. WD ERST Ky M
ELEMOEE {21, 0, } & X T, BEENBRERT Xy > ot ELEHOEE
{2,z } 2 X T&HL.

w#s > 2
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ARAMZES 7 (V,E). VHOHEKFZaY tr—LE— NN, EFo
WhEaY ba— 2L v F LR,

EAR M, AEFE, 70-%H&
H v e VI LREEZEI D 4T 58 init, inv, flow. & init(v),inv(v) FOH
HZHE X 1B L, % flow(v) FOEMAZHIZ X UX ITBT 3.

Ty U TEME
% e € BT LibaEZRE D 4T 2B jump. £ jump(e) FOHHZEEIZ X U X'
KBS 5.

IRV b+
ARV FDOEREE S &, AXRVIDEID YT event : E — 2.

NATVy RAE= I b EEENRA T2 7 P ROTHIWODES THS. — /5T
NATVY RYATL%EYIal—2aryTi00Y - L TEmaNa#RE &
Modelica [15] %, R 7075 IV 72 RX—RIZ L% Zélus [16] REDBDH 5. THUTH
L HydLa X, $lfyRN—ZADFFEEINA 7V v RO RATLDELIVET Y ¥ ZITHYR
DHPEVIFED T THEINLFTETDH 5.

2.2 HydlLa DX

HydLa OFM7 SR OWTIRN 2 F1IC, fHE 2 E]% AW TZ2 DR Z RN 3.

X 2.1 ICKRZEBkARZ KR —1D HydLa 7077 L%/R3. HydLa TIE2E TOERIIRE
Mo TH 5. HIZIEER y 3B y(t) (t > 0) OB TH 2. K21 DT0r I LT
X, Ey, vy, vy BERAERAR-LOEE, #E, NHEEEZRIFHEOBEBTHS. X
CHD3TIHIES 2 —b, 3 LIFHITEY 2 — L e MEN 2 LRI 2 F 0 EFHET
H5. FRNIM I ERRIEEHEL S 2PN TE S, INIT E 87 X —&{bEhi
R—ILDOHHANIE ¥ WHEE 2 EFR L T3, FALL \ZHMH% F%, BOUNCE X R — LK T
Bk BT 2RI LTS, “always” XN 2 RpHERENEE 7 [ 3HlR 2R iz
BRI RIS D LB HT 5 Z e 2 RT. REHEAET-3Z20LBOEMREZRT. F
ZIE y-(t) FBEE limy ,_oy(t) TH 3. >@ZERERITMEEE T CTH 3. 5/THT
WBINO6D3DDEI 2a—BEDISTHELEI 0, EY 22— LEOHMR5EX
CEBICHESLTWS., 2O 7825 LTI FALL X BOUNCE K D5 EFEINTWVT,
BOUNCE & FJE L7z & X3 E N 5.

HydLa OB ZK 2.2 IZ/RS. Z 2T, dname, cname, vname (& ZNZNE
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INIT <=>7 <y <12 & y’ = 0.
FALL <=> [](y’’ = -10).
BOUNCE <=> [] (y— =0 => y’ = —4/5 * y)_).

INIT, (FALL << BOUNCE).
//#hylagi -pl0

S T = W N

2.1 YIHIGIED T X — &b E Rz Bkia s R—1 D HydLa 71 275 A

(HydLa program) P = (Def| Decl)*
(definition) Def = dname()—()){Decl} | cname()—f) s C
(constraint) C = A|CAC|G= C|IJvname.C
| OC | cname(ﬁ)
(guard) G = A|GANG|GVG| -G
(atomic constraint) A 2= FRopE
(relational operator) Rop = = | # | > | > | < | <
(expression) FE 2= FE AopE | Prev| constant
(arithmetic operator) Aop == +| — | x | = |~
(previous) Prev == D | D-—
(derivative) D 2= wvname | D’
(declaration) Decl = M | Decl, Decl | Decl < Decl
(module) M = O dname(ﬁ)

2.2 HydLa OREZ

7, K, ZHOLHIERT. EFR Def TIIHFMT EHK e FRICHOEEE S0 XS
RATNEOESIERTLIIDTES. 250D 24 ERT ST
5. fill#) C OWSCTIEA — M EFFI DRI always RTINS Z L ZFFL TS,
HE Decl TIHHAET “<” OMEEIX “ Ehdv@EV. Z207DHIZ X A< B,C &
(A< B),C 12 L.

7 2.1 12X 2.2 DG L HIETH W S5 2 BRSO IGE RS
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& 2.1 RS BARSCORIG

Abstract Concrete | Abstract Concrete | Abstract Concrete
< << # = U (]
& <=> = ! 3 \
> >= % \/ or |
< <= A /\ or &

INIT <=> switch = 0 & timer = O.

CONST <=> [](switch’ = 0).

TIMER <=> [](timer’ = 1).

ON <=> [](timer- = 1 => switch = 1 & timer = 0).
STAY <=> [](timer- = 1 => switch = 0 & timer = 0).
TRUE <=> [](1 = 1).

INIT, (CONST, TIMER) << (ON, STAY) << TRUE.
//#hylagi --fnd -p6

© 0 N O Ot s W N

X 2.3 JEPRENZAAL v FDETIL

2.3 HydlLa DEKAROBE

HydLa 70127 AOESWERIZ T 0 7 20 TEZ 5N 50z THEOES
TH%. 7272 HydLa BBHRLTEY 2 — LV OMKETEFEAEZRAT 2. ZITRE
K O EEZL A D A fifiL 5 .

F—OMlH e LT HydLa I3IEFREMZEFF L TW5. HydLa IZBWTIEREMIX 2 ©
DLV TEL S, 1 DB3VHMESXETE X 5N TV ERFD X 5 IZHIFES D EE
HHGE, I 1 OIMBAETEESH —BEICEZOLRWEAETHE. BRI 0TS
LHNZNR TG X —=Z B THAET 5. FIZIEK 2.3 1%, timer DED 11272 5 72 TNT A
4 v FOMEPIFRENCYID D 2HITH 5.

H_OfHE LTru s I 2 THRINICE 2 &N 2 HIEEHLE 2 VE S 2 DI+
TRV, flZEK 2.1 DFRZHRZ R—LDEFILTIE, R—LDOMBEIZOWT, IR
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M5 2 5TV BRI & NEGEDPELP N WR D EHTH S 20D 7L — L NHED
BERICREZINS. 75 TRITFIUE, BBk ERICIKY -BEI2 BT 2
T5Z X TERY. ZHUIREEROERE & FHIEN S. BEER oM 2 Do BRI
DWTIE 5 ETHMNICIAR 3.



E3E

HydLa D2 S5ALIEZR HylLaGl

HyLaGI & HydLa QR TH D, N4 7V v N AT L DIEPRIEN DD i 72
YIalb—=YarEiTo. Z0ROOELFEL LTELFEZHVWTWS. XL
HyLaGI i3 &/MfERZ LR Z 0B o Ridifk & U THaICXEEFIE SR LTV 5.
HyLaGl iIZ&X 2> 3 a2l —a V3R TERAEZHLTETHRSA Y 7 =2—X (PP) & A
VE=NVT 2= (IP) ZREIZHED KT, BRTHERMHFIET I 21— a YHADERAIR
T2 =X HBZ5ZeDTES. IP DFFETIEIARNI X=X 2 G50MA HERDKE L
R OB OB/ IMERIE DO RIEE (TS . BT X —RIC K ZIEPUEM U TER
ICRR 2EDRE 2B 2D 5. ZDHE HyLaGLIZHEIMWITHE 2T 21TV, &
I — 2O T2 8T X =X OHFEEFTLBINCKD 5. Z DRLENREGE D FIEHIKI Y L
NIZEBEIEFREIC K > TEEINTWVWS. HyLaGl OFFMlZ 713 ) X 2IZDOWTIE
XHER 8] 2B L. ZOEDED TIFEENR Y Fu—F It k> TEB NS HyLaGl
DIEBEEICDWTIHIN S . ARFEIISCHR [9] DIEITHR > TV 5.

31 7H—o3>

HyLaGI 3| ZERIREEOFRETNVIREZITA 5 & 5, f#illi#% H\ - ASSERT 242t L
TW3. BMALZLZWEEIX G 27— F&fFe LT, ASSERT(G) £ &<. ASSERT(G) DE
SNZERIZ 16, dLIX UG => false) ERIUTH 3D, Mt €7 L DR
WBEDEEST 272 DICHIOKEE L U THREX T WA, ASSERT(G) X G MBIk -7z &
2, IFRENZS I 2L —arD55D0%A T 200 AZHMT 5. TH—2ay
WEMEED AT K, WEEORFICHAVWSN S, HREDKFRITOWTIE 3.4 HiTiHh

ND.
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eps

o= Qo

3.1 =fkEize

32 47>AYE—F

NATV Y FRATLADETY VI TEETAD UIE UIEREN RIS 2 223 dH
%, REMZIRM 3B Z0E, RO LSRR TH 5.

1. FOFZR—IHEkRE Do TWVARICEE Y RICHEIRIICRN D) 5.
2. 20D LTWVWAR—ILDOFHFIZ3IDOHDOR=—ILBRDO05 (X 3.1).
3. 20D LTWAYHKRD I HEMA, W ZEH»T.

1 OHOHNIFFITE X 2 0[8E1E1X 0 TH 2203, R—HBEDLKRICOTPICREL H25
REOMIRY LTEZXZZ2IETES. 2 0HE 3 oHOHNIIIZ, 2 00WiERDHL T DI
A TWR VI RHEDOMBR X 51 3. HyLaGLIZ EOBID XS REFTNLEBED
Sal—YarvolfRe LTEHAET 24 For Yy E— R2RHL TV S.

A 7> rE—FTIER 32 DX IR NEZRT IR -2 L TLEE eps Z2fES.
ZH eps X, &7 = — X THMAREFEESOEHE ZNUCX > TREZZERBOEEFE
L7245 T, BROEINPRESIND. ZLTETDT7 2 — XD T L7 T 0 NDORER % Y
3. M3207077 L TRERLD3ODR—AB—ERA K, x2 ¥ x3 X eps 72
TEER, x1 2% x2 IZMA1D o THEE 1 Tl - T L. K3.2D7027 5 4D eps Hhko 7=
YIal—ra iEREK 3.3 I1TRT.

“HRERICEIEA BN =Y a B 6N, 2 2 TIEEED SFEFICEAFO
R—IVCHZET5ETNV (1T 2EZ 3. K34D4THO LS IZ, R—IVIRL2HE%R
FioTws 35, ZOMBETIIR 35 ITRT LT, KR eps DIEDIEEITKFL,
FEMRR & AMRBRIE—E L 720,

TATvIDTNANRERBA TRy E—REMFS L TRHETE 2. FUXBEBIEX
3.6 DX I, D eps TIHA 1/eps TH % &k 5 72BE T, eps ZIEAID S 01TLDF
TR E 2 5N b, TAXBEEIZNECET 2 BREN R EREE RSB 2 4 Vo8
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10

1 |INIT <=> x1 = 0 & x2 = 5 & x3 = 6+eps

2 & x1° =1 & x2° =0 & x3’ = 0.

3 |EPS <=> 0 < eps < 0.1 & [I(eps’ = 0).

4 |CONST(x) <=> [1(x’’ = 0).

5 |COLLISION(xa, xb) <=>

6 [J(xa- = xb- - 1 => xa’ = xb’- & xb’ = xa’-).
7

8 | INIT, EPS.

9 | (CONST(x1) ,CONST(x2) ,CONST (x3))

10 << (COLLISION(x1,x2), COLLISION(x2,x3)).
11 |//#hylagi --fnd -p6 -el

X 3.2 Z{kfEZ2D HydLa 712 F 4

K33 K320 Ial—ariER

IWANBICHWRE Z e TE 3.
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1 |INIT <=> x1 = 0 & x2 = 5 & x3 = 10+eps

2 & x1° =1 & x2° =0 & x3’ = -1.

3 |EPS <=> -0.1 < eps < 0.1 & [I(eps’ = 0).

4 |MASS <=> []J(m1 = 0.2 & m2 =1 & m3 = 5).

5 |CONST(x) <=> [1(x’’ = 0).

6 |COLLISION(xa,ma,xb,mb) <=>

7 [l1(xa- = xb- - 1 =>

8 xa’ = (xa’- *(ma-mb) + 2*mb*xb’-)/(ma+mb)

9 & xb’ = (xb’- *(mb-ma) + 2*max*xa’-)/(ma+mb)) .
10

11 |INIT. EPS. MASS.

12 | (CONST(x1) ,CONST(x2) ,CONST (x3))

13 << (COLLISION(x1,ml1,x2,m2), COLLISION(x2,m2,x3,m3)).
14 |//#hylagi --fnd -pl2 -el

X 3.4 BHEDNFX—&{LINT 3 KEZE

33 NMTUVYyRA—-FIFVE—F

HyLaGI 13:8%, Ao/ 7 -8, dLAE¥Iar—ya YIRZOFEZIT
5. BEANDHEDOE D B TEFHINZLEZSZ LT, $2 72 —XTDOI AT LDIRREZ
ZOALEID 7 = =X TOREBIC X > THEEINTWVWEIDLE I DEHFHNDLZENTESL. Z
CCHREE XX, ZHofE (P 258 HAIhEEY 2 - LVEETHS. RAZN
7o — R EHHOT — FORBIZZD 2 O00n5EL 2N TES. ZOREDEEIC
FoTERD 72— R Xk > THERD 7 = —XDBRERHTESZHdHD, HyLaGI
TEAN TV Yy FA—FT PV E—RELTEEIRTWS., N7V y FEF—b< bV
BRETNLTY XLDFMIZONTIE (18] ZZHE L. " TV vy FA— b= b 2R
T 37=HI121F, BROPHMEZ YN T X — XL LRI 520, Bl 213K %2 B
2 R—ILDFITIE, M3.7TDEIICEHTDOVHMEZTRII NI XA —=RLTI2HEDND 5.
M 3707077 ah oo /REER S 72K 3.8 ITRT.
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N O Ot s W NN

[=2]

[=2)

3.5 34D IalL—3a UiER

TIMER <=> timer
EPS <=> 0 < eps
OFF <=> [J(v =

ON <=> []J((1 < timer < 1l+eps) => v =

TIMER, EPS, (OF
//#hylagi -el

= 0 & [](timer’
< 0.1 & [](eps’
0).

1.
0).

1/eps) .

F << ON).

X 3.6 TLAXEEDETIL

34 NAMTVYyRIATFLOUB—EDRER

W 35 2 oNFa— L2/ 3 & 5 RPIHELEERkD 2METH 5. HyLaGl
X, 7V =23y G RX=R0OEENBGET T EHAEDELIE TN, Ty P
AT LDOHEZR Ze P TES, 2077 a—F3a -1 56 D0HFEITTIERL, |
HHEDOH BRI a2l —Ya VIZEISWTW3S.,
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INIT <=> y > 0.
FALL <=> [](y’’ = -10).
BOUNCE <=> [] (y— =0 => y’ = —4/5 * y)_).

INIT, FALL << BOUNCE.
//#hylagi --fha

S T = W N

X 3.7 HEINIEN T X — LXK E kLD R—ILDETIL

init

Phase 1
y <=>ply,0.1]

y' <=>ply,1,1]
y' <=>-10

Phase 2
y <=> ply,0,1]+t*(I*(-5)+ply,1,1])
y' <=>1"(-10)+ply,1,1]
y" <=>-10

Phase 3
y<=>0
y' <=>(20*ply.0,1]+ply,1,1]"2)"(1/2)*4/5
l Y
Phase 4
y <=> (1"(-10)+p[y,1,1]+(20"ply,0,1]+py,1,11*2)*(1/2))*(t*(-50)+5"ply,1,1]+13"(20*p[y,0,1]+ply,1,1]"2)*(1/2))*(-1)/100
y' <=>t*(-10)+ply,1,11+(20%ply,0, 1]+ply,1,1]*2)*(1/2)*9/5
y"' <=>-10

X 3.8 X3.7DEFNHLS HyLaGl 2E15E L2 REER 5 7

TP TIARFIE LTHR—NAA VT EHS Z2ODIT LT R—ALDITE S 2E X
5. Iur7 %K 3910, x AADOHLREIF AT X =L L, v A FAOYIHEITHE
EOREZXN 101225 X5IEDS. RA—0iF x FANCEETHEA, v AR Z B
RBEIR—NLDESICIRES. vy 795 L 10 DRICH 3 & LT, ASSERT I3k —LA
YOI BNRT R =R ERDBT-DIHES. ASSERT DHHIZ A AHl#1%, HyLaGI 53
K% RD 2710, RDOI2WIT—ILDOBEELRE. ZOHEF I (y = 0 & 9.5 <= x <=
10) TH3. R31KCK3IDLELNZR—NDIRDZ TN T X —XDEFHDIILE
RT. 272U, “bounce” IR —NDGHEIZ &, “cup-in” ER—ADH Y FITAB L
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X 3.9 Fk—nArvRiE

1 |INIT<=>x=0&y=0&1<x’<9&y’> = (100 - x?°2)70.5.

2 | AXCONST <=> [J(x’’ = 0).

3 |FALL <=> [1(y’’ = -10).

4 |BOUNCE <=> [1(y- = 0 => y’ = -0.8%y’-).

)

6 |ASSERT(!(y = 0 & 9.5 <= x <= 10)).

7 |INIT, AXCONST, FALL << BOUNCE.

8 |//#hylagi --fnd -p10

X310 K= AYT72DDDRITRA=K%RKD2 HydLa 07T A

ERT.

Z 23K RBREZH WA ZEN T 5. HydLa ©CiEE always #ilfy OC
PEBOREFICHENE Z e ZFFLTWVWE. 2D X5 RHlIFNIKEN 2B (persistent
conseqent) & MHIN 5. KRB O(G = O0) 3@EO S — P EHlfy e £ b,
—ERiI G DD 2Dk, B C IR IbHTS. BFECEH ol
BREOHIKE LTEMAINS. —EREMINLHIRESI N R W0, KRR
B AT LD RIS 2B TE 5.

X 3.11 IR ZBRZ R—ADBRICERX =B EZZD5BIEBh3ETVERT. 4
17H ® BOUNCE T, HE®D 2 FILHIT 2 X X — I DIRICE LT 57 NICERE I L 55k
FERLTVWS., EEINLZXX=—IUDDLMEICET S, RIFET LTS X1
5., ZHCE o THRDPENZZE2RT. YOXIREZHTRIENZ DEIET S
7202, R=—NLDOEIVIFATHS VO HlZ 7 —>a s, £ 321K
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3+ 3.1 3.10 OFEITHER

R—IL DR 5 FEN RT X —RDHH
. [\/5(20—@) \/5(20+\/E)‘
cup-in )
2 2
36 — /935

bounce, cup-in

5 5v/Id—10
3 T3

[5\/244 — \/50511’5\/2(61 — 6\/%)‘

bounce, bounce, cup-in

122 61

82 41
3 ’ 3

bounce, bounce, bounce, cup-in

[5\/1476 — /1952951 5\/2(369 — 21/30134)

bounce, bounce, bounce, bounce others

3% 3.2 3.11 OFEITHER

A= DR % FHn 2RT R — R DHIPH
bounce, bounce, bounce, bounce, bounce (5, 7812500/968561)

bounce, bounce, bounce, bounce, break |[7812500/968561, 312500/36121)
bounce, bounce, bounce, break, through [312500/36121, 12500/1281)
bounce, bounce, break, through [12500/1281, 10)

3.11 225 HyLaGI D35t E L7z S AT A DIRZ TN T X = XFHOMIGERT. 22
T “bounce” IR — LK THRZEET %, “break” 1FAR—IILDIRTERAR TR BN 2 5
F7%, “through” IZR—ADENLRKZ@ED BT 222K T.
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O 0 N O Ot s W N

—_
e}

INIT <=> 5 <y <10 &y’ =0 & d = 0.

FALL <=> [](y’’ = -10).
CONST <=> []1(d’ = 0).
BOUNCE <=> [J(y- = 0 => y’> = -4/5 * y’-
& d =d- + y’-"2 / 100).
BREAK <=> [1(d >= 4 => [](y’’ = -10 & 4’ = 0)).

INIT, (FALL, CONST) << BOUNCE << BREAK.
ASSERT(y >= 0).
//#hylagi -p12 --fnd

3.11 KEBRZR—ADIRICERA =D %E5Z5FET N
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FA4ET

EIFFFEAZ IR R Coq

4.1 TEIFFATERC Coq

EHEEASRR L a v ¥ a =2 2 O OBERN RO XIRZTH> YV — 1D Z e TH
h, BHIOEED A4 77 VILRHHD B R T v TDIE L X OFRGFE, HEREHZ & DR
WHb. AV a—x% WA EHEEEIAS R 2 W ZEEIIXIXIIZIEATRTDH %
23, EEEFIH IR HEET 2 URITIEZ 5 Thhr o7z, Fliidara—&EHVzE
B U CHGRMEEOE [19] 235 243, Z ORI TIEMAHZER I H b T
VAQAN

Coq \ 3 EHEIHZIERD 1 O TH 3. Coq ZUTD XS LA|EZ2H-TW3.

o BEBIATIY WREBSATI7VHDH2)

o HIFMHBUERY (B Z \XMIFR D3 TR b Cldz < BEBEZEM L TER S ATV 3)
o W< DD HEFER

o HAZGD A—FHZL, EHRLPTL

F72 Coq ZHWVWFERH & LT, BB W TIIMUEER [20] a8 ECER [21] 28, ¥V
ZhY 2 7IZBVWTE C 2284 7 CompCert DIRGEE [22] 235 5.

Coq DINN D EHFEHR R R & L TIX Z Z Tl Isabelle/HOL & TLA+ %227 5.
Isabelle/HOL ZHW/GEIHE LT, BHACBWTE T 77 —FHR (23] 23, Y7 v =7
WBWVWTIE A 71 h— )b selld OMGE [24] 235 5. TLA+ IZFICHHS R T L DMK
AECHWHNTED, Amazon DynamoDB & Amazon S3[25], Azure Cosmos DB[26],
TiDB[27] %% & TORHDDH 5.

KEFLARETIIE 6 ETHE L 725 Coq DEANZIGEE R A 77 VITOWTDH
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HZ175.

4.2 Coq DIEX

Coq TR % < Vernacular[28], Gallina[29] BLUIE 771 v27 [30] D3 DIZL-T
e & AEZ ElIR LTl

Vernacular 3 E SR ERE, mEPIMEHORG LK TRE, Coq 7R F LD 5 Bk
AR OER D 2 Gk 3 2 FFETH 5. F7% Vernacular a< > FE& L TR TS %

Require
Coq BV 2—NDA VR=F+BIILI7 AR—-1FDLDIZHWS.

Parameter, Axiom, Variable, Hypothesis
ZRB IO L TlD 2D EE #1795 . Parameter & Axiom (71—
NIZEETH 5.

Definition, Example, Let
FEFK%ZITS. Definition ¥ Example {I7 R — NILRERTDH 5.

Inductive, Fixpoint
INHBHEFKEITS. Inductive IXIFMIVAREFR %, Fixpoint X FEIS % W2
ERZITS.

Theorem, Lemma, Proposition
% FN T %, Definition ¥ FHliTH 3.

Proof, Qed
AEHHE— FORlR e T 2K T,

Gallina BXU X7 7 14 v 713X NENGEAZ EEL, FHEIICERT 572D D EFET
»%. Gallina (FHDELABDAIHNT, FHEEX 774 v 72V D0EHTH 5.
JHIZEM T D &5 REEDN D %.

EWELF

5] - forall n, 0 < n
RAEL

il :funn =>n +n
RyFoT

f5] : match n with 0 => true | S m => false end
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if then else

fj - if eqnat_dec a b then a else b
Rig

#l :let x := 1 in x + x
BIREH

f5 : fix func n := match n with 0 => 1 | S n’ => n * (func n’) end

Coq DRI T 4 v Z3EREDHY, LT TIERTOIHTIXIZMEIHEONS X 57
bDDAEFNT 5.

intros
BLXNEBPERE O 2 UEIEMNT 5.
unfold
EREREMT 5.
apply
g ez @MY 5.
rewrite
FAE
destruct
Gam Iz,

|

Y

=1

N

Coq WIFFAEHZHENL T 2 X7 7 4 v 2 Hi 5. TRDBDELITICHNT 5,

auto
intros, apply, assumption, reflexivity D&% HWTAEHZRAAS.
omega
FEAZEO TV AN —Bifi O Z AT 5.
ring
BRICB T 2FAZANT 2. FICEBIIRTH 50T, BB T 2FAZAHT
5.

congruence

FAZE DA THIRIH 2% 5.
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43 Coq DEHMZ1TZV)

FRDOZ S ZFHERARRTH 570, EHEHAXERTRIFERERORE LM T 5 2
LIITERV. 22T Coq TRREHOEWMER EZHFIZAHE LTEDTNWS., 22T
& Coq DFEEZ 477V D55 Coq.Reals.Reals BTV AKR—F L TWVWBHDEHN
T5.

Coq.Reals.Rbase
EHDORH, BRI D 5 RZBANOMDAL, F e AERHT 2 EM LY.
Coq.Reals.Rfunctions
KEEDEAN 2B, FHCHEREBE . L TOMHESFERZ2 20,
Coq.Reals.SeqSeries
B0z B 2 B
Coq.Reals.Rtrigo
=ABAENCEE S 2 EHE.
Coq.Reals.Ranalysis
RIFHTICE T 2 EH,. FRICFEBICE T 2 MR, Moo zat. FEICHIT 5
MRRRIZ FEFRITIE Coq.Reals . Rlimit THEMEZEM L TERESI N TWS. HATEL
HMoN7ERE RZD, limit_in TEMERZNS FAIIEVWKRE LTRICHEZ E -
THRWIZ L ICFEEY X (continue_in, D_in TEXELRZHZERLTW3S).
Coq.Reals.Integration
BT DWW T OEHL
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ARETIX HydLa 701277 2 OFMHEHIEEE X 5. 1ZUBHIC HydLa 1281 2 HFD
HEMERRICOWTHE L7, HyLaGl O EREWKRZ D ANH- R ESHE
Wi e RR L, flECBVWTZoZY R R2. 02T 20t EZ YR ofR
YLTZo6N5. DI, HICEKMRE S -G aCRESNEKmREETD O TS, K
BIISCHA [14] DFEICH > TN B,

5.1 BIFDOESHEMRROEKRE

BMEFEOESNERKR e LT LEHOIZX 2EKER (6] L MARICX 2 EKR 8] BdH 5. M
AN & 2 EMGERE B 512 X 2 BRI U TEIE L 3Rb 21T - 723 DT, FHZ hybrid
trajectory AL TW3 728, KiiXDOR—2AT5. D, BEFEOEKGRE S - 772%
BITIAIC X 2 B E e 7.

511 HEHEDESIE

B O E SNERWRIIZEBICOWT, ROBEROEREL I E 7L — 2 HEEA
LTCTW53. THydLa @4V P FILDOEK@RTIX, 52577z HydLa 7'v 2 7 L2H Ol
CHHIEHOMBICERT 210, ZOERIIRGERINEBETH S, 0D X 5 7kt
O BEIYEWVEBEERZRL, C X EVWEBEEEZFOMOEIR L D IFWESLE L K
.1 Ok [8] £ DEEHR) 0 k5 HFOESWEKROBEROE L HydLa 7
0277 2 U THEINCRE L TV 2 L WO RHEDI H 5.

METDOIRD & U TEHFO B, FHCHEEROERENH 2BEZYTH D 2 & ZHER
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1 |INIT <=> y = 10 & y’ = O.
2 |FALL <=> [1(y’’ = -10).

3 |BOUNCE <=> [J(y- = 0 => y’ = -4/5 * y’-).
4 |INIT, FALL << BOUNCE.

X 5.1 BEEEZHVEKRERRZR—1DOT0 7T 6 P

T5. FIZEXK 51 DX RKREHNDZR—1D HydLa 70275 P #EX 5. 0D
727 MEK 2.1, 3.7 IZER U0, X EEREITH B, BEROFHEEEHEL
T2 DIHIITHN T 5. HydLa OESHEKRX, SRAITELERREZHL TR
BREREY2—NVORE (UUT, MAETFEES) 2RHAT2HEZME T 5. 20
7077 LTI ESE A1 {INIT, FALL, BOUNCE} % {INIT, BOUNCE} T» 3.
X 51070277 ACTHROERMEEEZS. EYa2— LFALLA y? KEKRLTWS
B, vy’ IZOWTOELDOHE ML Z 24 FALL, BOUNCE OiOBLEE 2%, 207
¥, FALL BRI R VBRICEBWT D vy ZTE2720EBICL X5 e 3588 (IEL
CIRZEMRZ R—ILOHE) ez s. 7€ 2—)L INIT, BOUNCE Dy’ ICENL
TW37®), yIZOWTOELGDOEKMEN Z 24 INIT, BOUNCE & D EmWELE L &
3. Xk [8] Tl ST WiRngY, INIT & b Ehn 2B OEE IR 0 TO A
DHDEEEZRZDONARTHS. Tixbb, K51 0707 S ATHIFFEREIZERCIZ
RD X175,

INIT << (y IXE&EHE, v IdHEER),
FALL << ([1(y’ (FAE&ER), [y’ IFHEER))
<< BOUNCE << ([ (y I&&EHe), [ (y IFHEESKD)) .

L7y o THEIZIIMAREFEER L RN 5 3FEY 22— VEEHIX 2 OTIERWV. 2L T,
R=NADPHIZDHEIBIEETOEY 2 — AN, K—ILDRICEZE L 7zBRE Tl
FALL, [1(y’ I3EES) DARRAZIN S Z 2T, R—IL3BRWEE e N > REigD
B, ZOfITIEENREROEREEEEZEZ 2221k Iu s T 2Rk, »o
7075 LI UHRIREDEE o TV 5.

AR RS ER O, EENEMR D BRI W XV v MHID 5 — )5 ThIEA
bH5. HIZIEK52DE 5% HydLa 70277 5%% 2%, 52070277 AKX 5.1
D7a 7 2L, FIHEEE T2 2w Ta s s o B R A LR S X
5. K520 K3IHN—FEEZ U XD LS ITHWT, y DETEH2UIDEZ 2
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1 |INIT <=> y = 10 & y’ = O.
2 |FALL <=> [1(y !'= 0 => y?’
3 |BOUNCE <=> [1(y = 0 => y’
4 |INIT, FALL, BOUNCE.

-10).
-0.8%y’-).

X 5.2 “FHZFIGEDKRZRR L K—LDTa T 7 4 P,

1 =>x’=0).
0) << (t =1=> [ =1)).

1 [ [1c¢0
2 [

X 53 A7 v 7E® HydLa 7027 L Ps

ZrZREMLTWS., L L RIEEROERELZE X 5 ¢, FALL 23y’ IZ, BOUNCE 23
P WRERLTWS., v, v XER TR TEELRVDR—IVITHL Z B TET,
BEXLZHEEZRE TRV 2R3 5.

X O MU E e LTIEN 5.3 D& 574 HydLa e ahE 2603, M53 Tkl
FTH DM D AL/ WY x2 ICENR L TWA 728 x 3EFEICR->TL WV, BfF
DESMNERRTIZA T v 7B 725720,

Z ORI R RS 2 1213 BR OB O 2R ET AR ELRD D, T TIEDOD
F#EENT 5. —DFBROEGEEL N EEREB T2 HETHS. BRI T —
A EHINC & o TGEMX N 2 BB EHE I, Zoflf e FEC A — R 2@ rEHfyo
HitFE 35, ZHUT K> TLETHART &5 RBEEROEBIEH AL U Wilie 5Enh
2 X5 RRMEREENS. b5 — DB ROEREEIZEFRIC T v 7 J 2 cEMEn S
DT RL, RAZhL OBEMRHNFTOERDOAZEHNICE R 2 HETH S, FERIC
HydLa O34T H 23 HyLaGl TIEFIEICOWTOHIKZEINBINT 3728, Fu
T L Pl L TIERZkR 2 R—VOHED AL, 055 P LTERAT v 7
B D AZ T 5. AR TIRRERINZ E SRR & BRIEN KR O i 2 &BHI,
ZOHOBROEMEZ BN S Bk IRR T 5. 5.2 BT, BEROEEL
IS ESENREBELL, ERRo LS REHBED 7 v 77 2L T EA
WIAEADPEE S Z e ZERL TWL.
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5.1.2 #haE

ZRIZ hybrid trajectory IZDWTHEIF 5. LA, hybrid trajectory % HIZHiiE &
X. HydLa \Z8 2 88 DM IFERKINIE—RI BT LR TH 503, 25 TRV
EEZDOVPEHRRGED DD, T2 ZIEREP Q2 R—LDFITIX, R—ADRIZEHT
ZBEENE AR — L DA BIXEE OEER T NAIEES D, Z8 vy 132 ORZITHM Y
EDEIDRENTNZEEZZ2O0HATHS. $LHEOHMILHETHLEEZ LD
BHARTHZ. LrL, BlZIEREBNQZ R DOHFITR—ILHEIRIZY 7 2 BREICEE
7O ERERTHY, ZUIHEOHEEDS R THLZ L ITKRT 5.

HIEXESNERRON— A B2 ETHZDT, 5.2 {HiTIEITHIESZ DM
HERTILEDND 5.

5.2 TR ESEKRDIRRE

518 THRAZE 12, WHERZ DMy OHERY L1k, HBEOEGE 28NS 5
SNEHRTIRRT 5.

5.2.1 #hE
W e Z2OMBEICOWTHU T TERLTWL.

TE 2. D2EB 2 PHETDHZ 2, H2P e RU{L} 1 <i<n)iEohi
B 2¢ ¢ (i) = R (1 <i<nm =071 < 7,7 € RU{o0}) XL,
r= (P (¥, 7),..., 22 (xC, 7,)) £ RoTVWB I THDE. DL Ex EZRDEI#
BIE[0,7,) > RU{L} ER—HF 3.

.CC(t) _ {xil (t = Ti—l)

.I‘C(t) (Ti—l <t < Ti)

DIFCESES RU{ L} THL2HBOMREEZ 20, ZDDIZIEFRU{L} ETOH
HrERTHIMHENDHD. RU{L} LOEAEFEIZOWTIX, 2 AR OERELZL R &
FRRIC, EHE600 Las LIckded5. RU{L} LoltigiEIcOWTIE, 2)E
FEGRIC L ZHEBARERTTE LTEMLEZEE X 3. SHBREEOFEMICOWTIZE
5.115RT. £5.1 IBVWTEBELOEEIZZME LT, RU{L)} Eoit#Eico
WTH, ROERLZL R EFMRIE, LA&6 LIZR2ET5.
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#5.1 RU{L} boltEH

S < | FER| L] ><,= | F& | L £ | FEF| L
FE % FE B || B
1 B | 15 1 B | B 1 " |15

R HEBR D e 2 BRI S BRERICRE 725 TH B RICBT 2800 71 OfER
ELUTDXIITEAT 5.

E& 3. f,9:[0,t) > RU{L} 2, a€0,t) £F2. [fDa TOEMED L TH
5] &iX

lim fz)=LZve>036>0vze0,0)

r—a—0

O<a—z<d=|f(x)—L|<e)

(f e TEERTH S &I

de,

LeftCont(f,a) = lim f(z) = f(a)

rz—a—0

~

HIRAE & GBI DO W T B FEMRICED 2. Ta T g DEBDAIHRRELTH S ]
CiX

~.q dgLeftCont(f, a) & LeftCont(g,a)
A RightCont(f,a) < RightCont(g,a)

MRRAE & HAE IO WTIE—RNRER LA CE S THIMNHAEIRU{L} D
bDTH25. FRMmEHKTH S Z % Cont(f,a) EFEZ, KXl t = 0 DAFFHNIC
RightCont(f,a) 725 Cont(f,0) &5 5. HBEOWMITEZRDLITED S.

EE 4. WU 2z 1N LR Z 7 T8 2/ (dom(z) = dom(z')) & x DWWV S.

(t € (rim1,m) = 2'(t) = 27 (1))
V (t =7,_1 A Cont(z,t) = 2'(t) € R)
V (t =71 A =Cont(z,t) = 2'(t) =L)

F2TO 7 (0<i<n) BELWVEROWE x1,..., 0, O (21,...,2,) ZRD X
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SIWED, TDEIITEL.

(X1, ., Tm)
def

= <<(m1)1ca ce (mm)lc>7 <<(m1)?7 SRR (xm)1D>?7_1>7
9 <($1)rc;a R (mM)g>v <<(QZ1)£, R (xm)113>77_1>>

HHHBEOMITIEt = 7,1 A Cont(z,t) BROEEDERHEZI > TRWED, —REITE
OV, HE y HERR D, i%2ibﬁ“’ﬁkﬂhii%ﬁm®mﬁ@ﬂ®%%
HOEDATHZDT, v DFEBEABIZy DATHZ. LrLy B EREEELRS
Y LEWEEND 2720, y ILFEETTEZTHEBRBABICE SV, ZD7-DfE
HiEZ# 2 2 BICITEBB S RIS Z 20BN D 5.

B 1. HUEOH L LCEZ [0, 13v2/5) THREBM S E— L OB E%T 5.
y = (10, (10 — 5¢2,/2),0, (=5t + 18v/2t — 26, 13v/2/5))

EHLEZE 2 2 BICI3MD ZIRINCE 272 K TRV RV T, HIZIERD & 5 73258
ENBREOMIEZ E AAHICT .

(0, (—10t,v/2), 82, (=10t + 18/2,13v/2/5))]

<1 0, (—10,v2), 1, (—10,13v2/5))

(.9, y")

«100 10), ((10 — 52, —10¢, —10),v2), (0,8V/2, L),
((—5t% 4+ 18V/2t — 26, —10t + 18v/2, —10), 13v/2/5))

0,

Y

522 E

::u
y=2a nHH

M

BEHRERORE DN W OB RS 28 AT 5. HydLa 70277 AHOfIF C
Z, BECO)={C},C@t)=2(t>0) eA—MT 2. LHHOES Ll DOmHmEE
ZF—Hs 5.

£ 5. RHEDSHIEE~NOBEBK C iz L, OEC* ZRD XS ICEDS. £ THE
Bt>0wxL,

e C(t) CC*(2)
e Ja€C*(t)=Vt' > t(a T C*(t))
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o C*(t) 13 bzt T R/PNDES

C=C*TH5E5% ClE0O-closured TH 3 Z5bNs. HINOES X 1ZxtL, X 2
5 0C O DFMHAZIM D FRWEEGE X\o t&EE, DRRLMR. HIWORE X 1T
ML, X 76 C) = C, DIROGmEXEZMD FRNEEE X\ o L EHE, = FRACIER.

O B, ERERWICIED LT D AL - 72 always HilfI D A B 3 2 LU 0 BT R
DIDOZZERLTWS. MUEZRE$ %, HydLa DESHERGERD LI IZED .
CZTQIEEY 22—V M Lt ZHD, FIOEEEZRTHEKTH 3.

EE 6. (T,Q) = P < (i) A (i) A (i) A (1v) 72721

(i) VM e P(Q(M)=Q(M)")

(i5) VM € P(M* C Q(M))

(ii) Vt3IE € MS (
(@ = {Q(M)(t)\o|M € E}) (
A=3E € MS(E C E' AT = {Q(M)(t)\o|M € E'}) (
A=z IE" € M S( (

Vil <t(@ (') =z(t")) AT 2: T (
NEC E'NE = {QM)(th\olM € E'})) (
AVdVeVM € E((T = d) A ((d=¢e) € QM)(t)) = e CQ(M)(t)) (
(

(

(

AVM € EVvar € Q(M)(t)\m\i s4)
((x = LeftCont(var,t)) = LeftCont(var,t) € Q(M)(t) s4)
AT = RightCont(var,t)) = RightCont(var,t) € Q(M)(t)) s4)

(iv)  Q(M)(t) WX (i)-(i7d) Wil THRNDES

(T,Q) E P 2/l-3 %, (7,Q) 2k, T 2PiE, Q ZBOIEED L IFHIFIAR b
7 MR, HIFIR b7 2 WS FESTT I HyLaGl O ENEKGRD SR TWD. EFKG6 D
55 (i) 13 Q A3 O-closured TH 2 Z BT 5. (i1) & D QM) ZEFEY 2 — N DRHE
M* ZHIZLTED, (s3), (s4) R ETHIFIAHEME 25, (iv) TRDZRHFINIA T
WRWZ e Z2ERT S, (40) IKDOWTFHLL RS, (s0) 3BRAITMAET GRS E 9
HBZ %, (s1) BHEIC X 2MHEOE D B TR ZR T Z 8%, (s3) FEEFRIDIK
DAL o 7 RICIZZ DRIV EMCIZ S Z e 2R T . IEEROEGE Z B 5 BKERO A
B2 EIE (s4) T, 2RO W T EREZ B, TRObMAEYEES
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DEY 2 — NVDENZHFNTIHNZEBIZOWTOAFIIRA N 7IEMT 2 2 %2R,
(s2-1), (s2-2) 1& (s4) DEBINCEDOBIEKRD (s2) DEIET, (s2-1) BT ITRLTE H
AT ETHZI e E2RL, (22) 07T LIZERRZRIBVETS2T TFE X KER
E 27z T HODNRNI e 2ERT 2. UBMEYL LT (s2-2) DEKRD (s2) TH D,
(s2-1) FZITEBMENTZDDTH S, (52-2) TT % T ZERLTVEDIE, 7 X—
REEL TR T MIONWTNT X —XOEIFER 2 HEWNCE L WHTEZ RICT 57
H»THDH, B £ LT EDPENSDIE MS ITEGEFIKDEENRL R oT7DTH 5.
(s2-2) TEEZBHD HRERLUFERE LT, (s2-1) 2380 LA g T e kiR
BXEEEG E Do THRA Ko TLED L ITHERE K.

53 HlE

Bl 2. EIM 5.1 D707 T4 PLicxl, RekRsHEDADRERZ 2 /5.
RYZBDIEIH 1 DG ERD QL THB. 7271 Qi(x) = Uy, Q1(M) L, SHilny
DET 2—NLEDRIZPIEKTS. £/t =2 Tl FALLIZRA IRV, Qq I21F
ABZICHEER L.

Q1(x)(?)
({y =10,y =0,0(y" = —10),y" = —10,

Oy=0=y =-08xy"—),

(y=0=y =-08xy'—),

RightCont(y,t), RightCont(y',t), RightCont(y",t)} (t =0)
{y/ =-10,(y=0=19y" = —-0.8xy'—),

—\ Cont(y,t), Cont(y',t), Cont(y",t)} (0 <t <+2)
{y/ =-10,(y=0=19y"' = —-0.8xy'—),
y' = —0.8 %y —, Cont(y,t), RightCont(y',t)} (t=12)
{y/=-10,(y=0=y = —-08xy —), 133
Cont(y,t), Cont(y',t), Cont(y",t)} (V2<t< T)

£3(7,Q1) PR TH20%EEZSL. Bt =2 AN TIIETORIKZ R LERD
I TH BT, Bt =2 TEDZL OFIfERAT 2HER & D2 < DR i
ZTHED R T IUE R, BB g1 At = V2 THKEET G S {INIT, FALL, BOUNCE}
ERAT2235. y—=0&D oy = -08*xy— 2y = -10DBFETE27-DZ1EdH
b 2. RIZHE 72 5t = /2 T {INIT, BOUNCE} ZMiKEFHEELELL, 7&D%
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ot EfzTeT5. y—=0&D ¢y =08y —,y/' =1L THZHZ2DODTZIhdDHD
AN, £oTy,QLIdRD 1 O5TH%.

K2 (Y, Q1) KME—DFTH2 2 R5. My BdHdL T 5. 73 OMKIET)E
EHR G EEUT, t = V2T T =73 2, t =2 ClaBE 7 3 iR
DEED Y LA RETH 2. F Wl T E RN ORED y L HAIRETH -
TREELRVDT, K4l t = /2 Tid LeftCont(y',t), LeftCont(y",t), RightCont(y",t)
DWTNDLDBDLDOREDD 5. LeftCont(y',t) D D LDO%5E, v DHEEEZEAL
LRWZEenb y # 0,y = —10 28hr0d. oTLWIThIILTSH ¢y’ #1 T
Cont(y,t), Cont(y',t) HE»N 205, t = /2 T Cont(y,t) A Cont(y',t) ZFET 5.
EoT@,Q) E7u T4 P OKE—DRTHS. ZhZEk->T, 7uZI7L6 P DX
RBFORERRICBWTHRICEKRPSEE 5 7077 220 LT, BEROEE 2 EIIC
P> B CHARICERIEE 2 Z L MR TE 7.

Bl 3. Ks.207urIn PLizxtl, KeEMQIHEDADRE LIRS, Rt
RBZDEH 1 DG KD Qs TH B,

Q2(%)(t)
({y =10,y =0,0(y # 0= y" = -10),
(y #0=y" =-10),y" = -10,
Oy=0=y =-08xy"—),
(y=0=19y =-08xy'—),
RightCont(y,t), RightCont(y’,t), RightCont(y",t)} (t =0)
{(y #0=y" =-10),y" = -10,
(y=0=19y =-08xy'—),
— ) Cont(y,t), Cont(y',t), Cont(y”,t)} (0 <t <+2)
{(y #0=y" =-10),
(y=0=19y"=-08xy'—),y = —-0.8xy'—,
Cont(y,t), RightCont(y',t)} (t =2)
{(y #0=y" =-10),y" = -10,
(y=0=19y =-08xy'—),
| Cont(y,t), Cont(y',t), Cont(y",t)} (V2<t< %5)

9 (U, Q) BETH20%HE R 5. MANTELREITHIC {INIT, FALL, BOUNCE}
TH5. £-8Lt = V2N TIRETOERDERTH 270, KLlt=/2T&h%E
C DR R T THES R T IUTEY. TOXSRME m B o T A, gy B
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HETHDBDT, y=002y PEERELT 27D, 7= L ROFETDL. £oT
(U, Q) 13fRD 1 DTH 5.

R (7, Q0) WM~ DR TH B 25, MRy DB T3, 75 BREL =12
PAHTIR Yy EFLL AL TR ARGV e T 21l @it o500 5. £l
BT 72 BRI OEED § L WBATRETH > TR LRVDT, F4lt =2 Tk
LeftCont(y',t), LeftCont(y",t), Right Cont(y",t) DWFT DD SLDONEDRH 5.
THhOHBETH y— =0,y = 08y — XOFETS. DLEOHERLD (y,Q2) 371
755 P, OWE—DRETH %, k72705 b Py ITH L THEER DM 2 B il 5 &
R CIEBRICERDE X 5 2 L DR T & 7.

FLEEBELT, 22007077 20 LTHREL 72D 5 2HENE —THZ Z &
DREIT2D, 200NV 7 LOEMEERT Z 2T,
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AFETIE HydLa OESHEKRO Coq EHEB XUBHIETOMOBEEZITS. 7272 L
AL TIE Coq 7RI LDS5EDB[DAZEHL, v I 20K [31] 1I2TAH
L7.

6.1 FEBIIDRE

B ®IZ, PuES HydLa IZ81F 2#lfID Coq FEEIZDOWTHNS.

6.1.1 #&

HiEDERZENT SN RU{ L} TOEBEIZOWTHNS. RU{ L} & Coq il
WTIE option REITHRT. K6.11C RU{ L} TOHEDOEREDSH, SHRMEDER
R TREREDERT. 528 TER LI K5I, BMEE L EHEE L 2R TR
Lz, HEEREE RICHERAER—RZEBMLEbD LR 5.

BV THLE L 2 OMR, #HEielE, BXUOWDICOVT, K6.2 1R, 5.2 HiThiRNR
ek, HMoERE—MRNCHIONT: e — S imiE e A UM TH 223, HEHIX
6.1DbDTH5.

6.1.2 HydlLa D%

A/NEITIE HydLa 123813 2ill#yD Coq FEEEMNT 2. Coq IZIFEHETHIEIAHE
FINTW2 2, HydLa TRIFHGEEE FAEDONATWL 2D ITERT 2 0ED
H5. X6.3I1ZHHE ZDBILDEEERT. HlHyDFEEIX Coq HHEDHMINTD 2



Bo6E EHimD Coq T & 5 5% v ik 32

Prop #3£ICLTW53,

6.2 FEDEE

AHITIE 6.1 HITERLAPEICHT 2EEE R 2.

FTEEMLOBEBEZIEICHEHDAL I Z2EZ 5. ERLOBMR —» R IHE
R—-RU{L}DHTEALFTHD, HRCHELEZXZZMNTES. ZITEIDH
SRIZHEDIAAITN LT, MR &EfeEidFEMETH D, Mooalsttid—ramcizns 2k
AN S, EEHEX 6.4 127, 6.4 T, limit1_in, D_x, no_cond, continue_in,
D_in |F Coq fEHEDRIETH 5. EM preserve 1limit IFEH LD £ 12OV T, £ D
RaTOMRE L THE0E D0, £ 2R B EOBKEE XK HuE L& 27K TH
ETHEZr%5->T\W5b. preserve_continuity (FEE LD £ 1ITOWT, f 2R
a CHllE & D003, f Z2E M LOBMEEZALRNLHPELEZE Z LN CRETH2 %
FoTW5. preserve deriv FE LDOREE £ 12OoWT, B daNH adEbhTIE
DWW, P LTRAZ ZBJFRAETHE I 2 E > TW\W5. preserve deriv @
AFEMETRVDE, MBI DARDERTHMAAEE TR TH XL B2 TWVWE DT
H5. M64 EIDEONZEELRAMAL LT, PuBIZOWTHALICHR, #EiilE, Moz
ERL7ZDOD, EEUEE & 2B TIEER EOBBOR FRICEZ TRVWEWS Z 8
NEIToN5.

RFRAWZ, i fHe LT L 2ZW52RToEEESRHMDPITOVWTHS. &
2K 6.5 /RS . &M not left cont at bottom, not right cont_at bottom,
not_cont_at_bottom (I ZNZFN, {HA L 127 2 Tl A, Ak, ekl
DNzl e R EoTW5, F/-EHM deriv_bottom_at_bottom &, {HAY L 1275
HTIEZDOMD SEIMED LITREIeZFE>TWA5.

6.3 %IE

AREHITIEK 6.6 D707 T LN LT, Kz 2ER R 252D Coqlilk?
FAEFHIZOWTIRN 2. X 6.6 TIEIWHAEZ T X —&2{L L, fHEO-DRFEFHBIIL 2 L
TW3.

F72AEHIC H 72 D LUT Ofilg bz U 7.

o EMENLINTVAERUTOVWTIE, ZETH2DDEINELL. 772 LEHEIZOW
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TIEFIETERND, 72 —XBITE LD THAL .
o EHDEIAECHFMICE T 2 EM L 2. FioEmE M IEX 6.4 oEH
preserve_continuity KDL TH 5.

FFTWE TR LBLUBIIOVWTK 6.7, 772, list (set formula) !
% constraint B & BWT, “">” X string D5 constraint BADXIIG, “|-->7
¥ option R EDMIGEET. “fl_(a,b)” I3HUE £ DFIKXHE (a,b) NOHIRZKT.

RCETH2Z e 2RI 200mElZ ATw . TR ¢ KHFDO RV
(1), (i7) IT2WT, K 6.8 1Z/~RF. X 6.8 T unfold-some \& Q 2% string -> option
constraint TH D, Some ZRIN T DD TWVS. c_eq, c_subset IZZ
Z constraint DML AEZDHIETH 5. Is_true & bool % Prop BT
LTW53.

RBRICRANCBEBRD H % (14i) 1IZOWTHR 2. 3 TICfiliiz & 5 IRZITemglbsh
CHRNE 7 = = XBICEEH L7z, Z 2T PP1 @A %X 6.9 ITRT. 6.9 T, f2p &
formula %> 5 Prop BADZEHL, andl XV X b DERDE S 2 IS %, ssubset &
set string MO TEHE, set mem Feq dec x X I x DX DERIDH|ETH 5. IP
TlX, PP Tid let A THEL TWEEZIZ, “0 < t < sqrt(p/5) ->" @ K 5 IKE
TIEET .



Yo

Bo6E EHimD Coq T & 5 5% v ik

1 |Definition minus (x : option R) (y : option R) : option R :=
2 match (x, y) with

3 | (Some x’, Some y’) => Some (x’ - y’)

4 | (_, _) => None

) end.

6

7 |Definition mul (x : option R) (y : option R) : option R :=
8 match (x, y) with

9 | (Some x’, Some y’) => Some (x’ * y’)

10 | (_, _) => None

11 end.

12

13 |Definition div (x : option R) (y : R) : option R :=
14 match x with

15 | Some x’ => Some (x’ / y)

16 | _ => None

17 end.

18

19 |Definition abs (x : option R) : option R :=

20 match x with

21 | Some x => Some (Rabs x)

22 | None => None

23 end.

24

25 |Definition 1t (rl r2 : option R) : Prop :=

26 match (ri1, r2) with

27 | (Some x’, Some y’) => x’ <y’

28 | (_, _) => False

29 end.

6.1 RU{ L} ToOMHEDILE
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Definition partial := R -> option R.

Definition leftLim (f : partial) (a : R) (1 : option R)
:= forall eps : R, eps > 0 —>
exists del : R, del > 0 /\
forall x : R, 0 < a - x < del
-> 1t (abs (minus (f x) 1)) (Some eps).
Definition rightLim (f : partial) (a : R) (1 : option R)
:= forall eps : R, eps > 0 ->
exists del : R, del > 0 /\
forall x : R, 0 < x - a < del
-> 1t (abs (minus (f x) 1)) (Some eps).
Definition lim (f : partial) (a : R) (1 : option R) : Prop
:= forall eps : R, eps > 0 ->
exists del : R, del > 0 /\
forall x : R, O < Rabs(x - a) < del
-> 1t (abs (minus (f x) 1)) (Some eps).

Definition leftCont (f : partial) (x : R) : Prop
:= leftlim f x (f x).

Definition rightCont (f : partial) (x : R) : Prop
:= rightlim £ x (f x).

Definition cont (f : partial) (x : R) : Prop
:= leftCont f x /\ rightCont f x.

Definition sim (f g : partial) (x : R)
:= (leftCont f x <-> leftCont g x)
/\ (rightCont f x <-> rightCont g x).

Definition sec (f : partial) (a : R)
:= fun x => div (minus (f x) (f a)) (x - a).
Definition D (f d : partial) (a : R) : Prop :=
lim (sec f a) a (d a)
\/ (7 1lim (sec f a) a (d a) /\ cont £ a /\ d a <> None)
\/ (" cont £ a /\ d a = None).

: Prop

: Prop

6.2 HuEDHEE
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Inductive formula := I (p : Prop) | A (f g : formula)
| T (p : Prop) (f : formula) | S (f : formula).
Notation "’$’ p" := (I p) (at level 75).
Notation "f ’&’ g"
:= (A f g) (at level 80, right associativity).
Notation "p ’7>’ f"
:= (T p £) (at level 85, right associativity).
Notation "’ []’ f" := (S f) (at level 100).
6.3 HydLa Dfill#y 5%
Theorem preserve_limit:
forall (f : R->R) (a1l : R),
limitl_in f (D_x no_cond a) 1 a
<-> lim (fun x => Some (f x)) a (Some 1).
Theorem preserve_continuity:
forall (f : R->R) (a1l : R),
continue_in f no_cond a <-> cont (fun x => Some (f x)) a.
Theorem preserve_deriv:
forall (f d: R > R) (a : R),
D_in f d no_cond a
-> D (fun x => Some (f x)) (fun x => Some (d x)) a.

6.4 FEREOBKEHEICHDIAAR L ZOHE
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Theorem not_left_cont_at_bottom:
forall (f : partial) (a : R),
f a = None -> not (leftCont f a).
Theorem not_right_cont_at_bottom:
forall (f : partial) (a : R),
f a = None -> not (rightCont f a).
Theorem not_cont_at_bottom:

forall (f : partial) (a : R), f a = None -> not (cont f a).

Theorem deriv_bottom_at_bottom:
forall (f 4 : partial) (a : R),
Dfda/\f a=None ->d a = None.

6.5 fED L &722 K TOHEDHE

INIT <=>y >0 & y’ = O.
FALL <=> [1(y’’ = -10).

BOUNCE <=> [](y- = 0 => y’ = -y’-).
INIT, FALL << BOUNCE.

6.6 KZBkDBZR—1LDOTTTT A
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Definition INIT :
Definition FALL :
Definition BOUNCE

:= [[[Dprevx(t) = Some 0 "> $ x’(t) = mul (Some(-1)) (prevx’(t))]1].

[[$ gt (x t) (Some 0); $ x’(t) = Some 0]].
[[[0$ x’’(t) = Some(-10)1].

Definition Q : history :=
"INIT" ~~> [[$ gt (x t) (Some 0); $ x’(t) = Some 0]; nil; nil; nil];
"FALL" ~~> [[[]$ x’’(t) = Some(-10); $ x’’(t) = Some(-10)];
[$ x’°(t) = Some(-10)1; [$ x’’(t) = Some(-10)1;
[$ x’°(t) = Some(-10)1];
"BOUNCE" ~~> [[[lprevx(t) = Some 0 "> $ x’(t) = mul (Some(-1)) (prevx’(t));
prevx(t) = Some 0 "> $§ x’(t) = mul (Some(-1)) (prevx’(t))];
Some 0 "> $ x’(t) = mul (Some(-1)) (prevx’(t))];
[prevx(t) = Some 0 "> $ x’(t) = mul (Some(-1)) (prevx’(t));
$ x’(t) = mul (Some(-1)) (prevx’(t))];
[prevx(t) = Some 0 "> $§ x’(t) = mul (Some(-1)) (prevx’(t))]1];
"continuity" ~~> [[$rightCont x t; $rightCont x’ t; $rightCont x’’ t];
[$cont x t; $cont x’ t; $cont x’°’ t];
[$cont x t; $rightCont x’ t];
[$cont x t; $cont x’ t; $cont x’° t]].

[prevx(t)

Variable p: R.
Definition y := Some O |--> Some p;
(fun t => Some(p-5*%t~2))|_(Some 0, Some(sqrt (p/5)));
Some(sqrt (p/5)) |--> Some 0;
(fun t => Some(4*sqrt(5*p)*t-5%t~2-3%p))
| _(Some(sqrt (p/5)), Some(3*sqrt(p/5))).
Definition y’ := Some O |--> Some O;
(fun t => Some(-10*t))|_(Some 0, Some(sqrt (p/5)));
Some(sqrt (p/5)) |--> Some(2*sqrt(5*p));
(fun t => Some(4*sqrt(5*p)-10%t))
| _(Some(sqrt (p/5)), Some(3*sqrt(p/5))).
Definition y’’ := Some 0 |--> Some(-10);
(fun t => Some(-10))|_(Some 0, Some(sqrt (p/5)));

(fun t => Some(-10))|_(Some(sqrt (p/5)), Some(3*sqrt(p/5))).

Definition prevy := (fun t => Some(p-5*t~2))|_(Some 0, Some(sqrt (p/5)));
Some (sqrt (p/5)) |--> Some 0;
(fun t => Some(4*sqrt(5*p)*t-5*t~2-3%p))
| _(Some(sqrt (p/5)), Some(3*sqrt(p/5))).
Definition prevy’ := (fun t => Some(-10%t))|_(Some 0, Some(sqrt (p/5)));
Some (sqrt (p/5)) |--> Some(-2*sqrt(5*p));
(fun t => Some(4*sqrt(5*p)-10%t))
| _(Some(sqrt (p/5)), Some(3*sqrt(p/5))).
Definition prevy’’ := (fun t => Some(-10))|_(Some O, Some(3*sqrt(p/5))).

6.7 TurI LD Coq TORY
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Theorem semantics_i
let init := unfold_some (Q "INIT"%string) in
let bounce := unfold_some (Q "BOUNCE"}string) in
let fall := unfold_some (Q "FALL"Ystring) in
Is_true (c_eq init (closure init)) /\
Is_true (c_eq fall (closure fall)) /\

Is_true (c_eq bounce (closure bounce)).

Theorem semantics_ii :
let init := unfold_some (Q "INIT"Ystring) in
let bounce := unfold_some (Q "BOUNCE"Ystring) in
let fall := unfold_some (Q "FALL"%string) in
Is_true (c_subset (closure INIT) init) /\
Is_true (c_subset (closure FALL) fall) /\
Is_true (c_subset (closure BOUNCE) bounce).

6.8 EWam (1), (1) ® Coq F%
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Theorem semantics_iii_s1_ppl :

let E := ["INIT"%strlng, "FALL"Ystring; "BOUNCE"Y%string] in

let t := 0 in

let x :=y in let x’ :=y’ in let x’’ := y’’ in

let prevx := prevy in let prevx’ := prevy’ in let prevx’’ := prevy’’ in

let QEt := [$ gt (x t) (Some 0); $ x’(t) = Some O;
[1$ x°°(t) = Some(-10); $ x’’(t) = Some(-10);
[Iprevx(t) = Some 0 "> $§ x’(t) = mul (Some(-1)) (prevx’(t));
prevx(t) = Some O "> § x’(t) = mul (Some(-1)) (prevx’(t));
$rightCont x t; $rightCont x’ t; $rightCont x’’ t] in

p > 0 -> andl (map f2p QEt).

Theorem semantics_iii_s2_1_ppl :
["INIT"%string; "FALL"Ystring; "BOUNCE"Ystring] in

let E :=

let t := 0 in

let x := y in let x’ := y’ in let x’’ :=y’’ in

let prevx := prevy in let prevx’ := prevy’ in let prevx’’ := prevy’’ in

let QEt := [$ gt (x t) (Some 0); $ x’(t) = Some 0;
[1$ x’°(t) = Some(-10); $ x’’(t) = Some(-10);
[1prevx(t) = Some 0 "> $ x’(t) = mul (Some(-1)) (prevx’(t));
prevx(t) = Some O "> § x’(t) = mul (Some(-1)) (prevx’(t));
$rightCont x t; $rightCont x’ t; $rightCont x’’ t] in
p > 0 -> ~ exists E’, ssubset E’ MS = true /\ ssubset E E’ = true
/\ E <> E’> /\ andl (map f2p QEt).

Theorem semantics_iii_s2_2_ppl:

let E := ["INIT"}string; "FALL"Y%string; "BOUNCE"/string] in

let t := 0 in

let QEt := fun (x x’ x’’ prevx prevx’ prevx’’ : partial) =>
[$ gt (x t) (Some 0); $ x’(t) = Some O0;
[1$ x°’°(t) = Some(-10); $ x’’(t) = Some(-10);
[IJprevx(t) = Some 0 "> $§ x’(t) = mul (Some(-1)) (prevx’(t));
prevx(t) = Some 0 "> $ x’(t) = mul (Some(-1)) (prevx’(t));
$rightCont x t; $rightCont x’ t; $rightCont x’’ t] in

p>0->

~ exists (z z’ z’’ prevz prevz’ prevz’’ : partial), exists E’,

let x := z in let x’ := z’ in let x’’ := z’’ in

let prevx := prevz in let prevx’ := prevz’ in let prevx’’ := prevz’’ in

ssubset E’ MS = true

/\ (forall t’, t’> <t /\ z(t?)
/\ (" simyzt\/ " sim y’ 2’
/\ ssubset E E’ = true

/\ andl (map f2p (QEt x x’ x’’ prevx prevx’ prevx’’)).

=) /\ 22 (t?) =y ) /\ 22 (t7) =
t\/ “simy’? 277 )

Theorem semantics_iii_s3_pp1l

let E := ["INIT"%strlng, "FALL"%strlng, "BOUNCE"Ystring] in

let t := 0 in

let x :=y in let x’ := y’ in let x’’ :=y’’ in

let prevx := prevy in let prevx’ := prevy’ in let prevx’’ := prevy’’ in

let QEt := [$ gt (x t) (Some 0); $ x’(t) = Some 0;
[1$ x>’ (t) = Some(-10); $ x’’(t) = Some(-10);
[Iprevx(t) = Some 0 "> $ x’(t) = mul (Some(-1)) (prevx’(t));
prevx(t) = Some 0 "> § x’(t) = mul (Some(-1)) (prevx’(t));
$rightCont x t; $rightCont x’ t; $rightCont x’’ t] in
p > 0 —> prevx(t) = Some 0
-> set_mem Feq_dec ($ x’(t) = mul (Some(-1)) (prevx’(t))) QEt = true.

Theorem semantics_iii_s4_ppl:

let E := ["INIT"}string; "FALL"Y%string; "BOUNCE"Ystring] in

let t := 0 in

let x := y in let x’ := y’ in let x’’ := y’’ in

let prevx := prevy in let prevx’ := prevy’ in let prevx’’ := prevy’’ in

let QEt := [$ gt (x t) (Some 0); $ x’(t) = Some O;
[1$ x°’°(t) = Some(-10); $ x’’(t) = Some(-10);
[1prevx(t) = Some 0 "> $ x’(t) = mul (Some(-1)) (prevx’(t));
prevx(t) = Some 0 "> $ x’(t) = mul (Some(-1)) (prevx’(t));
$rightCont x t; $rightCont x’ t; $rightCont x’’ t] in

p > 0 >

leftCont x t -> set_mem Feq_dec ($leftCont x t) QEt = true

/\ leftCont x’ t -> set_mem Feq_dec ($leftCont x’ t) QEt = true

/\ leftCont x’’ t -> set_mem Feq_dec ($leftCont x’’ t) QEt = true

/\ rightCont x t -> set_mem Feq_dec ($rightCont x t) QEt = true

/\ rightCont x’ t -> set_mem Feq_dec ($rightCont x’ t) QEt = true

/\ rightCont x’’ t -> set_mem Feq_dec ($rightCont x’’ t) QEt = true.

¥y (7))

6.9 EBKi@ (ii1) © Coq FE
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AiFFETIE HydLa 70 272 2 0FMEHEZ BN E L, $3HIEZHW-ESHERK
WMOEME 21T o7z, METOFR, HuES X CHBEROEFEICOWTHEELILETH S
Zebholz. FHCHEBROEHRMEICOVWTIEZODBIE DD - 7208, FERI Ik
R & DLz JAR 2, BIRVRREER OB IC K 2 iRk 2R L 2. 2 L THET O
RICHEOZ, WEB X OB OEGEZEINCHR S EENERRZIEEL, R LLEK
FICBWT IR 7T LADOMRES DA & FMMEER 21T o /2. X EMMAEHO R E L
T, BRFNCBWTTIE®H 22 HydLa 28132 70 7o A BEBOREEEHRT 22
MDTET.

F AR TIIEMRESIERMIC X 2B HE L XD LRITS 9, Coq ZHW
TEWmROERIL e MEEZ 1T o 72, MRGEE T 721 CER L 7-H5E 1B 3 2 MHE D REH<,
NRIRX=2%E HydLa 7077 LORDOIEHZIT - 7. FHTHLEIZ DO W TIFERIIC
X, AWFETETR LMR, Bl MoiconT, SEREE & 2 HER TSR EORK
DEHE OMRR, HEEE, MO RRICEZTRVWEWHSWHEZRL. £ FX—2%
& HydLa 7’127 Z LA DRDFAEHICOWTIE, AN ED BEARETH 2 EE DK% B
ZR=NDTAT T MOV THRERI IR 5.

7.2 SERORE

AW7E Tl Coq 2 HWTEMGRDIEL & Mt R OREH 21T o 7228, —/7 TIFEAN
AEAA IR L 7R 0 — BMEREINZIEEER T l3fT o TWiew. I RAVEEA TR A
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K7 2 oD T v 7T AOEMMEZEIEHL22, — RN 7077 2055 e o A
ZHDIELEII T TWRWL. 20 2 DIXHBIVEHEL S RVWETH 5. —FH T, AR
TIRE L 2B et % il 5 BFGmIC & - T HydLa %2 TH % HyLaGI O
EEKRE DX v v 7B L2 00, BESHEKR L RENERGOMOX v v 7
BAREV. ZOEMUEFEHD LIZEDEIITED DLW\ I iamdD=dIciE, BIENE
RSB W T O ML BN R EDER D AT v THRRBELEZ 5N 5.
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