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Abstract It has been a research focus that the performance analysis of complex systems such as
network protocols which include nondeterministic choices. Besides time, space aspect is also con-
sidered during the process of performance evaluation. By model checking, we can verify whether
time or space performance meets expected constraints. The authors adopt CTMRP (Continuous-
Time Markov Reward Process) as the verification model since it can depict nondeterminism intui-
tively. The temporal logic CSRL (Continuous Stochastic Reward Logic) is extended by replacing
path operators with regular expressions in order to express more comprehensive time or spatial
properties which are based on states or paths. For deterministic schedulers, a duality result of
constrained reachability probabilities between time and space is proposed, and its correctness is
proved based on the existing work. Based on the theoretical consequences, the verification of
space performance is reduced to the corresponding analysis of time reachability. The model chec-

king algorithm and a new approach for the performance evaluation of complex systems are given.

Keywords nondeterminism; model checking; time or space performance; reachability probabili-

ties; duality
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ARTRAT S L o 3 B R T Ak 3 1 8 RO B 5 S HE
O3 KRR P S A5 B B AR R L SR 7T 2y Sk
SOORH 6 TG AL A2 P Rl — > R B 2 T s A G Y
(history-dependent) , 41 R B AR T R G 1 it £
SAF B s AR RO T 2 BR S R AR 2
Toic iz B (Memoryless). {1 S AK 45 45 22 1 AE 2R 43
A e $)5 4k S AT . BRI JE B BL Y (randomized) s 77
T Ay 6 522 1 5% W (deterministic) . §CHE W& AT 43k 77 0
AHOC 1Y BE HIL 3R g CHRO | 7 52 40 O¢ 19 B 2 M 3R g
(HD) \Jeic A2 P 4 BEHL 3 i CMR) FJE e 12 1P 19 1
SE PSR S (MD) 2525 0]

EWIIRIRZS s TSRS d . CTMDP 35 2% 1 B
BT FE R 50 %) T P SR L i HD ., MD 5§,
SMD 45, % B AL 3 2 y 3% 22 1 (8] Markov £, T
fET o3 #r . A SCE I HD B, AR W48, HD BI5R
WP FH R d ST > Act Z il JR R AE T A5 B

send
S1—>55.

D3 S AH It DT RSP A g€ ST v S 1E
PEHCTT 2. R TP A S 4 BT L e 45 T 51 i .

w1 R E PR B HD T, 3% ZE (A
Markov [a] 4z & & ¥ 3 48 Oy i% 2k i) (8] Markov [1]
B,

IE. ARHEETSCABERT . HD 7Y 58 u% AT A R 4L
d:S"—>Act Fox. WK ELT HD 5 0E 19 A i
W%, CTMDP #5751 M'=(S",AP',Act' .R".L",
o) ¥ 5 T 7 LR X N SE ) Markov ff M =
(S,AP,L.R), 3 HAAFMH . o, i iy i 42
IR A AR 0 pR ROR AR . M Hp 1 i 42 55 A4 i CTMC
BRI M R A |, B S=S"" R R N
R (last(6) ,d(5) »s), WIH &' =6—>5

, HE '

HHAH DG SR o ol 4 ok B2 CTMRP 1 [l 4
iR SE 2 i CTMRP %t ) CTMDP i & 77 4
(1) CTMC, I3 2 % 37 1) 3% 252 1 8] Markov 8] $z .

NTAET R SO B ok R g d 3SR
MRM HER M |- (9 A8 300 3 52 o Pry™, 9F90 34
T 5 SR W 28 R vh T A SRS I SR 5l D,

B3, |2/ CTMRP #AId DR 50 3 4>

RGs,6) =

fERE SR, B B M. BRI 3% I8 send | lost,
busy 1Y 3l 16 P85 R 1 Bk A 3 E VL B &) Csos) =
3 R d, Fi2 I busy .
send, lost 1 3l 1 ¥& £ T ¥ 14 BR A o . BD
dy (sos1) =busy.d; (sys,5,5051) =send, . TEFK W d,
T A B B Markov [0l 4 458 G 1&] 3 fr . b 1A
- 183 i g RS R R 1 00 220 1 e bRid.

send.d, (sos154505,) = busy, **

S05185808152808153

B3 S o fa] Sl £ PRI Markov [a]4fg 52

4 HEMEBRERBEYEFZHE

R RG22 7 ALY b L DL Sl Ak B9 T ik B
TIE 2R G 04 I 285 SR 25 1 S P Jo P 2 o i 252 A Y
AR B TR R il R R S R AT
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I8 H AT A A L 7E XS CTMRP g 47 i |) 2% %% 8] 1 B
{18 i AL A AR ARG 0 3k R v 6 I R P R 8 %) 1) i AR
(R I S 2 o L A T I [ A ) 24 R DA R T e X L
2 WH B A A G RO ML R LM R R 2
PCTL H f8 21 i 25 H i 7] J& 4 , i 22 B L2 8 CSL
(Continuous Stochastic Logic) A~ fE Z| i 25 [f] £ 7.
fE PCTL.CSL %5 mf & Z # 14 i . CSRL J& —Fh
RE 18 [v] Bof % 35 24 [B) 0 324 52 1) [ 2 R J 12 1 ) 2 22 B
FRFE  RE A% 2 1] p (1] 2 8] 96 1R J& 2. O 1 SRR AR 3
8 55 9 75 5K A SO CSRL Al 1 Bt 5 CSRL Hr iy
FARAXMENKE S ZF 01 B S PLERR . 1
REf 2 5T )z M TR A R kR 8
PRV R4 CSRL AYIE L AINE X
EX 7. REAAIEE.
@:=falselap|—@|OV OIS, (@) |P.,(¢),
Hrp  false f{RRZBANR cap HIFFrdl . @ HIRZS
ARGV HEAZBRIZAN, e (<, =,
> P NEREBEE T pe [0, 1] R,
S, (D) HEAEMRT T RN RAIFET o REW
ARG R R Loop. BEN M RE TP, (0 &
TRE TS CTL h AR 7 3 MY SRR Hh
R Il 2 B8 AR A3 o BT AT BEAR 5B AL A0
FECOp.
HERAZHIZEFINA 5]l s 5
FF 2Z B 9 S A 8 B A5 2L 4 true=ap V —ap,
true=—false, O@=true Ud; &, V &, == (=P, A
—®,) D, > D, = D, N, P, (D) == P,
(O=®); P, (OP)=P.,(trueJ P) .
AR 220 RS 20 R 9 PE . — RS
o O T R A S AR S R A IR
AR S Z 18] B 0] 5 2 56 F T = 28 ORI 7 S
.
EX 8. REANXE L. & M= (S, AP, Act,
R.L.v.0p) g CTMRP BB, 5 AR 2 |
M,sk=, false iff s&S;
M,st=,ap if ap&EL(s);
M,s=,—® iff sH-P;
M,sl=, &,V &, iff s=&, Vs=&,;
M,st=. 8., (@) iff Yde€D.x" (5,Sat(d))oop;
M,st=, P, (@) iff Yd€ D.Prob)” (s,@)cop.
Horb D W R R, o MR AN M N
BRI M TESRBE d T BT 3 7™ 42 19 Markov [a] 2 £
Elj,Prol)y”(s,go):Pry,”{ge Path™ (s) |a):go}%§/7<

MAERD MR ZS s . W6 B AR A 50 o I IT AT i
(R R SEgib) i

RSN TE S e 1 &R REE S
)T A RS SR L A L false, 5y 0328 48 1915
SCHLIUAR TR 55 2 2% 2 B 24 iR 2 0l 2 20K S AR il
LEAEPEM—NRFaE; s=S., (@) Fm Motk
& R R RIRE AKX o 1RSSR
WREREp, s=P., (@) RARMNRE s h k. iz
FLTEHE L o 1 B AR 5 5 1 HE 5800 J2 B 22 oo p. BRI
XFF 1 FATTAT 45 A AR A K s success, lost V
faily, Poo.,(fail\ S—o1 (busy\ lost)).

FE Pk e S AT RE 2 P Al oo CSRL 24 3R 38 T #%
121y (Path-based) [ 1] i 22 5 & 45 8 0 % 25 (B 29 3
(0 Vi B e 1k 1 By 2, T R M e Gk 2 A vk e AR
8. CSRL Hr iy XOR U 551 R 2235 fa) 50 1 B 12 )R
PE KRB AR 3G, A e, AT IE W) 2% 3k =
5 ZHM A BR A Sh LR R AR 8 M D B AR
IO T SO A A B A Y AR B R T L B T
AR AKX M ZIm e ). 7E B AR R, BRI A
FAF A HOR S FTEIZARZS | AT RE firh & 19 20 1 B 4
JHAT R X 19 4 U g A2 T e T 0 AT SE S
ali=e| (P,0) |asalaUala” s Hp, b oIREANK b
HMHRAX @ RS KB REEIE e KRz
PEAR V7 U w7 o G R Y 4 A R
& Kleene M A4 /E".

EX9. BRAXIEDL eli=ad la). Ha
ForpEENEN, 0 WREAXT.T HIER
SEEIX E] AR S 43 ) TR W 2 o PSS Y AR R TR Y
il w1 LTINS 11 40 2 S L s o TP N e
I.J JIBL0,s]. [0, e JpydE R X [a], Horpr 5,020,

R T R A UE I R A SO R 2 TR N o 1Y B
A R A X k%] m CTMRP Hr 1) #4% v] fE
R AR AL — A B AR A T
WRZAXWITABRENES. BEMEEAXZ
(] %) R 3 2 O R T =, 3R BRI SCAnTT

EX 10, FEBREAXE L & M= (S, AP,
Act.R.L.v.p)}y CTMRP #7516 Jg M 4% . N

M,ot=,0" iff 6€ Path™(a) Nt(o) €T

M,ol=,a; iff 6€ Path™(a) A y(o,z(a)) E T,
Hrr, Parh™ (o) Fm iR M il 2 o BIEERES .
Hoe XS W ICHR21 ], 55 (D 2R R 2 o I FLI[A]
ZIRAE A T NI B4R 26 (2) AR R W 2 o, H R
s TH BV AR X H] J N A B A

Bl 4. AR SCR B A P I B AR



1628 it " Bl 2% i 2010 4F:
5 ol R« 0 0 W 5 2 R o .
a= (init,start) ; ((zry,send) ; ( fail . retry)) *; S L A o <<wl <<, U]
(try,send), Sat(P..,(g))={s€ S|sup[ Prob) (s.¢) Jeop};

TR TS AT RE & ad 4 T IR R MU i
& AT JEAT 40T A VR RE A -
BFRIPERE : P (o) ZITENTE 25 N 4055 5]
success RS IYHER/NTF 0. 25
SEMEBE . Poos Camys ) T n B A 3K B success
R H RIS EEFEEAEART 25 (R RN
0. 8.

RPN %

T3 Ah Y SR AR R T )8 P A i e 2
25 () Ja P I 7 R B AR A AT R BIDRE DR 1Y
23 (A 2 AR AR S (R 29 R 3 R R ) Bg AR A X
IR R o, ., SEEFSA B i .
5 ETHRAKWNMEERIERZ
501 REKMNPERERR
AR S A ARG D 2 AR 36 i 52 7% AR Gt FA) I [] 25 [
PERE. — B3 e & e s &€ 1 PERE & 1E 1)
CSRLRZEA X @ DAL 24 1 % 18 & 48 /Y 50 uE A AL,
PTG I OC Bt ] R SR A RS S il R A0 @ 1Y
WETH Sar (@), HAEAEA S CTL fir CSLH
g oL XF @ 19524 AT A ) b A I
WAy AR A Sar () W] ik 3 A 153 1 45 . AR
AILHWHEAZEBREEAKXS., (O il L5
AR TSR B

X 1L Al i F R

Sat(true) =S,

Sat(false) = ,

Sat(ap)=C(slapeEL(s)),

Sat(=®) =S\Sat(P),

Sat(d, V &,) =Sat(P,) V Sat(P,) ,

Sat(Pw,)(go)):{SGS‘?ggEProby”(S,ga)]OOP}

(ﬁ{seS|32£[Proby”(s,go)]oop}).

B R R AT, BR P, (o) AF s H B 5/ 1 Ab
5 CTMC 8 MRM H—F£. Holll Sat (@, A @,) A
AT Sar (D) A1 Sat () i35, Sat(~d)
RS Z 0] S AR F A Sar (@) Kb, X T8 1
P, (o) o s B 8 X T 217 2% 1 1 SR s S BT /Y fr
HIEmgd ., supEProbz/I"\(.s‘,go)]oop}ﬁjgg[Pmby’\(sq

@) Joop A UL L 3 TE BT BT A SR W AT
DT TR o BT A B AR AR A AR IR L B

W LB T =8>
Sat(P..,(p)={s€ S| }ren;[Pmbj’” (s,¢) Joop).

DRI 7 B LR R 00 3o R v 0 e A B A
N o B BRFRE A AR 1 b GUF ) 0 L. AR ST
R F 7 5 1) 5 B AR SR A J5 B 6 UE 5 CTMRP
5 3 TR B AR S P 1 TE I T X8 B 1 A B S AR
CTMRP 5 5 , 1, B 76 J5 4 456 0 P 400 B S B 32
7 FEBU CTMRP w3 J5 46 A5 0 b 12 1 3h WL
LA B R A0 8 P F) T A R A28 40 3K B IR A28 10 T A 4
RS — D4R TR AR, W0 R T iy B accept™ s 1
R EF 14 5 2 1] 4 il 240 TR — 4 15 B0 06 AL 240 5 11
PRAE Ay ) B AL AL CTMRP o i 1o A ik 5 {4
ABE R 10 SRR e o 3 T SR FT R B R B b CECROD .
SR B0 N ) B L 0 SR 7 55 O accept s W1 B AE
25 8] P Al SR i O accept. T Y M & 38 T
CTMRP ) B 4 5 W, 16 BT % S 19 % 22 i) ]
Markov [a] 4 45 5 o SR 7 Al 2 Probly™ (s, ) » 9 T 754
Flsup[ Prob)™ (s,@) 1. CHRL15 145 17— F g5 32

deb
BT RCR MG K A R TR 50 UE B ] AR
(2t AR v 75 A SR R A O accept FIHERERY
A0 5O B R 4 X A O accepr 1Y A
A SCH T CTMRP b i [a] 25 (8] P4 B8 9 % 18 7
JEEE o I ) s ) FT A AR R A ST A b 1 X A
PEBT, K CTMRP 1 O accepr #3556 46 S X
Olaccept (SRR, v IAAEAN 0 At 09 b BRARZE L, A
SCAHURR I8
5.2 =) B JE) AT 3K 4R EE X (R 1 R

TE R GE b B b, i 2 s A BE R Y R AR AT 2K 1L
TFf ) HEHEFR B S Z AR SR L SCik[ 24 J7E CTMRP
BETRY | 45t 23 ] B i) Pk BB 56 TE o 0 X (8 Pk Jo . AR S
TEZ I B A b 45 21 B KBS ] 25 (1] ] 35 48 258 1) %
HVE BT o oF 5 (8] PR R FTGA AR S b A R R R
B[] AT SR AE 8 Bt S

EN 12, XH{H CTMRP,#% CTMRP #i% M=
(M o) xR A s€S Fla € Act,p(s.a) >0,
M’'=(S,AP,Act,R,L,v)} M N & CTMDP #&
B X CTMRP #E R E oy M= (M1,
p71)9ﬁ¢,M/71: (S,AP,Act,R ', L, v,‘oﬂ)v

_ R(s,a.s) 1

1 N (ssa)=——
R (éyan\) lO(Sga) > 0 (‘S,a) ‘O(Saa>
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R4 - B TR R A e B] 5 ] P R 30 TE T 1% 1629

7E CTMRP A7 72 40 B I [ 2 J) %) £ 4%
JEEY % M CTMRP 5875 M= (S, Act,R.L.p)
AR08 DU 2R A7

Pr()bff"‘(s,CUjB)=Pr()l)y71”(5,CU§B) (D
He,CESS,BESS, I1=10,t](t>0), J=[0,r](r>
0),U 2}y CSL 425 7, 92X ) I1.J 73 5403k U &
TR 25 [ 2 .l TAS SOF A % I8 S F iy Wl
o i 3R S oCsea) =0 ZE AT p(s)=>0.

EIE L. A [A]E]) A s A A E B B M
Jy¥y%) CTMRP BB MR8, 27

sup[ Proby (s, accept) )=

deD

sup[Probyil"‘(‘S,Qjaccepz‘,)] (2)

deD

GEER. WXE T N0,z ](x>0), (D, T

Prob¥ (s,CUY"B)=Prob¥ *(5,CU., ,B) (3)

FOUH, 7 U 5 A 18 28 1) 29 3, B

(i) 28 AN A2 B B3 A 4 T B[] 29 5 IXC[R] [0, 000 o L

HIPS

Prob}™ (s,CU,;B) = Prob’" (s/=CU"""B),

Probyil'x(s,CU"B)=Probyil"“(sl:CU’:’O.N)B)(4)
XA K

Prob) (s,CU""B) = lim Proby"* (s,CU""'B).,

lim Prob) ' (s,CU!,_ B)

T oo

Prob) (sE=CUL, B =

€))
AFECC3) P 3 B BR Lim JF AT U (O (5D
et
Probff"“(s,CU,B):Prol)yﬂ"\(s,CU]B) (6)
N HE RO accept =true Ujaccept s X 3(6) Wi i1
iy 58 S supl -~ ] fR 416 HEEE.
SEBE 1 LB CTMRP R b 23 6] v G fY 7]
ML ERG R TE SR Al R Xl CTMRP A 2
Hh B SR A IS TR B AT Ok R A B A BT s F.
I %o B AN R AR GG 0 A5 ) 1 RE R AT 23 BT S i
IF TS Bl T A BT I TA] M BE 1 23 B S I T 12
5.3 CTMRP A i) 7] ik #E 22 55 47
H1 I AR G 34 AT A, £E B CTMRP it 55
sup Proby (s, Qlaccept) , T B AL T A 5w T .

s A A IERD accept IR {s€ Slaccepte L(s)},
EL BT I I 2 T P10 57 5 B 72 0 1 01 3% 1
T D S R W A O e
. I1=[0,11.1=0,5s€ S. FELEHRMWE d, W 2 5

4 Prob (s,'B) = max [ Prob) (s, O B)] =
0 d €D
sup[ Prob)" (s, O'BY J(BE SN it sup[ Prob)™ (s,

deD deD

OB 1N K B A R g d R Ak AR OT B A Y
e K AEL Sl 1 Al FE 3 d € D R, CTMRP
He 182 i MRM.L

G HALLAEM T G EMARS s & B B H iz
RZS accept WA BRI ZE Proby ™ (s, Olaccept) s
FY TIHRAE SR d FTifs 1) Markov [0] iz 52 84
L NBLRES s R B G — D IRE T A it o (o€
S % BB RS 0B I AR 5 2
RIS 7 — RSy accept AR 09 FF 47 B
BREBIES(6EST Jaccept € Llast(g)) )17,

e MD RIRME . d . SX {1, k} = Act. %} F
FA [ 15 Probff"\(.V,Qlac‘c‘ept)ﬁfﬁ%mi&%jﬁ@m
TG do - %I R R 5 FERT T A A R SRR A
kBl A R A R A G Hoh kO R A

Sver ED ot B e 2 9k

n=rkt1 n!
B ER SR dydo (sai) =act(s,i) €
Act($)(0<i=<k). % |S| X |S|WMH % P.RK/RH d,
TESS @ 20 T s 9 BE AL I A A M 5 T

M s & B W, sHAE act (s, o) v 730 8] 5 =0 3k
B NG ki =k BT HR B BEBIAE act (s, k) €
Act(sH) /e P, (s, B) = P (syact (s, k), B) =
ug}f/}((j)P(s,a,B),El]é'éﬁ$/l\yz:*§£U¢ B R A B A%
BRI Y <<k B R <<k B act(s,))
e, W act Cs, i) AR IEERME d: S X
{1, k—it1}—>Act T . fEIZL k—it+1ENED
F BAREWM AR R KM, Hph Y o< j<=k—it+1
B, R H d(s.j) =act(s,i+5— D HaE. K IG, XT

k
i1 WP RTETE N D () <P 2Py oo+ P, vy

[ AT T i g, = D)) PPy o P,

i i R Hoh ¢ Go) R R AEF N E B AR [A] ¢
W REAF BRI BE R i IR 2 6] S /19
AL o] L BIAN2R s€ BG€ S) L M i () 1, 0,
| ST I EE P E XS W SCHR 15 1. g, () RIRTE ¢
ANIFE AN it @ B R BB R IR B RS
j(%ﬁ:*%%: /7\ ngb(O) * i13+‘I1 »J”\U%'l -\'@B B,
g(s)=¢0) = iy(s)+q,(s)=q, () (s)=0), 80
T LR R q.=¢) P, 2 iy +P; v q . Howp & A E
SURIEL/SUREHUR - IS RA T C RNV SRS E L



1630 L2 I S 1 = SR 2010 4F
AR S i g =) ¢ Proc i TP . N
g WIS T EA TEY S Ak 1 CTMRP #5 R v ity i ) 5 4 (8] 4 RE 56 30 53 25 40
B, Bk 2 iR,
giE1. qg=¢0) = P; g TP c g 3K Hik 2. CTMRP B [a] 5 2 8] 4 G 55 0k 55 7.
A= Sat_set check_CTMRP(M,®)

compute_Vector (s t,k,B)
/BN R IRES (R 2 X (] B SR H AR RS
{
for (3s€S;) {q41(s)=03}
for (i=k; i<=k, i—) { //JG%ER
while (s&€ S\B) {
max_value= —1;

while (a€Act(5) {max_value=max(m, ¢(i)
P(ssaBY+ D P (svass) o g (53}
s'es

q; (s) =max_value;

}
while (s€ S\B) {¢: () =¢(D) +q; 1 ()3}
}
while (SES) (if (& B) q(9)=q ()5 else () =1; }

}

Horb g il R RS | DR & RSB H AR
A0 AT IARE AR B K AE. AL g B A] SR AG AT 35 A 32
b O W 5, 58 12 52 4 B2 3 i 2 25 HH G SCIR.
direlf)Proby” (s O accept) WSR2k 5 2 280 1
REB SV BT MD NS 0 o R T 3
A

5.4 CTMRP B} 8] = [8] £ gE B8 IE & %

A E RWTH Aachen K2 . fif 22 Twente K
G AE I K I BB K I # MRMC (Markov
Reward Model Checker) &8 & 528 T 5.3 /NI HHY
Ak MRMC J& i1 C i 5 JF A i fim 447 ik T A,
81217 F Windows, Linux ZF#:4/E &2 4. H A2 110
I E A B A B H GE £ BF [E] Markov 4% . Markov [1]
AR ELAT Y AR E P CTMDP 451, 308§
(¥ J Vi i A B 2 88 40 PCTL ,CSL,CSRL 4. ‘&
S H R ME— % FF CTMDP /9 56 UF T 2. %6 3k i 72
i EOK R g8 CTMDP #5881 5 A OG5 B Wk 2
REPR L OC R RIS [ 4540 55 DL SCA Sy
T AR Ty dan A AR i A7 B A B B IE 2 5, 4531
B E S5 .

fH & . MRMC H AL 345 i 1) A 5L 7] 2k 4 32
KA. Ry 1 AT A5 TRV AR 56 TIE » B AR SCHY Al R AT
1955 ¥ CTMRP #8554, 3F SR HX M CTMRP
B s LR 7E X CTMRP 1y 4 & CTMDP # Y
Hh 23 T] P BB 30 IE 7 45 DA 6T 7 1) R 1] T 8 HE R Y

/A CTMRP LR, ik 25X @

{ J/PEASTHY . EAZERER TS, (D
sat= 3
if (pEAP) sat={s| @€ L(s)};

if (@=&, \N®,) sat=check_CTMRP (&) \
check_CTMRP(®,);
sat=S\check_CTMRP (&,) ;
//S J CTMRP 5 8 ) 4R 5 4R

if (P=—d,)

i (@=P, ()
if (p=a"){ // Rk B [H] P e
¥ o Fe b B Sl AL RS CTMRP 524 M
M CTMRP #8 MXA I35 Ak 215
if (coe (<, <))
{ if (sup Proby" " (s, Olaccept)oop)

deD
sat=satU {s};}
if (o€ {=.>})
{if (jlen:t; ProbY (s, Olacce pt) oo p)
.\’at[=xatU {s}s; }
}

il Cp=ay ) { // Ak 32 6] 1 e (% 1b g I T P4 RE 23 17D
¥ o Fedb A s Bl AL JF K A gh Bl CTMRP
S M AR CTMRP R MX A FF 25 (AL 3 5
Get_Duality_Model ()

/7345 B CTMRP 2R i %) {8
if (coe (<, <)
{ if (sup Proby"*

deD
sat=satJ {s} H }
if (cc€{=,>})
{if Cinf Prob™* (s, accept) oo p)
deD

.\‘at:satU {.\'}; }

(5. accept) oo p)

}

return sat;

}
}

RSP BR T AR AN X TR A
o B ay M BRAR A 2 R I B A% B Jr i 5 Sk 21 ]
SiESVE
5.5 PR

XFFASCE) 1 b A B {E B, H CTMRP
B MK 2 s, 25 B0 4 b 45 Wy 1 BE ik
BB IE W X « = Cinit, start); ((try, send);

/T R A
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(fail,retry)) ™ ; (try, send) % N B G 25 B sh ¥l A
WK 4 iR, —H M CTMRP BB MX A fin & 5

B 5 1 CTMRP ## MXA

Bt B B A B G 2 B E 0
A =45 =2 A;5;=8, Ay =3, p(s5,)=0. 3,
p(s1) =5, p(s;) =15, p(s;)=0.5,
) MOXA X B A9 fify CTMRP B (MOXA) - H g
SR A
p () =1/p(s0)=3.33, p '(s5:)=1/p(s,)=0. 20,
p ') =1/p (5,)=0.07, p '(s5;)=1/p(s5) =23
Aot' = Qo1 /p(s0) =13.33, An' =Au/p(s1) =0.40,
A =20 /p(s)=0.20, Ai;' =215/p(s1) =1. 60.
TERDRES Gss o {z s = ) B0 B 10 36 B L IO 7 2291
Xt FHF AP REA R P, (o) AT L H 24T
. Eia?Hﬁiﬁciﬁ%ﬁ?j@<Jﬁﬁ‘zﬁ’%;gg[Pmb;}”““(s,
Poo2Ca )] A5 [ MR A  Pos Cacos) 1 LE B
BE A > MR R in{ [ Prob,” " (s,

P-o.s (azzs) )] - direlf)[P”ObizMXA)ﬂ (s Poos (™% ))]

R BB AR (M X A) P rhdr). 145
sup[ Proby” 1 (s v Poo., (a=2))]=0. 187868,

deD

inf[ Prob™ ™ 1 (s, Py s (@) ]=0. 563275.

JeD
A R ULRAS s W 2 i I PERE 20 R A W] Ve I 2
18. 7868 %0, J5 # F WA M s, H & 4% [A) 1 RE 249 A 1 7T R
PEZ >Ry 56.3275%. B I, Sat (P (o)) =
{s51}+Sat(Py s Cazs;)) = . T 5 b 10 13K i X
AU JEARES s I R IR AE T A RS W 2 B8 A2 e
PEE S a.

5.6 TEEEINIEE R P RR BB ME B &

1t CTMRP #2847 ] 7] 5 25 8] ¥ GE 56 ik .
5 LR AT RE H I A bR S R K ) A, BT £ I 5 I
SR AERA AT SR T 4 /)0 T AG: I ok R v i 0k g
AR ZS 25 [). PR ok R 25 98 0 T LA i e O i 5 R 48
B DL R R ik v B A OC. H T, © A 2R ER AT
FH T fifp DR ASE AR ARG DN 3k 7 % DR 25 08 U [m) AL, 4n A
U H R con_the_fly SR I 2 T OBDD [ £F 5
RERLAG I | PR RS DU 55 v, i R AN BAK
AR A8 A G AR DL LB/ R G R. AR
PR A 2 R By R 43 05 20 H AT 2778 QX R 2 1
H L2 [ L P 2 faj (partial order reduction) 4§
HAT,

1w P 24 11 #C B 3 45 78 25 4y (stuttering equiva-
lence) $ie . 38 3 2 IR A B B 43 H 78 53 19 J5 4k 3 1R
£ (ample set) , TEIH R AU R 5L 0 3 fE 1Y 5
ARPRES 38 B0 9N T i ) R 25 A Tl E gt
it 7> 249 T8 5 A 174) D B o AR 40 0 Tk o o Sl A 2 ST
K F TS SIS 098 o FE). SCrRL26-27 18158 1
B[] Markov i # ) F PCTL 22 3 fi ¥ 24 T
KO, F- 25 7 R0 B4 OF B M R BH. B PCTL gl AR
BT A [ 2 o 1Y 5 ) M R R M R E
SCHRL28 142 Hh o A7 0] 4 25 44 1) B IS 1) Markov [#]
o FEAH R T30 F B 20 P R T 1 ) 2 ]
D). 3% 5 N [R] ) b AR DO R 0 L B0 Ak AR © A SR Al
L FRATA T % S2 i [E) Markov [8] 4% i 2 1 W P
217 1 0 40 A SR A R R I T IR . A O
J5 T IE AR AE ik — 2D AT o LB RS TR JS
S0 3 A

6 ZERIF

HER M R AR AR A R B N E PR S AR A
R A SO B 20 A7 Ry AN 5 P L )R] K s a]
B HEAE (14 3% 22 5 7] Markov [ 55 # CTMRP 1E Wy
B UEAL Y, -z PSS A I e AR L 6 52 2% 3R e R I (]
25 [ PERE BT AL B UE. 6 CTMRP RS Y
G P A () pl PR A ) ) e A% 8 20 s ) SR B
8] 42 5 A F R L T A B 00 i T % A8 1 ] 1 28 6 22 1
25 ) PE BB 24 B AR SC Y 28 ) BEOR Bt %R 2 R 4t 5F
BT ARSI, BRI ) P 3 [ B 9 A 20K L T
T2 i) 7 48 5L T 25 8] 55 U5 0 Pk RE 48 bR XF CTMRP
HEAT ] ) 3k 253 [ 4 B 0 T 1) O B T 2 SR R AN [R) O
W& T AT A ME SR BT ) W L 78 I ] B 56
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formance and dependability analysis approaches, there have
been some existing non-formalist methods such as statistics
methods etc. which are not automatic or incomplete. It is im-
portant that there are few efforts on treating non-time aspects
such as memory, bandwidth, power, cost, etc. Some ap-
proaches by which we can pursue performance analysis on
time or space have been existed. The time properties are de-
scribed by adding time parameters on transition labels and the
spatial properties are described by adding the information
which expresses the constraints of spatial resource. The re-
search group proposed several verification approaches about
the web service’s security by the analysis of their behavior
chains patterns.

In order to depict probabilistic choices, stochastic time
and nondeterminacy which network system may exhibit when
running because of the dynamicity and nondeterminacy of
network environment, this paper introduces continuous time
Markov reward process as the performance and dependability
verification model, expresses time or spatial properties by ex-
tended continuous stochastic reward logic with actions labels,
and state the model checking procedure of time-interval-
bounds properties. As for spatial-interval-bounds properties,
the authors study time-interval- as well as spatial-interval-
bounds duality by which we can treat the latter as that in the
former. The results show that the approaches would be help-
ful to one when verifying performance and dependability of

network systems.



