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Design and Verification method based on
Probabilistic Timed Game Theory for Real-Time Embedded Systems
(Extended Abstraction)

S. Yamane
Graduate School of Natural Science,Kanazawa University
syamane @ is.t.kanazawa-u.ac.jp

Recent embedded systems are composed of many components, and each component is an open system, and
it has both real-time properties and uncertainties. We specify each component using timing constraints and
probabilities, and compose systems from all the components. In order to treat them, we develop the followings:
First we develop probabilisitc timed game automata based on a probabilistic timed game as a computational
model. Next we develop probabilistic timed game verification and probabilistic timed alternating refinement
relations as the refinement theory of probabilistic timed game automata.
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EABIREL 2 BRT 5.

LIBOARSIOBRIIUTOL B THB. 2T
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Y, MEHRATEERT 5

Definition 1 (BERS7)
BIREE Q LOHBHERIHORER u(Q) LET.
Bpe Q) 3@ p: Q — 0,1 THB. =L,

Y ePla) =1 TH3.
n

HAB AT LIRS BOWEIEH I 5 BREHEI b
BREN 3. BLE, BRERPHEBRHEYT —L4—
< TR 5. T, MRS — LA —
FY PUREHET .

Definition 2 (¥ Qv 7§l & Z DOFH)
REDIOY IBEDEEE x LT, x LDyoy
IHRER s <cElldz—y < c DT—IVEST
$H%. T, c 3B, z,yex, <@ <ERRB<T
H3. x Loyay JREOERSE Elx] LT 5.

sy YEBOEE x OFMEIZEHv: x - R T
HB. x DTRTDI T 7 0 28| {11F % FLH%
0, LRETS. x DTRTOFEE V(x) &RiLT
5. fMiive V() IEHLT, RTDz e x icHLT
v+ A)z)=v(E@)+AZv+AICKS>TERENS
FEZ v+ A LERILTS. 0y 7DEEr C x ot
LT, zerkblidzico 2o TEOMESIE
v(z) ZH O BFMEE ofr 1= 0] LEFDTS. YOy
DRI o € EX] IEH LT, Mo DT T HE
B, v LRETS. rCxIINLT, IRTD
TerZOTEBTAZCLICE>T ph BB
T L, ofr := 0] LRET 3. HEDI, v]r =0
iff v plr:=0 THs.

| |

Definition 3 (BRES—LA— T FY)
HEREFH S — Lt — b i
A= (Q4, QA’."“,xA,ActsAI,ActsAo,InvA,pA)
KE->TEBETNS. /EL,

1. QAR r—ravDBEREATHS.

2. ga™t RO —2a U THB.

3 xalRouy IBROEREESTHS.

4. ActsAI L ActsAo BENEFNAST I arvn
HEHLWMAT I aVDEETHD, Actsy =
ActsgT UActssA° UR L $3. ANTFHvay
WBREOT7 72 arThh, Ry —LA—
re b UBMIETERY. —F, HAT YV a Y
SRS — LA — DT IV a v TH
h, RS — LA — b AT E S,

5. Inva : Qa4 — E[xa) B}y —va VicAERE
HOYUTHEETHS.

6. pa C Qa x Elxa] x {ActsaT U Acts a9} x 2%4 x
w(Qa) ZEBBIRTHS. (g4,94,04,74,p4) €
pAlCKUT, g4 € Q4 BREBBTOOr— 37,
ga € E[x] XEBBEHRESZ LED I Oy FHK%
, as € Actsa? U Acts @ IBBIC S ~IUTHT
Shlz7rvav,rqg C2XABBICE->TYEY
FENBIOvIEE, pa € u(Qa) ZTr—a
Y EOHBRHETHSB.
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o< ga™tz > 2 > KEETINEINLTS. B



B LOMEL I, BREEY — LA — 3 FUD
FIETERVEECED ST, BRREHS—LA4—F
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LTIV ORBICEET 2B RRT HHETH
%. @1 TR, yiar—y a3y ZOFMOIERN
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K 1: ERERET—LA— Y Of (BD1)
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FERIERE S — L&, BRES — L, REMS — L, ER
F—LILHEENS. AR TE, BESY — LDV
TEX3. BES— L, BRRES—LA—+<
kY A EIRFFN (G C Qa x R, 2 p) Db BEIESR
B KICHNLUT, 888 f 2RETIMETH 5.

BRERS—L X — b Y A DREIX, <
qA,vA >€ Q4 X R TH3. TTT,vy4 € V(XA) b
T3,

BERMS LA —F Y A ORK
B o< g™0, > HPLOXRTIOES
Runs(< ¢4™"#,0,, >,A) DEFR p L LTI
TOLS%E0D (15 BH B :

p=

< innit’OXA >_ﬁ’_)

< qaitit 0, + Ag TP
< ga1,05, + Agro := 0] >ﬂ>

91,00,T1,P1

< qay,0x, + Ao[’l‘o = 0] + A >
< ag, Oss + (Dolro = 0] + Ap)[ry := 0] >22

< qa3,0y, + (Aofro = 0] + Ay)fr1 = 0] +
A; >92,i1_,r_z;,pa

T O p TEHET ZREOERIILITOL S ICHAT

&5
po(qu) X pl(qu) Xveeas

BERME (GC QaxR,>p) T 5. EiTHp;
IEMUT, < qag,var >€ G EZEETINTDEILD
VT Ti{po(gar)® x pr(gaz)k x ...} 2 p BB, A
BB LR, < gai™®,0,, > 5D A DBFDOET
FIDEAE WinRuns(< ¢4™%,0,, >,A) LT 5.
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Definition 4 (RHeSRESRIS — LDIREE)
A=(Qa,q4™%, x4, Actss®, Actsa¥, Invg, pa) ZHE
FHS—LA—F TS, A LOMRE £ I3L
TD& 37 Runs((gai™t, 04, ),A) »5 Actss® UR
DB TH Y, UTDH —LORANHE > Tk
Hohs.

LT, 07 —vayqlicBoT, UTFOFANCHE-
T, 8fFaldREENS. ZEL, Bffac R
RIS — LA — b by —va el
o BRI LT, BifF o € Actsy XFE
BRES — LA — 3 kU OREBBEEKT S,

(a) U ar,00 € R%EDBIE, a = min{ar, a0} N
TLAY—L L TRIRE NS, OF D, ar<ao
5 ar THY, 5 ThiFhiE a0 THS.
L, IRAAT LAY —THY, 0l3HHhT
LAY—TH5.

) bLlare Act.?AI MDap eREBE, a=ar
BT LAY—L L TBRBIRENS.

(c) 5L aop € Actss® B Da; e RESIE, a = a0
DL AY—L LTBIRENS.

(d) &L are ActsAI, ap € ActsAo 5, B
DEHENMBHRENZ DT a=0; TH5.

(e) 5L ar,ar € Actsy’ 1513, JERERIC a =
ar ¥l a=ap TH3.

(f) &L ao, a0l € ActsAo 5, JEREIC a =
ao ¥l a=ao/ TH5.
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%7z, Luca de Alfaro, Thomas A. Henzinger, Ru-
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TAT47T [19] ZAWT, Bkld, BRE f OETHR
R — LOFERLE LTERT 3.

Definition 5 (RS —LORER)
A= (Qa,q4™% x4, Actsa’, Acts 4©, Invg, pa) ZHE
RRBTS—LA—Fb LT, A LOBE f &
5. IREE (ga,va) D HEERE f DEER Outcome(<
gA,vA >,f) & ,Runs(< qa,v4 >, A) DEBRETH
Y, UTFOLS KRMMICESBENS ©

1. < g4,v4 >€ Outcome(< ga,v4 >, f),

2.80L p € Outcome(< ga,va >,f) &b,
o= p < qanvat > THB. TDLE,
p! € Runs(< ga,v4 >,A) THH, LTFONVT
Egbabal 7 DRTASM
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Af(p A galt,valt >) = Ar.
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B WETB. < qu,va >HOBOBKOESE
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L, BROBREHS —LA— b b UhB )7V E
A LARY AT LERERTES.

sEL ActsAO n ActsBO =0hDxaNxs =v0 5
i, RS —LA—F bV A & BB
TH%. ThoDHFELT U a Vi shared(A,B) =
Actsg N Actsp TH 5.

Definition 6 (SHEE)

2 DDOBRATHE A HERRES — LA — b F Ay &
Az IEH LT, ARIEE A1 ® A XTOEHEN
mEhs:

1. Qa,0a; = Qa, X Qa,, D QA;QAgin“ =
(quim't, QAgmit)-

2. XA18A2 = XA; UXA;-

8. Actsa,ea,’ =
shared(A1,Aq) , D
Actsa,0a,° = Actsa,® U Acts A2’

4. Invp,0A,(qa,,94,) = Inva,(ga,) A
Inva,(gaa)

5. PAQA, bigg ((QAnqu)7 ga, A 9Aa,a,TA, A
TAs D) DEETHS. 121EL, plga,’,aa,’) =
PA1(dA,7) X Pas(9as)), THB.

Actsa,’ U Actsa,’ \

AERSLDMERBFRI S — LA — b < b &, nonZeno
RREEEN TV B, nonZeno I3UFISHEECHAL
TV (16) DT, BERRES — LA — b b 2H
BREICH> THAFIERABREICHOLIIBS . T



T T, BB — LA — b~ b UHBEICE RS
&, ZOF— P P EEELWEE (-7 %
BT 2LEXS. BEREY—LA— b= k2 OUF]
THEEAE%E (17 Z{REET 5 /=8ICId, receptiveness 2
REFTBREND S, RS —LA—F VD
receptiveness 2RI T % Iz0HiCid, HERRFRIEIR T —
LIEBOTRECHOLENDS. e, HRFEK
RS —LICBWTEREICED, 2 D0RERES —L
A=t b biE, XHEREN/-HERRMT— L
F—bFI P LBEIICHD. Thbb, BRRERT—
LA— b b VREFIERICE > TEEE LWEEE
RT3,

4 YUTIVEA LiEAH Y AT LISEE

AT, BEREFELES — LR & B EREEIC
DWTHAT 3.

4.1 TERRFERES — LT
4.1.1 #fH

A= (Qa,q4™, x4, Actsa’, Actsa®, Inva, pa) %
RS — LA — b b T3, BLEREBEOR
M5 — LOHER (18, 19] I BV T, BES—Licxt
LT, BDIRBEDEH B controllable predecessor HE
FrRERLLTWS. R TR, BIFEOWRZIE
LT, FESRFER S — LD controllable predecessor {#E
TRERTS.

HRREA— b bR ETR, 0 —vaved
oy I EROFHIEE & DIEFN, 5 2 RETIR &L,
ay—areV—r L OEFND 5% EHNIREE
IE& o TREEERT 3DHMRNTH S (10, 21] D
T, FRYICBOTHIEBHIREEIC K > TRAEZ SRR
7T5.

Definition 7 (BRSHIIRAE)

SEEHREEIXIERF N < ga,Ca > THD, qac€Qa &

(AE€EZyTHB.

%58, 2, BUTRZHTH@ORETHS :
/\osi;ejsn T —Tj ¢

122U, x = {z0,Z1,.. -, Ta} DD 20 = 0 THY, ;5

B, <k <EkiE<THS.
: | ]

LITFIC, SESHHREEIC X 5 MEED 7z b DIEE % ERfE
HICERT 5.
%7, controllable discrete predecessor ZE#&HT 5 .

Definition 8 (controllable discrete predecessor)
BB es = (qa,94,c4,74,pa) € pa BT B
< qal,lal > D controllable discrete predecessor
Pred.(ea, < ga/,Cal >) BUTODE S ICERE NS ©
Pred.(ea,< qa’,{al >) =< qa,ga A ([ra =
0)¢uy ') >
=L,
pa(ga’) >0,
[ra = 0JCu?™' = {v|v[ra := 0] = (™'}
TTT, ™ =V{¢l <qah(>eU CQax2Za}.
[ |

RIZ, controllable timed predecessors ZEHET 3 :

Definition 9 (controllable timed predecessors)
SREARIREE < gar, Ca’ > D controllable timed prede-
cessors Predy(< qal,Cal >) ZEHET S !
Prede(< qa/,Ca’ >) =< qat,/ a4/ N
inva(qal) >
f=1EL,
S Car={v3A >0. (v+A E {arAVA L
A.(v+ A7 Can)}
[ ]

BHBIC, controllable predecessor R FEEHT S

Definition 10 (controllable predecessor)
controllable predecessor BT m lXUATDX 3 ICER
TE3:
(< gat, (4! >) = Predi(cPred(< gal,{a! >))
n

4.1.2 7IVIVXL

RESBEEH 7 — LAREEY VT U XL, T—LOES
BIIRAE D B 117 % DIREBSE R CHNHREIET 5
RSB AT BRI ORBEMIT I E S EF 2
I5BEDTHE. BAMIIE, T—VORSHRE
7 BHRIEA DI £ DIBBSERR TH B, T—
IVDREBHARIE & AINHRIE & DRIIC L— 725D X 5
PETIE, V—TREBBHBIVNE S BBOT, B
BUBIE Ly,

2 DB T— LV ORRBHIRIED S THHRIEAD
% OEESERRTE, BUTOMA E ORI EHEITII
BEZBNS :

222,04,{z}.pa
ot

1.<qabz>2> <qa%1<z<2>

£21,03,{},p3 221,02,{z},p2
— —

<gatz>1>



SR , Os, x:
T—ILDIBFURER

——— MM — Lt — b T R OMMETRST S a s (HN)
= — BB — LA — T b BT RLELT T a (AN

B 2: RRES—LA— b b OB (F0D2)

<1,01,{}, P
<gal,g> 15" it o< <o

TOLE, BERIL, pa(ga®) x p3(g4®) x p2(ga?) x
p1(ga™™it) = 0.7 TH 5.

>2,04, ,
w22Qulehps 8 1<x<2>

[

. <qalz>2>

221,01,{},p3 221,03,{z},pa
— —

<gqa®z>1>

2<1,01,{},ps
Pkl

<QA1)$21> <¢1A4,9321>

2<1,0s,{z},p3 22>1,02,{z}p2

<qu%z>1>

<1,01,{},
<qal,z>1>"SHeulm

<gaMt0<z<2>
TOLE, HRIX, pa(ga®) x p3(ga®) x p2(ga?) x
p5(ga?) x p3(ga?) x pa(ga?) % p1(ga™*) = 0.7 x
0.3 =021 TH5.

....................................

COF2DBITIZ, g4l ga2, 4t HBEBINL—TIC
&b, EREEFTIIMNEEL T, ZTHUCHIGT SRR,
0.7, 0.21, 0.063,... 7%, —fRAYIC, FERRER S — L
F— b7 b U OEEFTRERNT T, ETNHBEL kh
SR PNE L EBOT, FHEGEIELEV. DT
Hlc, PHEEEEERICKD, K30k S5, FIHHK
HEICEET AHERERRMICEEH T BEM T VTY X
LEEZS.

Definition 11 (BERESRJS — LRRET VT X L)
RPN —LA - PV E A=

-

b
B

R .
N
&

-9-
B

3: FERRF S — LA — b < b O & (RE ST

(Qa,q4™%, x4, Actsa’, Actsa®, Inva, pa) &L
T, B&&M%E (GC Qa xR, >p) LT5. MIHRE
< ga,0, >S5 I—IVOEBHREG C Qa xRN
MR > p TEET S0, BRg F WEELT, AR
HERRFR T — LSO L RS, REET7 LY XLe L
T, I—IVOFEESHIREDES G C Q4 x R DEFK
b %A EDIEEERE CHHIRE < 94,0, >
ROGED > p TEHETIHESIDEF v 7T 5.
47 IVIY XLERT.
u

AR 7 VTV XL, R. Alur, T. A. Henzinger,
Pei-Hsin Ho D)NA 7V w RA— k< bV ORENT
FIVIRES [22] RBADHERNA T REF—F2 b
DETIVIRES [23, 24] L FIRRIC, RENROTFEMBLE
NV AT LORIEIC BV T, BRI FB RO
LERHETEEDTH 5. FRIA7IVTY XLIIHE
REFRGS AT LOEBEBER ISR L LTWBM, B
L9 BREREFRGA — b < b OREEGERBOBE R
£(10,21] L LTHD, CORCBNTEMFEL IZES
3. 7535, E.A.Emerson & Lei T D& S5 SR
AERBINCRRUI-C LIIHETAETHS (25, 26).

4.2 FMMUEGE

PERTHIC BRI RIS LR & EL AR R 8% & DRV
BRILT 2 6D TH D, SHEBROBURBIRA
BNTVS 27, COBRTIE, SEOHABEME
BIC ko> THAENBMETHS T LRFETS. L
U, KB OMERR T — Lt — L7 kv ORSHE
BIGRCIE, SRR E D 55 DANRBIHIT,



RRREFAI S — L7 VT Y X s
/* FHHET B »/
Pa:=1;
SumPy :=0 ;
Reachstate := 0 ;
Sa={<4qa,6a>|<g4,{a>€GCQaxR};
/* B EREREZITS (FREZDSHER) */
while (true) do
Sar = {< qal,{al > |Vea,V < ga,(a > IEHLT,
< qal,Cal >:= Pred.(ea, < ga,¢a >).
7eIEL, ea = (gal,ga,ca,T4,PA) € pa} ;
PROB4 = {Pa|VPa,VYpa,Vgar IKHLT,
Pj := Pa x pA(qAI).} H
Salt = {< qat,Calt > |V < gal,Cal > IXHLT,
< qal,Calt >:= Predy(< qat,(al >)} s
REACH = {Reachstate|V < ga/,{alt > LT,
Reachstate := Reachstate U {< ga/,Cal >}} ;
(< g4*™,04 >C Reachstate) #ifil=d
TARTD Py % SumPa IKIIZ 3
If SumP4 > p then output win ; goto finish ;
/* ROBORLDIDICIESHIRERBZEL TS */
< gal,{al > % < qa,a>ELT,
Fiicic, SamEBTS

end while
finish ;

4: BERRFRS — LREE 7 )V V) X .

ARE D BNE RN THILEN DS, TR,
HARDEMEST 2L S IEEELEFT 208N H S
I=HTH5.

Definition 12 (FERESRIZEASMHEAR)
2 DOREFTRE R HERIER S — LA — < b
A=(Qa,q4™" x4, Actsa’, Acts 4®, Inva, pa) &
B=  (QB,q8™" x5, Actss’, Actsp®, Invg, pp)
NEZbhized 5. B, A BEESE
£LT, BREREERT LT S. T T,
Sa = {< gqava > |ga € Qa,va € V(xa)},
Sp={<gm,vB > |gB € QB,vB € V(xB)} LT 5.

DT D%M2 ¢ ARk R C S4 x Sp 2SR
FREI SR EAGRBA MR & eSS,

1. Actsp C Actspg? 5D Acts4® C Actsg®.
2. FESRIERAN: [15]
IRTD (< qa,v4 >,< gB,vB >)ER LT
(o) FEREIRRIRERA -
FARTDA€RIZHLT,
<qa,va >B< qa,va+ A > BBIE,
<gp,v8 >B< gpv+A > THD,
(< qa,v4+A>,<gp,vg+A >) € RTH5.
(b) R
FTARTDopy € w(Qa) ML T,
< qa,v4 > —PA < qal,ual > E5IE,
< gB,vB > —%B < qpl,up! > THY,
pa(< g4,v4 >)Crpa(< gB,v5 >) TH 3.
CTT, pa(< qa,va >)Erpa(< gB,vg >) &
&, AT ORGZEIZT &5 BEHBE w: Syx

Sp— [0,1] MFETBLTHS:
i.Vsg € Sa XL T, Sspespw(sa,sp) =
pa(sa) TH5.
ii.Vsg € Sg WML T, T,,es5,w(s4,58) =
pB(SB) TH5.
i#4. V(s4,88) € SaxSpICHLT, w(sa,s8) >0
% 5IE (sa,s8) E R TH 5.

i rd L: (quyA,a,"‘A,IJA) € paA, va '=
Inva(ga) A ga, val = valra = 0], val
Inva(qal) THB.

%7z, pe € w(Qs), (g8,98,2,7B,PB) € ps,
vB | Invs(gs) A g, va! = vglre = 0],
vp! |= Invp(gp!) TH%.

HER R EMHBRD 7L ) XL, R [26]
CHBDT, FRLTIRHET 3.

5 &
KRN T, LUTD 3 DDOEREBRAT

1 ¥, (SRS E L U T, RS Y — LAt —
<M EBFELE.

2. Riclc, LMY — LA — b~ b OHERY —
LRRAERRRG L S CRAT R 2 AR L 7.

SR, AERERFTH VAT LREEL THE
MERIERNRE LTS 32 FETHS.
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