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Abstract: In recent years, service-oriented IoT architectures have received a lot of attention from academia and industry. By encapsulating
IoT resources into intelligent IoT services, interconnecting and collaborating these resource-constrained and capacity-evolving IoT services
to facilitate IoT applications has become a widely adopted and flexible mechanism. Upon capacity-fluctuating and resource-varying edge
devices, IoT services may experience QoS degradations or resource mismatches during their execution, making it difficult for IoT
applications to continue and possibly inducing failures. Therefore, quantitative monitoring of IoT services at runtime has become the key
to guaranteeing the robustness of IoT applications. Different monitoring mechanisms have been proposed in recent literature, but they are
inadequate in formal interpretation with strong domain relevance and empirical subjectivity. Based on formal methods, such as signal
temporal logic (STL), the problem of IoT service monitoring can be formulated as a temporal logic task to achieve runtime quantitative
monitoring. However, STL and its extensions suffer from issues of non-differentiability, loss of soundness, and inapplicability in dynamic
environments. Moreover, existing works are inadequate for the monitoring of composite services, with a lack of integrity, linkage, and
dynamics. To solve these problems, this study proposes a compositional signal temporal logic (CSTL) to achieve quantitative monitoring of
different QoS constraints and time constraints upon intra-, inter-, and composite services. Specifically, CSTL extends an accumulative
operator based on positively and negatively biased Riemann sums to emphasize the robust satisfaction of all sub-formulae over their entire
time domains and to evaluate qualitative and quantitative constraint satisfaction for IoT service monitoring. Besides, CSTL extends a
compositional operator based on constraint types and composite structures, as well as dynamic variables that can vary with the dynamic
environment, to effectively monitor QoS wvariations and temporal violations of composite services. As a result, temporal and QoS
constraints upon intra-, inter-, and composite services, can be specified by CSTL formulae, and formally interpreted with qualitative and
quantitative satisfaction at runtime. Extensive evaluations show that the proposed CSTL performs better than baseline techniques in terms
of expressiveness, applicability, and robustness.

Key words: IoT service; composite service; quantitative monitoring; runtime monitoring; signal temporal logic (STL)
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PR S W R R © AR TGS S I 7 B B AR T AR AE A, 1% 5 AR I B AT St B,
A RRDAE T AT H R L @ ks S PR V. PR IE SO BRI 2 TT, JF20 il ¥ 78 IE 4 s B 1R 2R 2 F0 BN T,
T SEEII J3 1) SIS W 53255 B SUVRE SAT R RAEIRI R, AT SESILE T B tH AN 7 14 1 37 55 b 13 R 1,
51 A A9 EER DR 55 ) S P M. L0k, AR SCHR M T — i T PR AT B AR A T B e 1k P B U7 =X, DA SR I I i
55 S s B, A2 BN R B0 o, PRI R S5 es; TC 2 s PITam B S DN 755K (A T i O T 1 I 3 5
5 2K), BN 4S5 SRR [B] Failure, 001 1 s, JF4s t s SORAE, RI-5.5 (FRAR SO £ 1R 20 8 s e 5 07 2t
B, Rz IR 55 R ECAR .

Ty — 7T, Y IR 55 8 s A R G A A TE R A RS, UARLE IR S5 3K, 7RI, LA—N 3K
SRR U B, B 2 B 9 ANYIEE R IR S AR IR 2% P T SR AL A T A A IR SS. FH Al 6k S Bk A il
5545 7€ FAS AT A IE) B I T) 29 AT QoS 20, DASEI AN IR SS B S R IR S5 < (R IEEh el . 2 IR 25 4 Ak s,
PA K2 BB 2 R S S 8 A B I L DU T TR 2 ) 2 H AR s 451

Bl 12 P IIBEIR IR 4548 g I TR) 20, DA 00 3 A7 307 ) o 75 A I ) S

o %%, LUIRSS B £ In (8] 29 9, vy 3o B B2 AN I O IR 55 2R 4T IR [B) 29 . 22 ] 2 7= 5, T°C(esy) (B
T C(es,) ) BIARR ML AR 55 es; (B es, ) ZIAE 10 min N 58 AT

o UbAh, IR k55 < 18146 T8 I TR 29 B, R g il 5% 2 TB] ) TR . G ] 2 BIomom ] 7 Doess,  es,) , EIAREE D)
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Bk E 5 BAA A IR 04 B AR 45845 25 e 5425

WK R 55 es, AHEDNERIM IR SS es) 04T 5 )5 10 min FFER AT,
o [FJI, FENIRIM AR 35 S TR 6 M55 I, AT B2 A i 55 BRAAT 1 52 HLIN IRIZ0 3. B, 1 2 7s 7°C (es1)

BIARER VIR IR S5 es, Tl es, 7ELAF S G TEE B 55 csi (W es, — es, ) Ja, ZE GRS cs, LI AUE
30 min .

I (A 24 3R QoS £13k
(oo D [ 1
SE5R% 7\(1((\\).’ Q(,/(l\) |
AR WA (dur, NLT, 30) : (tp, NST, 10) Epaa AR |
“ 3! - v |
H |
: G i ’ \
R 5% 2 I TD(es,, esy) QD (ess, esy) 1 TCles) |
TR Z) Wl (FS, NLT, 10) I (QC (ess), QC(ese), FS, NLT, 10) | :(st, SNLT, es,. fi+10) |
; IS »
e R . . B S S B e ¥ %
¥ ;
LRSS TCles) TCles) | ac;(es) SRR Qe @) T ac(es)
| SR (dur, NLT, 10) (dur, NLT, 10) | (tp, NST, 10) (p, NST, 10) | (1p, NST, thd,)
| > >| > J¢ —>| e
e - T ——————
L oes,.dur es,. dur A i I,
£ \\. 7
L es: esy: 2 ess: | i
| Create request —s! Amend request APP"M purchase s ¢
for quotation for quotation order for payment Send invoice
- eso: | ess: esy:
L‘).; Create purchase . Create —#  Deliver goods
requisition R purchase order Services Pay invoice
es: esy.
— Create request Settle dispute ——
Eﬁﬁﬁ% for quotation with supplier
/ b \ \\
Conditional @(csz) \ Parallel <|.> (es2) \
| i Y
esi: | Y
[ \ Approve \
Create request —- Amend reques[ puruhasu order ™% Send invoice \
| for quotation for quotation | for payment / \
/
| + Y
| | 3/\ .,
| Cmam ruquust | Settle dnpulc Y A
|| for quotation I| with supplier | E = H&%
) 1
| |lI' * \ lIII
| Sequence — (C’Sl) / ‘ Sequence — (CS3) “|‘| |
| | esi: esy: ! = " | lII
| Create request —s Amend request ! Approve purchase 4 o | |
|I ' for quotation for quotation / | o e — Send invoice ‘ I
| ! |
[}
| \ ; \ / I| ey = == I |
' ' ! |
eso: esy: esy: ess: esy: et es:
Creat . : ) Approve o ; o5
i Create request || Amend request Create Deliver g00ds || purchase order || send iovoice || Sette dispute Pay moice
requisition for quotation for quotation purchase order services for payment with supplier
YR R S5

K2 SE MRS TS 7R

B 2: oAb, FISTPIBC RSS B & . RSS2 18], AR A RS HEE QoS £, LLNE Ak i iR 55 12 1T B A) 2 75
K4 QoS i T,

o B, W 2 FUR, QCy, (ess) F1QC, (ese) B AR H & QoS L1/ fil, 73 AR MBI AR5 ess (B ess )
FEHPAT I, B) 1, (B L ), K@ a8 22 A/ T 10 Kbrs.

o HUK, nIEFXIT IR IR 55 2 (B 48 € QoS LB, B iRk %% 2 18] QoS k. 411, Kl 2 Fi7R QD(ess, ess) , BN
P AR % QoS ZI QCy, (ess) HUTE QC,, (ess) ZIH S5 10 min I E”.

o IJE, WA E A RS MHATHE € QoS LMW, W1 QC, (cs;) , BMRE T EIRS 55 (B ess — esq ) L FE M
ERAESHATHIE 1 N ERADT 10 Kb/s”.

Bl 3: 534k, LR ETRAS RN Z) A QoS 23 T RETE IR W IR G- PAT I A2 Hh R AR 30884k, HAH RS HFRAR
P SEBRAEOUEAT P, DASEIAZ 2 SR A B S .
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o TESLFR I AP, MUK AR 55 1 I 2SRRI B8 52 FOAH SRR S5 B 2. 28] 1 R ET7R T D(esy, esy) , PIBEI IR S
esy WITFARET TR T IR N IR 55 e, I8 SROBT IR). DRIk, AZE A0 I R 55 e, 70 SRR M0 AR, LB A2 AT 3R A
TC (esy), W 2 FioR.

o 53— J5THI, WIBR I IR 55 7 SE PRl A U 2 45 1, FL 29 SR oA DG B ] BB A2 IR 45 Hh n] P Wt YR B AR g . 43,
K 2 B TR QC;, (ess) , BIARGRWIIRIN IR GG ess (7 ik i phy JL i AR B 06 P9 8 4% wT s 25 DR R BR ], B TJmr
P KA.

I, 24 7 S B EaR I R IR 45 B X Se 2 MR, A SCHEAL G AE T I T AL BT R (W s 4 SR
), ASEIZE G RS s e W, AR AL SiME 5 I a8 48 2 LR 4 8 AR BT I 11 DA ) 2.

o A MM RN : 45 G (5 5 B 7B 48 [ FOAH SSHR JE 7 vE O ST o B A R 25 3547 W 0, i &2 & MR 51
DA A AT MM, IS I AR H PR S M 25 RN E 2\ It H. wfl 1 FE SRS cs FIN LR
TC(cs)) /R, I GRS cs) SFERTTE 30 min P, AT REAFEAE AN IRSAE IS A TR BRME. WARSS es, FERT 20 min
(ZIARAE 10 min P, SR P ZR), 1% es, #EBT S min G2 P L), cs, AL P AR, (HHF RS KGR
5 A LR (R 29 5. E U, SRS esy R es, W& AT B8 HE H 45 FONZE G RS AN R F P 2951, (1SR
HAEMRS TR TCes) .

o % 2 MIERBNPE SRR 2 R EIIR S PAT ISR, JEHAT B IR 25 T e AR 2 1 C3RAT IR 55 IR BF [A]/QoS 24
T, T W0 7 VA CIELEBAT I AR o SR A M 5 AT St . 5 2, I 5 V3G M B R IR 55 e,
TEVIERA IR 2SS es, BT T2 /5 1 10 min FFEAHAT SRR (1 (0] 29 5.

o NG S B A FEA L VI IR 55 ) W 52 20 25 37 S sh A S, W S8, R S50 T 512 B ) 4% 1%
IR il 3§ QC), (ess) Fm dill i K.

T R FR I, A SO AE SR R AT R R, R T — T 0 A RS B W S R S T
g, N RRENE R RN © REFAEGE 5058 58 e AN B R 55 2 30 2 B, 1207 1Rk i %
ANV P R 55 2 [ R 2H A S5 0 LUK BT s DU PR B [0 /QoS J i, M I Hh e A T, AT B BUR I E & TR 5 54k 1
AR 2 SR s 0 1] R @ J i 4 i — BT BE 3D S AR ) Bh AR &, LR RE B  PR EIRIERE T, R
T TN IR 4% 1 12 25 3 55 FR 140 1 36 o M 000 ) 8, He S TR 25 2 IR B B 2% 2 T IR S i MR . 25 B A id, R SCEF X N (55
N 3 3 R A 09 5 e P P SR B DA K A A IR 55 B AN R B 1) R, 3 T — ARG BUE S T B 5, R SE
5 I B AR AT R PR R ANE S E X, LSRR S IR 55 1) S IS 52 £ .

3 EEMRSEKENEE M B)EE X

AR E S R SR, B0 1K 0 iR 45 L (R ] 29 AN QoS £ ABEAT VELI /21, IR B4 IR S5 1k 3 e B i
D Te) AT & LS HEW. B 5k, I R SRS € LA F.

EX V(EERE). HEMWS os WI—FogT K {E MRS, th— 45 T 10 Gk AR 5 385 5 5 4 # g HE AL s .
JER L, ‘& w] LU# A Backus-Naur (BNF) 1575 € N :

cs:=es|csy > cs,|cs Bes, | cs;®cs,,

Hp, es REBDGM LIRS cs+ cs) Fles, NEEMS; — REMTF M, FIR cs, TE cs) PATTESE I
WEIAT; @ RRIFTEIN, RN cs) A cs, FIRFHAT; @ RFRIESFL, FRIEFIAT cs, B es,.

Bl 2 IR T PR 3K SA R AR K 22 A IR IR 55, B (e, . AR S E IRES 9 {esiht,, Bl Tl s, = es,
— s, Fll csy = (es5 — esg) Bes, (LR, — NI AR S AT /E— AR RS, B Jes) = 1, B0 2 TR es); —
ML A2 AN E T RS HERL, B Jes| > 1, Bl BRI E T s, TEASCHR, AP — AN 2 2% o 1Pk IR 55
MEEERBICNES = (51,852,005 80...}, FoH s, :=es | cs.
3.1 BHEZR

AR X W I R 25 B L 8 A MR G 38 5 10 5 it ) 20 R AT R Y, 4 O AN BRSS B S IR0 T
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W IRIZ IR S5 PTAESE I T HRAT, - AE — 8 I 18] N SE 1 @) MR 4% < TAT B TR FH T 240 SR 5% < TR] PR AR5 S R EL
@ X E A MRS BT B LI TR 1% 5 A IR 25 R AT VA I ) R
3.1 RS E S E 2

25 TE PRI AR 55 es TR T2 B, BT LA4R S8 X TR UG IA] S &% SRR TR) AR SR [ A 2R (an 1) 2 ol i ). Hek
VLA .

o FFUGHT[A] (ICAE es.st), TT ALY SN AN LT 5 —WJ [A] S FF 46 (start no earlier than, SNET) AN T 5 — B i) £
FUE (start no later than, SNLT), B0 20 4G+ 5= — 18] &5 (must start on, MSO), 1Ic/E CNT,, = {SNET,SNLT,MSO} ;

o ZEHT ] (ICAE es.ft), AT CARR S AAS BT 3L —i (8] 55 45 5] (finish no earlier than, FNET) ANHf T3 —H [A]
FEEW (finish no later than, FNLT), FNLT N 4 #51 H ¥ (deadline, DDL), 8 20T~ 5 — i [] 55 45 3K (must finish on,
MFO), it CNT,, = {FNET, FNLT (or DDL),MFO) ;

o FFLLIFIH] (ICAE es.dur, B es.ft—es.st ), BT AE LI AN/ T3 —30{H (smaller than, ST, Bl <), KTH— 1%
{& (larger than, LT, B > ). A/NFFHE—%{E (no smaller than, NST, B} >), FIA KT F=—%{H (no larger than, NLT, EJ} <),
iefE CNT = (ST,LT,NST,NLT}.

R, T 58 SCHIIE I IR S5 B & TR TR 249 SR A0

EX 2 (AR B EEBIAR). AT HE—WEM RS es, P H B S48 @B RIZ R U T J62: T7C(es) = (ita, cnt,
thd) , Her:

o ita:=es.st|es.ft|es.dur FRAZNT [EIZJ R T, RIFFURIT1A] . &5 SR [A] S 4r SR [a].

o cntRFZH AL RINZIR IR, B2 jra:=es.st,cnte CNT ;4 ita:= es.ft,ent€ CNT y,; Y jta:=es.dur,cnt€ CNT.

o thd X3 cnr FAN LR RE R &, B0, 2 ita = es.st, cnt := SNET, thd B N BAKKA] &, 0 9 5, FoR

52 WK 2 R R T RGN [RIZ) 5K 7C (es)) = (es,.dur, NLT, 10) .
3.1.2 RS Z Ay At

WAL, BRI BB R B X IR 55 [ S8 B[R] 9% R (temporal relation). — MBI RS es; T RE:
© RETET— MM IRS es; Z 1T (before) BUELFHHFE (meet), M es; — es; ; B @ 5 H— MRS es; H
& (overlap). filUR FF4f (start)s AbTHATHAA (during). filk 453K (finish), BiAH%% (equal), 2 es; ®es; -

FET PR PIER R AR 55 2 (A1 T 1] G 3R, AT AR 5% 2 [ 4 Ffibsf [R]85 & (temporal dependency) 34T Hi£Y,
Bl dE: O R34 R (start-to-finish, SF): X T IR 55 2 (A1 ¥ ok BT B ) 96 &, 34 ) 0 JL kAT 2y, B 5 &
PR S5 B BAT i ) @ 45 SR TFAA (finish-to-start, FS): M 1E es; — es; IR AR S5 2 18] AR B 18] 18] BE 04T 203
@ JFEFIIF U (start-to-start, SS) A1 @ 45 S EI 45K (finish-to-finish, FF): 24 es; @ es; I, SS 1 FF 1] i 43 52 i} 7] 25
TR T AN IR 25 PO PR AT A5 000 35 T 1) 5 2R TS [B) 40, i s S BB I . 25 22 T B Tl i S

E X 3 (AR Z BB EMRER). X T ARG es; 5 es;, AT RS 2 BB KN R JG4H: 7D (es,es;)
= (itr,cnt, thd), o,

® itr:=SS|SF | FS| FF RNZH [R5,

o cnt € CNT REFZI KA I 23R 2K

o thd X3 cnt AR L R RME.

Bl 2 WP RIER T BI85 7D (esy, es,) = (FS,NLT, 10).
313 HEERFZ LR

A 75, AU E A RS T8 E BRI L0, DURIE B & IR 45 75 HBAT I a) 50 A I TR A3 L. AR I, BT i 5e 0T
HAEMRS cs e SR SR FIRSERSUNT:

[ les|es:=es,es€ S}
L(CS)_{ {L(CS])U-E(CSZ)le = CS](—> /@/@)Csz} (1)

© TEBREEEEIEDT  htp/ www. jos. org. cn



5428 HAEFIR 2024 5 35 B 12 4

BEAEMS cs LRI E 2R 5 ER IR S5 es H 5 I 18] Q9 R EAU, B AT R 9 T°C (es) = (ita, cnt, thd),
ita :=cs.st|cs.ft| cs.dur, EARSEON:

cs.st = min{es;.st | Ves; € L(cs)} 2)
cs.ft = max{es;.ft|Ves; € L(cs)} 3)
cs.dur = cs.ft—cs.st 4

NBIZTHAN TC (cs,), FTVE LI 2 A R 7R, eR ok, B SR 7 IR 55 LA I A5 IR 55 IR 55 B SN TN 20 38, P oR
HNTC(s), K s:=es|cs, s € S. Flith, TP IR 7 MR & 5E A RS 2 [BI I I TR AR 3K 7R 9 7D (s, s;) = (itr,cnt, thd),
Hep g, :=es|cs, 5= es|cs, Hs eS8, s; €8
3.2 QoS A%

TEARSCH, YIBEMI AR 55 QoS JB M BER A1 AR 4k, & S, AT 1] X 7] (interval) 52 X K 2,

EX 4 (FHEIX8]). 52PN S 1 5 1, 1o 5 1, Z A RIEH A X T AT ST = [1,1,], BN T = {5 | o <t: <),
Horp g, NAZI IR X A) R AR TR] A, £ € 220, 1y < 1, FLTCR>. Y, ¢+ 1 FJ F SRS A] X 8] [£+ 10,7 +1,].

BART S, AR RS R E G RS L 4a 2 & QoS LT ML, B4 © B4R H 5 QoS 4
W F T ARAZIR S5 v 2 A P IR S5 SR IR T RR 20 3 @ R %% 2 1] QoS MRk F T~ 29 IR 45 Z IF1 1) QoS ki &
FEFZ; L& @ X A RS 1 QoS LB F T i % 52 & Wk 55 16 FLAAAT A 1R] vT RS 4ERE i QoS. 7E SRR I Ik
MR S5 QoS LA I R v, AN IR AT 8 75 B E X ANIF] QoS LIUREAT Wi, AnAR SC B St 215 b TR B A A
Wi 7 B 1] 45, 56F T HoAth A 7] QoS L3R, Wil 2 4 BEFE. CPU %y, iR 95 . Hdi K /& QoS LITR, AT TR
WM VAR TG . 2425 FR 2 QoS 23R Al Ae A7 70 55 B 22 e, ATt L 2 S AL FE 1 B 4388 RO G AT I BLR A,
75 3 B P ) M 0 5 SR A SOl S T RS M T SR, AN ek AT VE LR
321 R%HES QoS 43K

LI 29 ORI IR S5 H & QoS L] & L UT'F.

EX 5 (REBEE QoS A4R). Xt T WM LSS es, Al H [ B 455 QoS LIH N QC (es) , B FEH AT 1]
M) 1 Py (RIAERE—INTA) A {n)e, ) 2 QoS M. W3RN QC, (es) = {QC, (es))r, . HH1, QC, (es) = (atr, cnt, thd)
AT H] A 1, 1] QoS L3, Forr,

o arr RAZIERIA IR S5 LIRS E QoS J& Ik, I A i [, ik 4%

e cnte CNT X3 1% QoS LKL H I K.

o thd 1R cnt FHINIZ) A R

B 2 45 EAR o R T oRBl QoS £ QCy, (ess) - Wi 3(a) AR, M4 RIR QoS fH, LR 28R /R ME, QoS
LY F NPTk X AR 55 T it 5 e B RN T (VST BB, b, 35 6 55 AT 2 FH 7 QoS L1, 416 N AN
JE AL

W R %5 F 1 QoS L3 QC, (es) BI 7R 7E B [A] X 1] 1 P94 — B 7] &0 F 1) QoS LI A, BIQC, (es) =
(QC, (es)=(atr,cnt,, thd,) | Vt,e I}, T, cnt, F1 thd, PTRER AL, BT QC, (e5) = {QC, (es)).,, T, I=[to,15],V1,€1:
() QC, (es) = (tp,NST,10); (b)QC, (es) = (tp,NST,thd,); (¢)QC, (es) = (tp,cnt,, 10); (A) QC, (es) = (tp,cnt,, thd,) . F
W, thd, 1 cnt, BERSIE ¢, 224K, Bl thd, = {10,5,10,0,5,5), cnt, = {NLT,NLT,NST,NST,NST,NST}.

322 %I QoS i

2 RN IR S5 1) QoS LT AT RE 252 3 573 — MRS B2, AT %o HR 45 2 ) QoS K #ioe R .

TEX 6 (AR Z 8 QoS 4&k#h). Xt TWIKIIRSS es; 5 es; ZHIf] QoS it nlKHE SN R ICH: QD (esi,es)) =
(QC,, (es,),QC,, (es,), itr,cnt,thd), o i1, QC,, (es;)) F1QC), (es;) 73 MK BEN RS es, 5 es; LB QoS LI, itr:=
SS|SF|FS|FF, cnt € CNT fRE—ANLIHIE X, thd WA RLL) H R ME.

B 2 A7 Aoy BIE R T 781 QoS 1K QD (ess, es6) , INEMIBEMIR S es5 5 ese Z A1 QoS K.
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15 e
QoS 1
10
NST .
5 1
0 O
fh Lt ot th b b L L b EEE
(a) QC,(es) = (tp,NST,10) (b) QC, (es) = (tp,NST,thd,,)
4 L ]
20 /\ A
15 / 3 5
10 A R X
NLT NST
5 5 o L
AN 2 X
0 0

P A A A A 4
(c¢) QC, (es) = (tp,cnt,, 10) (d) QC, (es) = (tp,cnt,,thd,)

K3 kIS5 B 5 QoS LRl

323 HAEMRS QoS 41K

55 6% LR LR KR, BE MRS EHRHE K QoS AW, Bl QC, (cs), AARK [HI X [8] 1 & — B ZI
T QoS 415, B QC, (¢5) ={QC, (e}, HeH' QC, (cs) RERE A M csTETH AL £, T QoS U3, B QC, (cs) = (atr,
cnt, thd), i€ X 5 7.

AT AV AR S B QoS AW, HAE MRS cs LFE—JE M arr 111 QoS J& AR i I AT AL & W I I AR 45 11
QoS BMAHHATRATTE. BT S, EE MRS cs 1 QoS J& M AH v] LUl i £ KA (maximum). #/MHE (minimum).
HnvZ: (additive)s *F35{E (average) B FRi% (multiplicative) & 5 kK4, idfE F = {max,mln,z,avg, 1_[ ' YT:JH:, IR (S
fire FONFEE RAIBHEA, MHET © SRS os WA G L, IC1E str e STR = (-, 0,8} ; M1 @ % QoS JEE
atr BB R 1 JBR TRl R EBES, ARHA L FHE SRS KRHEAF QoS JBHA R A HAT

K1 REBEFRHIER

QoSJE M - ® ®
1 [ I i) Z e max'L(”)‘ max'L(” )
i=1
#H‘[’% \Iﬁic\)l |£§L\)\ |.CEL\)\
e |L(es)| |L(es)| [L(es)|
== Va
R l_[izl l—[izl 1_[,- 1
|L(es)| [L(es)| u:(c )|
T l_[i=1 l_[i=1 =1
2 [L(es)l [L(cs)]
e Zi:l Zi:] male(cs)\

X 2 HalE A TR E G 0SS sy, Bl csy = (ess — esg) @es; , B FME N es,.tp = fe (f,; (ess.tp,esg.tp),
es7.tp) = min(ess.tp, esq.tp,es,.tp) . I, ATEST E ARS8 2 H QoS 41, B QC; (cs), tn5E 3L 5 Fizw. B 2 £ LA
A B 25 HIRBIZI R QC (cs3) -

25 L RTIR, AT AR IR 55 es , SR A RS cs, 1852 QoS AW N QC, (s), HH, s:=es|cs,s€S. F1
Hh, LRI AR 55 B S R S5 B ) QoS MR TR A QD (s, 5,) = (QCy, (51),QC, (s;) ity ent, thd) , Heh s, := es | cs,
s;i=es|cs, e X6 A,
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3.3 SEERFSHENES NG E X

BT Bk S AT IR 5518 4T 25 W o) R TR I AT 5%, W AR RS B & RSS2 Ia], LR R &R
% b4 AR [E 290 A QoS 293, FHxh Fadh A7 Rl Wi, DASEAS R I B IR R BE . Ll I S50, AR SRS
JRTHE B 2SR L R AR — B LR, A FR R — BOME IR E, A T EE @ E M E AR AT IR, BRI E, WA
PATF i1 BEX A SC TR L 10 5245 IR 45 Tk 5l o 2 M ) ) kA7 .

o JIR 55 B S I WX I I IR 5% 1 B T4 A R & TN TR) 29 ORI QoS £ kAT SN N, 4nsE 3.1.1 %
FE 3.2.1 FTFR.

o JIR 5% 2 AR AN et I - T X Bk X il 55 2 ) F4D B TR RS A QoS R A AT AR 24, S B IR 5% 2 ) FA) BB 3 B,
55 3.1.2 TS 3.2.2 HPR.

o S GRS HEARMEI: b A, T X0 WU X IR 55 20 & TV B IR 526 IR 55 JEAT 4 A ), DASE I 20 e R i 2 . |
I (A 25 A0 QoS I3, W3 3.1.3 15 A1 3.2.3 45,

S B ARSS H & MRS B LA R E A RS 1 2 T RS I, A SCER T B & IS UL, B 7E 47006 R AR
55 WL W00 S VEL)HG R 000 2 B0 e e ) 2E D538 ek, D 2 F P okt T I M IR 55 B H AR B RSB AT A I IR N R 5K, K&
N RBOR I QoS FRAREIN 7)1 S 0L, -6 kS5 15c) 5 & i il i) U m] T X fb Rk an R

EX T (EEREBNEE LN, 56 M55 13N e 5 M R, B9 78 W 0BT 1) DX 7Py e ik ) i 55 e
A MRS AT M 21 AN QoS 2493 (4 & PR K e B AL 15 2 1)

Qualitative satisfaction V¢, € I : Vs, € S, ¥, (s;) = {T, L}
{ Quantitative satisfaction V#, € I : Vs, € 8,1, (s;) €R .
s.t. Vs, € S,7C(s;),QC (s;) are satisfied, and Vs;, s, € S, 7 D(s;, 51), QD(s;, 5;) are satisfied

45 EAE— IR IR 55 K H B G RS 48 52 I [ 29 KB/ AT QoS L3, W SRR 51817 4 F & M A8 &1
B, LEEG—MNEITRZ el FHE: © %Rk s; e SR/ EH EIRE LR, e B, (s) = T) BiRwH 2
(B, (s;) =L), BLK @ i 2 BE BN R EE R/, Bl g, () e R, A, FLP B @ iR 55 IR R (R £9 AT QoS 297K &,
FTC(s;) MQC, (s)), FAFERRKIR T D(s), 50) A1 QoS K #E QD (s, s0). TELL T FATH, K%L & MR % B3 &
IR EAT PEAUE R, IR IR AL BB H B BEAT U0, BARIZAT SEfl ] 2 A 6 5.

4 REEESHFZEME

ARG 5t B R SR A RS 5 1 2 5 (compositional signal temporal logic, CSTL) BEAT 4024, BN HIE
ESE S BIROAR, VLR RS 3.3 TR K A MRS sl e .
4.1 BEBESHFEEIEE

FET 58 S 4 Rl X (0], B8 2% 455 5 A8 f kg on — BRiT [A] ] BRI IR 25 B AT S L, B w : Tx S — B xR,
Hrp, TSR :=[0,00) ARE—AKFH X [7]; S AR L W45 9 7 Il I o B IR 55 e L2 & MRS 46 &, sl 1 N
Bl 2 Fron; B =(L, T}, HH, L:=False, T = True. £ X W0 Al 55 L BB TR] 2 SR AN QoS ZR, Wisg 3.1 A% 3.2
FIHTIR, FI5E X = {x), %0, %, SR AU IR S5 B GRS B Z LRSS W — MR xe X, € LHAE
ZHETEE LN, U, (o), RERNTXE 7 H—HRES S I REES.

BEINGM L — N IRNIRSS s € S, RN ER RS BE &R, s:=es|cs, Ho EIHEANZR x e X FERFE RS
B el LG SERTIZ A

o n.(w)[tes] : KT — MBS eseS, Bl s:=es, % es TEN A re ] TR x MEUETTRIRA 71, () [1, es).

o m.(w)tes): T —NEAEMRS cseS, Bl s:=cs, Zcs TEN A5 t € T T2 & x MIEUE 7T 3R 7R H BT L8 ik
IR IR 5 1A B D 2R i SR

. (w)[t,es], ifcs:=es

(W) [t,cs] = Chm (W) [t, L(cs)] = . :
for (Cﬁnx (W) [t, L(cs)] ,cgnx (w)[t, L(csz)]) , otherwise
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£, ifes=cs; > cs,
where () =1 f2(), ifcs:=cs ®cs, s
ff('), if cs = cs;®cCs,

TERE, ¥ 7 (W) [t es) TRIE A v,m, () [t,es] T 50 CLV. BT 45 %€ Bl i 1 58 45 2445 S I P2 % CSTL iR
m.

EX 8 (CSTL i&i%). A AR ¢ e F, HA)E (syntax) A U1 NGk (grammar) 5& -

@i=v~clv~EICEV ~El =gl Ags |1 Uips,
Hr,

o v~ c BRI, ~= (<, <}, c e R & MH BURE.

o — REHIARE T, W RFRFE— WA AR —p.

o AIBIEEF, v FIRER 2 LML E M, B0 o, A g,

o U, WP HEH T, TR @, RETERT A X [F] 1 4 22D —F A& r e 1362, H o) TEIZBS ) 85 ¢ 2 BT SR A
2.

BHEEET V.. HFRE&HTF 59020 G, 5E8E 5N F A SiERE VHE. BIENS, v
BRBE T, RN RPN E DL —ANLRB T EIRA @ V@ F 2B 7 &0, FRonTEi )X i) Py %5 /0
FIER—R S e, o BBEIHR; G, R Fa R 8 F, RoRTER XA 1 ] ETE BHAL L, Vee I, o BRI 2.
BHEET v HEESHET A TS, NP RZET F, N TS 2"5HT G, THNFBERET U, #17
5T, HFERT:

@1V @ =(mp; Ag,) (6)
Fro=TUg @)
G, ==(F~¢) (8)

EEZR GG T 7845 CSTL H, AT R THBLEMESHTIF.

o ¢ RERE G MRS M AR 3D AL &, W RAE Ik i ik 25 29 R b AN Rl 30 A A2 AL BB ik, CSTL
Ay ~ & AT HRERIEA [FI 8] 5N A EAE v AN T BN T8 T — AN 2 R BRI 0 S 55 B & R AS A R R
#ln, v~ v O n,()t,es] < 10, FRMEL 55 es FEBT A 5ty FHIFMEE (IK/Ep ) F/NT 10 Kb/s;
@ m, (W) [t,es] <5, REWBEM IR es TERT ] 51, FIIEIEEFR /DT 5 Kb/s. %R E & B REX T YB3 ik
25 [ I B R AN TT D [, U 5E 6.5 1 R S IR BTV AG 5 A b 4 SR .

o JAL, CSTLFJE T —MNREHT CLV RIS E A MG os HPTERE AN IRSS (RF L(es) ) ERA A&
1V (W, () [, L(es)]) FATRABEAAR, dit, CSTL AR CLV ~ & 1T LU T 5 4 M 55 (9 % ¢ . 45
an, X B 2 FRE AR csy, Bl sy = es; @esy,c55 = ess — esq, HATHEFRIRZ N CLV = f2(Chm, () [1, Lcsy)],
m, (W) [t,esq]), Hep, C?ﬂ'x (w)[t,L(cs3)] = f,;’(ﬂ,p (w)[t,es5], 7, (W) [, es6]). ﬁ%ﬁ@?%f T %R A RS A R
AT BN LIS SN .

B BRI, A4 CSTL tHiE A X 58 3.1 F9AEE 3.2 75 o Pk I I JIR 25 b 1) & T ) 3 A QoS £ kAT T
RIS, B R P I 7 sk #5400 CSTL A0, BLEL 2 s fmonl, BIEE 2 15 gl 151 3 wh sz 451 s 00 75 3K,
AL AR CSTL A 0an T

o I 1 PFREFRIZIA: TC (esi/es,) =G (es.dur < 10), TD(es,, esy)=G(esy.s5t < esy.ft+10)F TC(cs)) =G (cs,.
ft<cs;.st+30).

o 5] 2 F1HT7R QoS ZIH: QC, (ess/ess) = Gy—(es.tp < 10), QD (ess,es) = G,(FS < 10)F1 QC, (cs3) = G~(C%{ess.tp,
esg.tp} < 10).
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o % 3 FFIZRZIW: TC (es,) = Gi(es,.st < esy.ft+10) F QC;, (ess) = G, —(ess.tp < thd,) .
42 REBEFESHFIEEIEX

FENG F P I 0 75 SR BRI R 4y CSTL A2V, 7€ SCEMALE 3, R SR KR (w,t,5) E ¢, B fE
5w TERT[A] 21 ¢ B T3 R B AR S5 s B A o FTARERLH. X FHEH R KR (w,t,5) F o &L, ATHEIT
TE AT L.

FEX 9 (CSTL EMWITN). B TS 50 7@ 15%, X 526 R4 8 I AT 2, B 4h e R P« Fx
WXIXSEV 5B, BHE -G EGETNFER AN peF, X BEMNZA B TweW, K INESrel, FE K
% si=es|cs,s€S, M EIA/RAEILB = {1, T):

Y(v~c,w,tes) =n.(w)[t,es] ~¢

Y(x~& w,t es) =n.(w)[t,es] ~ &

‘-I’(Cf;(V ~ & w, t,cs) = (w)[t,cs] ~ &

Y (=g, w,t,s) =-Y(p,w,t,5)

Y (o1 Ay, w,t,5) =Y(p,w,t,8)ANY (@, w,t,5)

Yo, Ups,0,t,5) =3Ar et+1:(Y(ow,t',s)A
V' € [t,t] : ¥ (1, w, 1", 5))

ZE VEAIE SCRT 0 B 6 IR S5 18 AT I R, 2 5 A7 AE IR 55 R 27840 RS HE 20 SRV [, sl AR 29 SRR 4 2 55
A, 2 T ARV S R, BIAT 93 2 (), BEARTE (L), SHFonl 2 R RoR G148, w] sk Hdb 4T 2 PGS U
Fe: R TR AR 55 es TERTIRIIXA) 1 = [4,85] = {to, 11, - .., s} WIFIHE R RME S, WK 3 PR, B 7, (w) = {(fo, 15), (11, 10),
(1,15) (13,5 ,(11,20) (85, 15)} . X} T8 2 FLIHR QCi(e5) =G (es.tp < 10) FINEIN 3R, 7T R DAL LR AREM 2, R
FEAERS (] 5 A €T (W0 ¢'=1;) 13 W (= (es.tp<10), w7, es) =L . %, KT8l 3 A —LIR QC; (e5)=G,— (es.tp <thd,)
IR SR, Hor, thd, = thd,, , W& 3 Fi7R, ATR XL ACLERT [B] DX (8] 7 A S 2B 2, BN Ve € I, W (— (es.tp < thd,),
w,t,es)=T.

R E RS SORT A e 2 4SS T P e A SRS R R OC &, AR, I A A W R R AE S o M
5 BN, BT ELR R 2 B R AR B OE AW R, 545 B AR X L I TR I A e i SOk
PR IXAN 1] B, Q036 2 A TR, B AT ST DAEAE W R A IR S5 2 A A IS R 2 B 29 S T AT A7
hia, IF B2 8 AR S50E. D8 T IR AN [ B, ASCHR I T — M B (045 5 I a2 48, B CSTL, s@id
FHAEBRRMENESEY RIE STL, SRS A B WS 2 R, LA S 6 R 25 B 1A 2 SRR s M 0 s B
EEMRTIEAER.

BRI S, CSTL B0 T STL &G &tk B & U7 =X, il 1F £ fm B 1 22 2 R 43 il R AR 2 A ) 3 7
e (A, Forh, IE S B B2 AN ) 8 T

EX 10 (ERBREMNRESMETF). — M EmMEMRSNE TR « B IR 3H47 fn EE 5

Zk AL X (0‘20(7'[‘) +0(z,,)), if I, >0

R =] T2
¢ AL .
Zi:l > X (1, +7,.,), otherwise
HA, 1 =1, L, ..., L) 2R A A TR%5; — NI R TR A 1 = 1,61, 2R = 1,2, ,kBk> 1), B InI,, =

{ti}; WA RN EEENER 7= {1,,7,,....,7,,}, HeP 7, ARNE S, FTRERM; 0%r,) =max(0,7,) > 0; 7
I, B R TE T ARSI M, SR B 2 gk
ZEfehtth, 7 fm B 2 A TR E AT, BT R AR S ME T TS (DR (1) = -R°(-1) ):
> % x (00, ) + o (x,., ), if 31, <0
RO (1) =

kAL .
Z ey X (1, +7,,), otherwise

XTI RN EEENER r, M ={r,1,....,10), TEXEMERZSMET )y
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k+1 .
Z_il o(t,), if 31, >0

R'(1)= . ©)
Z T otherwise

FAUHh, AT X AR R T IATHE S, B R (1) = —R** (1)

TE S B 1 W 0 S 2 o, AT AR 2 SRR IS I N ) S 2 P R, B O (7)) . Horh, o) 2 7 PR RN SR, [
7| = k+ 1. FESCBRPAT I FE b, %52 8 NG 11X I [R) 52 2% BE YR B NI 8] A5 O (1), 3% R RUATE SEFRIZ AT, R
W 0 B3 SRR HOHE oA (AT SR AUE 5T, T Em B b — i 20 BohnAn b R, 228 A5 15t T R X R g
A BRI 0 48 A2 B 1R R, A FE S 2 R a5 AR B RN BT 1) A2 2 P AL, $hAT IE B f L B 2 RN 5
TALTE H RS, B o), R AT sell e SR H S AN R, (R, ASSOFT IR AR 2 AN ST T, ML IE e B RS T,
FEREI T FT RS2V FE Y, T3 AT A0 R 45 M 3 3.

BT IR 0 IE 1 fn B AR 2 R T, TR H A B E SR AL B (e, 0,1, 5) , BFRCA RS BIE He bt B
PR, HoE R

EX 11 (REBEENEREE). NEHEECEERERE n(00.65)  OXWXIXS - R AEAEH—Ma
SHFEEANpeF, —MiSlHweW, E— WA eI, M T— B IR SR E A seS, B R
PR — AN S A

fem

n~c,wt,es) =c-n.(w)[t,es]

n~¢&wt,es) =&—n (w)[t,es]

U(C?V ~&,w, t,cs) =&—n(w)[t,cs)

n(—e,w,t,s) =-n(p,w,t,s)

n(e1 Ay, w,t,5) =R (g1, w,1,5),m(p2,w,1,5)}
neUgs,w,t,s) =R (RO (s, 0,1, 9), R 1 (p1,0,17,5)})

BT 2R ERE, T ERBE RGBT LR, A AEAFRE L (T) BAWL (L) B, s
P A AR5 e s, 0 S 7 s g, (s). 24— MRS s EFTHRER CSTL AR @ AT H— M5 518 w TERHALS, 32
B ¥ (p,w,t,5)=T), HHANZ n(p,w,t,5)> 0. Fl40, 52K 3 FHTRESE, RIEEM AR es RS (8] X B 7 9 &
B MESE x, (0), ITEETHERBIZIR QC, (es) = Gy (es.tp < 10) IR R (FH_F SO RNZL AR ), B
(G (es.tp < 10),w,1,e5) = =2.5 . KT B—LIH QC; (es) = G~ (es.tp < thd,)) , ZLVH I E B L EN n(G—(es.tp <
thd,), w,t,es) = 37.5 (H_E ] F1iZ%L0 5 ] #2356 2 ).

G5 S 78 STLC G HEERE & p (o, w1, 5) HILLEL, RSO IR A B EHEE B TR (0, 0.1, 5)
B T#E STL _EXf &6 RS 1 W 75 SR AT & LI R, FF 4T3 B A L WAT 2408 1E R, 4 k& A TR
SCHTIR N R 3755 AR 0, TG AT SE T (soundness) FUIERfE: (correctness) & FLHEATIE B,

EIE 1 (TS (soundness)). BTHE H 1R A TS M 7 0R T RN (sound), XS E S HFBE A =
B LR 8 A0, R ™A% TS0 BEAE HUAS 5 2 IR0, T B A P24 67 B f AR A5 5 0 ad s U :

n(p,w,t,s) > 0and c > max(¢) = p (¢, w,t,5) >0
{ n(g,w,1,5) <0and ¢ < min(€) = p(g,w,1,5) <0

B TTRR AR S5 WAk R VA ik HE AT B % T SR S B B, ATE A A VS B TSR, BN T o= v~ e, T
B S n0 ~ 0,9 = p0 ~ ¢,0,1,9), Wnp,0.1,9) >0 plp,w,1,5) > 0. HK, X TZREGHE S FE
BT R E R £ INER), Bl g .= v~ & BT STL A ZIull, n# CSTLH o :=v~¢ 5 STLH p:=v~c
HATHEXHEETEMT: © X e > max @), B ¢ > &, TTHES p(o,w,1,9) = n(p,w,t,5), L, 5(0,w,t,5) >0 = ple,w,
t,8) > 0; @ FEAUM, 2 c <min(é) <& WH n(p,w,t,5) = p(@,0,t,5), HILTTH (e, 0,t,5) < 0= p(p,w,t,5) < 0. R )E,
A RAAHE 1% R G U S R T T RG] o = CLV ~ ¢ RTEENE. IR, X T AN A 4R S A 3 57
N ARG 0T EEE, PR B BB A S TR AT UE B R AT ZE A, DAR R R RO R A, M
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(G, w,t,5) >0, BIVY e In(p,w,t,5) >0, ik, p(Gp,w,t,s) =min{p (¢, w,t,s)} > min{n(e,w,t,s)} >0, ¢ > max
&); HHHL, 20 (Gre,w,t,5) <0, BIFFTE ¢ e I 85 n(o,w,7,5) <0, BIATHES H p (0, w,1,5) < 0,0(Grp,w,t,5) = min{p
(o, w,t,8)} <0, EHAEH 7(Gp,w,t,5) <0 = p(Gp,w,t,5).

TEIR 2 (IEWME (correctness)). FHEH: 1 @ B0 E E(EH AT 487 & ML 2 R

n(p,w,t,s) >0=Y(p,w,t,s)=T
{ (g,w,1,5) <0 = V(p,w,t,5) =L

WA 4, AR EEARVER R EFP, BT o=v~c, TEM EHESE n0~c,0,1,59)>0=2 P ~ c,0,t,
§)=T . W TEARAE B A RTEH], PTAE 2 20 2 2% I 1 8 B, 3IE % A a1 R 2. Bk, 77 257
UE BIAS 5] 3 48 557 AT P 51 8 A VG0 R IEAA . BAR 7 51 s B 2 A, 2 n(Gip,w,t,5) >0, Bl VY €1,
n(g,w,t,5) >0, WP (p,w,t,s) =T, HIE Y (Gp,w.7,5) =T, G, w.t,5) >0 = ¥ (Gp,w,t,5) = T.

5 ETF CSTL MEARSEhEEEN

AT EET CSTL 52 & M55 1l i & I AT P AN AR, BN i e I s I 29 SR 40: CSTL A, 7
FEIZAT I P 2 P 0 5 0 SR L Sz ) &5 2R
5.1 ETF CSTLEZAMNE SRS

NS 3 T AT A 4H, DI AR 55 B L R A IR SR L BAT A 1R) BT BEAF AR B TR 2 BRAD QoS £, IX b2y s Fh s T3
M5 B & g2 0], DL A MRS b, R IR 5518 1T I P R e B U, ARG £ B AN P D i 55 502 T 2%
AR R TR, BRI S, PE LR CSTL 2 xRl i 3 e 29 BR k.

R 55 1 B S I R R I R S5 1 BY BT A 11 5 TOURF 1] £ AT QoS £ BRI AT St W, o sf 3.1.1 15 A
5321 WHIR. BARGEE: © FF /25 SR 1) F 35 S 8] (0 B T BR ), s S 2 ATk, LA R @ e B 1) IX [ 11
QoS 41K, fnsE X 5 frid.

o R4 B I Z3R 7C (es) = (ita, cnt, thd) "R N:

@ = es.ita ~ thd | =@, | @e, NP1, (10)
H, thd = thd, | thd, R [E € BBhAS P AL BI{H, 140 CSTL Tk I c Bl & .
o %% H 5 QoS 43R QC, (es) = (ita, cnt, thd) T FH NI T A5
@y = es.atr ~ thd | =@ge | @ge, A Pyey | e, Urpye, (11)

B 55 22 1) Bk 2 M 0 - T S K R A 4% 2 T T B T AR AR QoS ARt AT IR, SEBILAR 55 2 1 R Bk sl W 0, 4m 28
3.1.2 WAL 3.2.2 YR, BAREHE: © R4 2 B TR, a3 A, L @ QoS ki, i X 6 frid.

o 755 — I (AR HR 2 R T D(es;, es;) = (itr,cnt, thd) , Al O CSTL A

G = itr ~ thd |~y | @1y A Puy (12)
o X4 T QoS MHILIK QD (esi,e5) = (QC, (e5),QC; (es,).itr, cnt,thd) , FHRFEUIT CSTL ARE R LA
P = G A g APy (13)

For, e M oo 53 BRI S5 es; Al es; 11 QoS 213, W AT (11) FI7R. @uar = itr ~ thd | =@uar | @ua; N Paa;-
S A o5 BRI e A, R AR I Al 55 26 T B B2 P 55 AT 28t 0, DA SR S L 5 A2 L B
[AIZ) AT QoS LI, W% 3.1.3 WiANSH 3.2.3 Hi . BAKIN 5, =& M55 MNP S 2 6 55 (I RIAT QoS £,
AT CSTL A AR LA RN T
R A LAY A AR U (14)
e, g s +es.ita ~ thd, ¢ = CLV ~ thd .
NEB BRI B S M55 8 BL R ST 55 (0 2 TR SR N, AN SCHE R T 13 7 e AL ), B BB A
55 MU S99 H S0 2 M mT B e () 2B 5. B3R A (10) - 2K (14) o BME S 80 thd PTRREE SE PR BN 104 BHIR,
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B SO S5, HEAT EE R, 7R3 6 TSt ZhaS BIEHCAE thd, .

UL, i A F R TR IR 55 BB B IR S5EAT A B B IE RN 7R R, KA BUKIL QoS FEKEI A
TEL, AT CSTL M & RS Bl e f s . AR S5 S M2 s mT i Je R CSTL #Ei%%R 8 CSTL AR, Bffiz
ATRBIEILEE 6 5. XFFixik CSTL A3, ATHFIAH CSTL &t K EWiE S AT Seit Wl 5 7 0 firs.

5.2 ETF CSTL &N HIBkzhE £ 4N

TEX S TR S LI 450y CSTL AR, WAEBATIN F A CSTL 5 SCR 58 1 A1 & 3 U7 i% 29 s SR an sl
3.3 WHTIR, P, (s;) Fln, (s;) $ETE AL ARRE, BDRI A 5E S 9 v i PEE CATE S 11 W )58 S O T E & RS
Beahe . B 1 BIgh T BRI ST CSTL B & k& B3N e 2 b I A2, o rh 2 R4S [5]lR 2% 1 =R a0 LA
— Ik ATT SBEAT AT, R, S5 E IR T R R AN R ARG o, VRO IRIEZ S & IS5 38 AT 1 & T5UN [H)
ZIHA QoS Z13R (1T 1), 1eE R . ARIEEE 5.1 WATR IS MF LI AR, vk 2% WL AR L4 N AR CSTL A3, ek
@ (17 2). HHIL, AT X e 2 AT T2 8 W I, RIPE AR 554847 A 1) i B — IF[A) /v, e 1, B — > CSTL A
(BD Ve, € O ) TN FLHEAT W5 58 14 e Sl il 2 B (4T 3, 4), B, (cs,,) T, (cs,,).

BE LT REME S 2RI B & ik 55 s I 5
BN cs LI AP R A 5 RS
fth: W, (cs): X181 o — I 2 1, TR ARG s K52 PRI A2 L.

n, (cs): XE) T AP —IZ 1, FEAIRS os B BT 2 5.

1. R—{TC(s))UQC (s)UT D(s;, 1) UQD(s;,8:) | s; €S, 5, €S}

2. O —HHBRN 1025 (14) 1858 WHRERLRE R ) CSTL A5
3. while ;€] and @z # @ do

4. switch Yy, € Og:

5 case ¢; Ay, do

6 W, (cs,¢,) «— W, (cs,0) AV, (cs,0)

7. n, (cs,¢,) — Rgo{n,, (cs,¢1) .1, (cs,¢2)}

8 case ¢, U, ¢, do

9. Y, (cs,@,) <At et+1,: (Y(pr,w,t', ) AVt € [t,t'] : P (g1, 0,17, 5))
10. n (es,0,) « RS, (RO {n(pr,w.7,9), R (pr, 0,1, 9)})

11. case - do

12. ¥, (cs,0,) «— ¥, (es,0), 1, (cs,¢,) — —n,(cs,¢,)

13. case v~ c do

14. WY, (cs,¢,) « m.(w)[t,es] ~ ¢, n, (cs,¢,) « c—m,.(w)[t,es]
15. case v~ ¢ do

16. Y, (cs,0) —m(w)tes] ~ &, n,(cs, @) « E-m(w) [t es]

17. case CLV ~¢ do

18. Y, (cs,0) —m(w)t,es1~ &, n,(cs,¢,) « E—m(w)lt,cs]
19.  end switch

20. return ¥, (cs) — AN{VY,.(s,0)}, 1, (cs) « RONR, (s,0,)}

21. end while

= CSTL AR AN T ANELZIEIHE LG, Ml o, =, A, (1T 5), WH 5.1 ik 2N [a] 295,

5 QoS AR (A (10) g, := ¢, Apr, ). EXFIZE A LR, Hog PEAGH 1L b H 720 A0 2 VE v e, B E 2
BEATAXIGFL (R, (cs,0) FW, (cs.92) ), FHFIFIEHE I HILER (T 6); A2 B A A2 2 I FHAR B A2 B
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B S P, BRI E R IR 2 RIS E (1T 7).

HBBE BN BA (R0 1) AH, B @, := o, U, @, (AT 8), Ferl, 1, 755 240 18] 510 1 AH AN 18] X (], AT
HR¥E CSTL & AL & 2 BALIE X AR P, (cs,0,) Ay, (cs,¢,) (1T 9, 10). ST FIBHEIEML N CSTL A=K, B
@, 1= = (T 11), FE AL BRI P, (cs,¢,) BB HRAEL R, & B R ER g, (cs,¢,) BURTIZE R (1T 12).
TR ATEN @, :=v ~ c (1T 13), /ﬁ\:‘}’,i (cs,0,) ERNEBEA 1, (w)[t,es] 5 c MZHE LR R, 0, (¢s,¢,) N
MRS ¢ FIZE{H (1T 14).

MeAh, 3T RMEEE Ry ~ ¢, HEEM S ERUWH RS ¢, = v~ c BT 15, 16); M T HEMRS T
KRR ¢, :=CLV~EUT 1), H Y, (cs,0) BRNZEEH T FTHEARFZRELEM 7, (w) [1,c5] (WA (5)
FiR) S E & Z MBI BLLRE R, n, (cs,¢) NHFNAREEYS £ FIZE (1T 18). I, 55X Ve, € o, ZEA
025 1 2 AT R BT R P, (cs,0,) TRTE, BIW, (cs) — AV, (s,0.)), VY, (s,0,)) MBI H; 2R 2
FEE 00 e A g B PR = RN 3R AT, B g, (c5) — RV, (5, 90,)) -

B TF5 5 1 7 2 1 A D0 RV e ) 58 4 B 55 T 5 M 2 RO /5 A i) CSTL A 2UFA MR s KA 2. L,
AEEB/REF A ~v vreeHv~& 0 CSTL ARIELFRRN P MG RE, 5FEAESHFBEIIRE AR,
B IE BT B 2 1 rb BTSRRI S S AN B GEAE 1), BRO (1)) ; 2580, 55 R 31 U, i CSTL 4 30 7E SEBR
HE IR ) S O (117), Herb 3T IE 51 i B 2 B AN SR IZ 5 ST O (1) B ARV E AT CLV ~ ¢
[ CSTL A 2rE b b 1) 52 25 FE -5 52 6 R 5 B 6 2 AR IR 35 A0 R 1L (es)]) A0 1T AEDR, BT O( L (es) X ).
AR B AT S5 B e W I 5 AT 5 LS 6 .

6 SEILSIAT

A SCAHE A Python 1 5 H R SEI, SRASISLINE & 25 B6al i & IR . A ORIE SR 50 45 SR 00 vl L e ik, $H7E R —
B LA LIZAT, L84 64 A Ubuntu R4, L& MALFL S AMD Ryzen 3800X 8-Core, CPU N 3.9 GHz, W7 N
16 GB. EARSZISHHE (55 6.1 ). XFHLITHE (38 6.2 31). P TRFR (5F 6.3 ). LR E (5B 6.4 77), DA S 92ut 45
FGE 6.57) UL R,
6.1 SEIGHHE

TE ISR P B S R 2% H RIS QoS B 48 W A28 1T i B B8 S 0E AT 52 & IR 45 B¢ 3 s 0 1A 00 ¥ 28 e VP £
Horf, B H AR E AR T 3 MRS HUT HE, BIRank 2 fios.

®2 RS HELSREG PSR

55T B & M RESEH O RS EHIKE

SRR (B TRFR) L WHL AN £ /ME SEIAE & KE

KIEFAEH & (PUC) 608 9119 21 2 15 44

A3 H & (PRD) 225 4543 45 1 20 175

AUL 25 1392 32 34 56 92

AUW 10 488 30 28 49 70

" E102L 18 1152 36 46 64 82

o ; E102W 7 420 36 46 60 76

E* E104L 43 4200 38 58 98 134

- E103W 18 1728 38 56 96 124

E110L 21 1390 34 20 66 90

E110W 6 368 28 54 61 66

O H9RS H & 7R n] 5T B sz H B SR 47 5258 4347, BI 4TU Centre for Research Data (http:/data.4tu.nl)
ONTEECHE Pt o B SR S5 T R P AR IR IR 5 AT B &L 1% B B IR SS BT T AR A] (BRI H &b Start FREEFTER
B I]) 2 R ] (BRI H &R Complete F345 FT 2R 8B [R]), W] A T~ [B] 249 R B0 . BB G LR % .
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BRI REA M FZ IR o) 5 AR 5B & 5437

o SR FE H & (purchasing process event logs, PUC): F& f— AN SE B Sz A 2 AR sl i AR 45 3T H &™), % B
TG B ARG SE AL AR, BHAEASTHI R -4, anss 2 5 ps. SRIGFE H & PUC AR LML http:/fluxicon.
com/.

o 743K H & (production analysis process data, PRD): & 1 — N2 7 il it 1 8 A4 BB IR 55 34T H 78 19,
HH ERP B MES R&tixIHFH. 2772041 H & PRD A3 LML https://doi.org/10.4121/uuid:68726926-5ac5-4fab-
b873-ee76ea412399.

o H#E %z H & (activities of daily living of several individuals logs): AR $E 8 MREHAT H & (HIFR AUL,
AUW.,..., E110W %), REARF 2 5 & 78 LAE HAR R FEd I 34 (WA AL AR ) 10 B IR [F AR & 75
WP H R sh, GIanEEIR . fR . PeEkEE. H TG sh BB P LM E https://doi.org/10.4121/uuid:01eaba9f-d3ed-
4¢04-9945-b8b302764176.

@ M4 QoS HE R ZAIE AR MHE Web IR 17040 s AT SEMEVEAT ML (distributed reliability assessment
mechanism for Web services, M1 iZEE £ HF7 N WS-DREAM), fo¥FH /7 #EAT 22 Rl IR 65 5t B 3Py 10, B4 Bicdis
Gt i 142 MHIPHE 64 ANIS A AL 15 min (R 8] [R]RE X 4 532 A0 X Web 553547 30287611 MR 551
PR, ALFE T % 4532 MRS KK 30287611 IRPUATIEFEH ) QoS HE AR Ak, B B ES 7] (response-time (s)) A7
Nt (throughput (Kb/s)). WS-DREAM ##f5 5 7] 7 LM 41k http://www.inpluslab.com/wsdream/.

SEBREEE AR BT 0 BRI TA) R B8 52 22 07 T DS 3R PR 20 TR, 122 0] RULE A2 458 P A SR 09 245 R K D) 430
BOHRZ TAEI R T HdE R A R I B AT 58, 38 A AT AR SRR 78 B R 7 %), AR 8 SR 518 AT 1)
S8 B WU S E AT FUAR A T 1o R0 S () B S TR SCIR IR VA v, SR B £ T R D S B, BT DA S
B35 77 FIRIE IR 0 IR 55 1) S g M I AR b, s I 5% H ZE AR T IR 19X R 55 I 1) 2 SRR ARSI M I, R 55
QoS ¥4k WS-DREAM # FH Tk 2% QoS LT i), BARIZAT 2 7] 2 W3 3, RUAIBC I Rk 55 E & . R4S 2 1]
PA B 526 IR %% IR [ 29 AT QoS £ 3 Ml

®3 EERSEEE R RNIEAT SR
PN ENGESEEa CSTLA
AR 45 $hAT H EPUCHMIEE M AR 55 esq , BI“Create Purchase Requisition”, WIE2FR, BAEIFME @1 = Gr(eso.st < Ihd}’)
I [T thd (2R thds! ) ¢, = Gr(eso.st < thd)
2 AN ) R T e (o8 ] 2 = Gileso.f1 < thdf)
HrEs NREIZA 1 ay 1
ke ! ( a) 4 :G1(es0.ft<thd£t)
JIk 55 o 4 g 3 = Gyleso.dur < thdjdc”’)
BRFERS AT thd " (s thd "
Ef% R ! BAGT) @y = Gileso.dur < thdgur)
S = A
R es0 K TFAIN IR 5T thdf (5 chat ), 3 FLEE O IR AL T thd!! (oK thal) ) AN
f d f Y= AP,
. \ st —p o 3 . ur = ¥5 =1 Ap4
eso MATFIEIF A FT thd ! (5 ehd) ), - HAGRE AL thd (2 thdg™ ) AN
\ — o N
eso 8 JLREIS T AL thd®™ (s§, thd " ), 3 LGN LR T thal) (] ) oo,
WS-DREAMYCHE 517 LS LAMIBEIUIR 55 0 1, S0 eso , JEMBEIN )58 RAK T thdff (5 ¢7 = Gileso.rt < thd)
thdy ) @', = Gileso.rt < thd})
= Gy—(eso.tp < thd"?)
HE% ) NN tp g ip ¥8 1 f
el eso SR EANT lhdf (B thd,;") @i = Gr(eso-tp < thd:lp)
Sy WS-DREAMECEA TS0 MRS, 1 lesi)?), | MBI & 4K T thd ! ¢9 = Gi(esi.ri < thd)

(B thd?} )

@y = Gylesi.rt < thd)

PIBEIUIR S5 esi (i = (1,2,....,50} ) Fonk B AT thd? (o thal] )

@10 = Gy—(esi.tp < thd;p)
9o = Grlesitp < thd))

© hFFeE
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®3 BERSEEhE R RIS ATLHIR (58)

YR ENEESE 34N CSTLA K
R SSHAT H EPRDH T P AT AP0 B WX IR 45-“Final Inspection” 5 *“Packing”, iC1F es3 @11 = esq.st—es3.f1 < 12
5 esq , RS 2 B A FRFSA R T12 h, A K T24 h, 24 esq FHUGHAT T es3 45K @12 = esa.st—es3.f1<24
& ®13 = @11 V ((=p11) Ap12)

Y14 =esy.ft—es3.st <24

es3 5 esq ZIAIFSTETEE 011 (B @13), MIFSEA KT 12 h (BiA K T24 h), I HSFEAR

. =@ AP14
KT24h ¢15 =i
TR $ls = P13 A P14
| , — he . . @16 =lesg.ft—es7.s5t| <5

itia FEATIAT FIMIERIA R 55 “Flat Grinding™ 5 “Lapping”, 18E esg 5 es7 , I35 Z AIFSTEA
feds NTSsh, HSFIEAEILIS h

w17 =es7.ft—esg.st < 15

P18 = P16 N P17

©19 = lesg. ft—es7.st] < 10
o ) ®20 = 916 V (=p16) A @19)
ese 5 es7 ZIMFSIEAKTS h, BUAHIE10 hy BHSFEA KT 1S5 h, 8 EIE25 h 01 = es7.ft—esg.st <25

®22 =17V ((m@17) A920)
©23 = P20 N P22

w24 = Fp—(esg.rt < thd;»t)

WS-DREAMZHE S L M IR 55 eso ZEITB] X 8] 1y = £+ [0,5] PIAELEI RS R HIME o5 = Gy (eso.rt < thd’f)

S T thd'f = 4, FAE At € [10, Atinax ] AL TG (EH 10 < Atax <30), ERA] )0 = Gy (esg.rt < thd'!)
g XEL=t+5 +At+ [0,5] WAL thd]f (B thd!! = 6) ©26 = 024 U[10, Aty 1925
> il ©56 = 24U[10, At 1 P55
QOS @7 = FI] (eso.tp < lhd )
(S tﬁzs =Gp-(eso.tp < fhdtp)

PRI 55 eso FERT T DXIE) 1) A7 Ik B A AT thd[p 0.4, 1 Ar BFIR) J )5, £E

X A 1 B z,é\%ﬁﬁthdjf(ﬁthdm_oﬂ %s = G, —(eso. tp<thd )

9029 = 027U110,Atmax 1928
®h9 = P27U110, At 1 P23

WS-DREAMSGE L -H LRI I 2% e50 1 esy WIS 1) & AR L3 s 30 = €so.r1 < 3

@31 =es1.rt <3

ga HH eso Fl es) AT SR A RS eso — esy , FMAN I [AIA L6 s 03 = Cg {eso.rt,es.rt} <6
W% eso Al es) UIIFATEMA I E GRS eso@esy , HMpa BRIl (B A6 s ©33 = Cg{eso.rt,em.rt} <6
ENE

@34 = es1.rt < 6—esq.rt

2R 1] 2 ) 1) AS e 3t ] W B[] AS 8 3 i A 6 —
eso i R B ANER L 3 s, H. esy MBI AR 3 s, sRANHEIT 6 — esq.rt s = @30 A (931 V (=031 A 934 )

©36 = eso.rt <6

eso " B M A6 s, H. esy WS IR IS 6 — esg.rt -
©37 = $36 A p34

6.2 XfELFE

AT BUEA ST B BOR T R IA R e, L5 DU 2 AR T L AT

o (LG5 SN 78 4R P& (traditional robustness in signal temporal logic, STL)!™'**: Sy T @R AHN T4%
45 STLUM& He vk 1 0t 78 6 mT 5 Hdb A7t L. STL SE SR TAETh 4 2zl (W56 1 §5Frd), i, SR STL
HEAT CPS Z 4% 4 et Wl M| 2 (R0 TN A3 i A 0 VR A IR X i 55 1OV

o BAR U T HE kE1E (arithmetic-geometric mean robustness, AGM)P: ith b, 7] 53 TP 345 7 & ke
PEFEAT LLAE, 9 0 i 5 — TR TSR LT P4 R B i 1 FE

o i BT &M (smooth cumulative robustness, SC)*'%: 5 4k, T 5 58 —Fl ™12 S B ook & 1tk 1) 5
5, RIS BT, BEAT X B2 AT, 90, —Fh-T-ie SR ARTE ST B HR .

o Ik &M (weighted robustness of STL, wSTL)™: H AT 58 53 BT th B0 IR & i 1tk 2 — b ek
STL A &t 7 30, I8 AR Rl 5t bl 8 B A R E A AT InBUz 5.

o RN EFEME (accumulative STL, ASTL): AN IRIVA S 5N PR BHAERE ST . TEAER
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Fps ARG A, e 7 2l emEE R R B— 4, AR LY R T REH TSR
LAE B -5 A5 IR 55 (R BB 20 s B . R 8 0F 12 9 350 0 4 T (0 2, 0 I T S50 90 8 8 R e {11 = (1 FF
K TAE (ic/E ASTL) BEAT 5 EE.

X e L v B AR EE B S AR SO £ CSTL M ARALL I 77 . ELASR it B0 ik T 24 3 7 R F o
HF 0 RS S P8 48, AGM AT AR E0HE AP35 51 SGIHE 5 i R B AR 0 7 15, X 8 it A) 1 SR 21
5 S AT BRI B, JF o SCT IR B OB IS T &R E ARG E E T, SASCHTE I CSTL 5kl
AL, SC A2 1T 4 K F5e W T 24 ST AL BT 8L A5 5 Ik e 322 e S SR FH AN [) B~ S L35 350 20 AR 6 2 30 o B R B P
U5 NI TTIE. BAh, % 08 5 il 3 T INBURUE T 1045 5 50532 48 (BRI wSTL) #EAT X L. S, 545 Fr i 2 &
R R B SCREAT X b, B IE AR SCTE 54 R 45 M 00 T 4036 PR . 7 5 482 2 4 v, -5 3K st L g V3 A7 % L S
36 KSR T N CSTL StF 8 A M55 Wi LK S &350 B S S 2 300 B A BE 75 SR 350 2, AE R A S
TESE R WE I A R 3F PR e
6.3 iFiNIEFR

BTH 6.1 TRTIR AR BB 4, M LLR 3 ANJ7 TN s A 7 AT VA

(1) 32 H3 10 75 3L I 1) 20 AN QoS 20 o MW I 7 T F) R0 SR ey 2

(2) P BT IRSS B B RS 2 1) DA B2 PR 25 s U £ 200 SR e 2

(3) 5BA RIS T IEAR L, 32 7 vER I a2

T A RO A T el R, AR Sk A R R 5 SIS R P e 1 b B FR AR AT VRS B, IR
AR T /& FH P 73R, FUEARERIE R P 7R, B8 B e A 2R MR AT 45 3R A9 1 B8 i A R, IE A LA
PRI IGAIE (10 45 SR P02 7 I, T EUSR 4% H A RO 1) L0 R W, R TR 45 QoS %idiE 2 WS-DREAM FJ QoS £
SRS, AT Ak TR H 7 VELE B R 2 B QoS LB ME W 7 THI Ik s B eSS B & MEZ MAE A MRS L1
IR} ) 29 SRR QoS 23, Ak B4R H 7 VR I AR, 555 6.2 715 BT A 96 07 L% bG48 51, W B IE A< 3007 322 14 W
AR S FOE RS RS .

6.4 LWRE

I B SHOERE IR 4 o, BARRB IR, 258 6.1 TR A FEIRESE WS-DREAM, n] BHYHE 4532
AN IR S5, FEAEAIL QoS LA iy szt i s B MR 25 AT H 26 4540 AR 55 S5 B4R AT 45 000, R BB Ta) £ 3R )
ANTR M. R FTASAL N I £ IS TR 20 AT QoS 2 BRI [ s MU Bk B A AR B AT W BN K 4 TR AR S 7Rt
BT A B A BE LR, X (R 29 3R QoS £ B W W75 150 40 3 30 AT X6 Ll 5236, 338 T 50 BA AR SC AT 7 v 0 130
25 BB R A [ 5 AR A 0 25 T 0 SR AL, A9 An SR AT I KSR — s BRIAE, T BEE A B E (. (U0 40 min,
A T A A B B Y HA A E B BB, QoS LA RME, 5147 ik B 44 SRR, AT RRIBL N 4 38 AR 45 A2
LI AFAEIB o ARSI R L3R, S e R 4B /N3 T i 45 s i 5 SR 52 i 25 FE 31 wSTL A EXTFANES 515
AL EE, FE R R A BN E SR E T, B w=(1,0"0?,...,a™""}, 2, o £ 0-1 Z 8RR (4
SEES TR EE 0.9, Wi 7 E AT BN HABSUE; o M/, BRI RN), 1| BoRL R PES ML B2 HME
A AR P 3 SR T U L At L D VAR AT DA A (1), IR S5 P OE i 4 O A AR AN R T VR )
RALEARR, BI w = w- sum({l}"')/sum w) .

R4 LRRESUCK

24 ZHE ¥ ZHUE

IR R 554 4532 Ik X IR 25 i VR B 30287611
P A% 142 JIR A5 HRAT B IR) P AN 3L 64

AN ] 15 min FFURIT A B4 B 4:00, 9:00

S5 N B AN TR E BME 17:00, 22:00 AT BT KA i ] 5 B 40 min

AT AN B AL B £ 30-50 min M J837 i 0] 24 2R BRI 3.3,4,6.7
T i B 24 3R 0.3,0.5,0.6 wSTLAE H 5 R 4L 0.9
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6.5 LIHERS5H

AT 6.2 FAGMXS LI LT T A FEIRE N I T 29510 QoS LIA M, F5t b a4 T A [RIs2 i [A]
T RHIIR 4R,
6.5.1  JRS5 H S A 2951

W 2, IR 55 B B i 2 TR A 2 AREAT M, BABSAIE CSTL 038 FH M A Rt ok — NI kR AR 65 it 4
ISF [0 &5 SR 0, 43 3.1.1 A5 AT, 0T B CNT, (8L CNT, ) JEAT 205, 4 I G it [a) AN B3 — i i . 70k, DA
PUC HEHHE A0, It B EEEE T T ic s 0 IR S5 AT TF A6 I (8] R 45 A TRV AT 424, DL SRASAU B X AR 5%
I SERT AT, B 4(a) RIJER T 2 P0BE M AR 45 (B “create purchase requisition”, & 2 FRHIEEMI AR45 es, ) FIPAT FFUR
B ) 0 425 SR )1, o, B AR R AR FR B X R 45 A I, AR AR R N i) o5, 085 €00 BRAR R MK I R 55 AT Ui B
17 B SE SRAAT I & 152 3 .

B Duration —e— thdy' —— thd}l —o—thds —o—thd!! Lol /STLESIAGMmS STL M. SC M ASTL: " CSTL
24:00 | - ot . L. _
0.8}
13 (™ 0.6 }
18:00 - - .
: ’ 04+t
.L:[g - L
= L - g 0.2 . . _
- & 1 - | | WL |
m r 02} I i II i
-
= E - —0.4
06:00 | ~ T\ —osk
» - = . ~0.8 +
00‘00 lllllllllllllllll T llllllllllll 710 ||||||||||||||||||||||||||||
OO0 OOROANNONO NN AT IO~ 00 DN OO AN~ 00<T'\O DO NN Al <t IO\~ 00
SRt TS PR R RS SR RRRRLERR3BIBS B RR RS 2825

Edge service ID Edge service ID
(a) PRI R S5 ARAT TG IS 18] A1 45 SRR (8] 14 (b) ANFEIIE R IR S5 (0 L Ses 45 R

B4 AS[RIAIER PO JIR 55 BAET IR T 175 2 Hnt B e 5

(1) AP A R 55 T 1) S B 45 R 5 4 B

HH &1 4(a) AN, SEANPII I AR 55 T RE S PAAT 2 0K, B, G 2 UCR I G, JF HIL T 4R A0 45 O 1] 4% AN AH [F).
A SR B BRI 5 55 T A B T A AN TR] e (B 4(a) A SE G I B 2R BTR, Bl thdy = 9:00), Ik 3 o
1 @1 frao; BT AR [ R BTN 8 0 B 8] 20 (BD thds = 4:0019:00 , 1] 4(a) Hay 250 fUK 2R Fow), Wk 3
T @ B Ros. T2 o0 Al gy IO DN 5 R, BB M B RAE, AP 4(b) s (BREE 5 Fions B ). Sie 4h 1
F UL RS (B WA iR 536, 539 F1 558 PRI AR 55) fEXF L7k R e FLZ9 0 1, (HAT#E CSTL J7
TR @) XKW CSTL 7 B A& RIBFN A B AL 7 IO D0, P92 30 im0 10 e 0 280 5R, 9 i B ey 1
thd’} < thdt , CSTL X} T 29 AU S 5 LB AT 5 i K b 20 P B, ond 3 S A 10 EL A 4 0 £ S /AN £ i e P AR, 81
WxtFARIA 575 F1 656 HIHIER R AR5

= thd = thdy} , BIIX TR 556 K1 579 HANIKFA IR, Z205 ¢ A @) SACRITHIRIS A AT 9:00, S
CSTL Xt T ¢} LA 2 B2 5 ASTL X T @1 ALY 2 BEARIR], L35 i T AR T L 5 26 P 3 68 e BE AL SX R
ASTL TEYIIE R IR 55 W 5 i B A B i i 45 SR B 1, CSTL 7R EIRE f B4 5 FahSRE N R, Bf
B e PR 0 R e 70 R s F A

X T e At ) — L Bk 0 IR 45, 51 B 1Rl 605 T 628 BRI IR 25, T K B CSTL MW 0 £ 48 e 1 5 A
el TORE B T s B e (R 3 R s M D ke T T R M 0 40 R F i R e, X A IE 2 H AT
BVEREIEA FR bR 2 —. £ B TIR, CSTL 7E AN [R] W% 4 iR 55 b 1) 240 SR 3 32 158 7 A0 e P B D00 07y T 3R B3 £ T 5
Fe k.
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 RAA B BB 4RIk S 69 A ARG BR S 2 E ] 5441

=
0
*

RS YIRS T HIX EL s 25

%5 FR iR STL AGM wSTL SC ASTL CSTL
536 -0.12796 —0.12785 —0.24787 -0.16605 -0.26066 0.042 654
539 -0.05687 -0.0592 -0.11232 -0.0732 —0.11848 0.867299
556 -0.109 -0.10925 -0.21185 -0.15303 -0.22275 -0.22275
558 -0.05213 -0.05343 -0.10379 -0.11397 -0.109 0.194313
575 -0.20853 -0.21089 -0.40047 -0.27237 -0.4218 —0.13744
579 -0.10427 -0.10661 -0.20237 -0.13544 -0.21327 -0.21327
585 —0.18957 -0.18831 -0.36493 -0.20836 -0.38389 -0.38389
605 0.21327 0211227 0.409479 0.278595 0.43128 0.71564
607 —0.19905 -0.19761 ~0.38294 -0.21487 -0.402 84 -0.402 84
628 0.099526 0.09979 0.193365 0.129219 0.203791 0.488152
654 —0.04265 -0.044 12 -0.08578 -0.10746 —0.09005 0.21327
656 —0.14692 -0.14645 -0.28389 -0.17907 —0.29858 -0.01422
680 —0.20379 -0.20615 -0.39147 -0.26615 —-0.41232 -0.12796
698 0.132701 0.132295 0.256398 0.172787 0.270142 0.270142
718 0.066351 0.06728 0.130332 0.085651 0.137441 0.421801
722 —0.08531 ~0.08599 ~0.166 82 -0.13675 -0.17536 0.127962
743 0.094787 0.095 147 0.18436 0.122995 0.194313 0.478673
766 —-0.23697 ~0.23932 —0.4545 ~0.30971 -0.47867 ~0.19431
769 ~0.04739 ~0.04971 —0.09431 ~0.06076 —0.09953 0.848341
786 ~0.01896 ~0.02082 ~0.04076 -0.09126 —0.04265 ~0.04265
803 —0.20853 ~0.21089 ~0.40047 ~0.27237 -0.4218 ~0.13744
807 -0.01422 -0.01646 -0.03128 -0.01778 -0.03318 0.781991
809 -0.03318 ~0.03481 -0.06777 ~0.10096 -0.07109 0.232227
813 -0.09005 —0.09239 -0.17536 -0.11677 —0.18483 0.933 649
842 -0.07583 -0.07817 ~0.14834 ~0.098 1 ~0.1564 0.905213
864 —0.08531 ~0.08599 ~0.16682 -0.13675 -0.17536 -0.17536
882 —0.18009 —0.18245 ~0.34645 -0.23503 -0.36493 -0.08057
899 —0.12322 -0.12557 -0.23839 -0.16034 -0.25118 1
927 —0.03791 ~0.04022 -0.0763 —0.04831 ~0.08057 0.829384
948 0.184834 0.183369 0.35545 0.241251 0.374408 0.374408

(2) AR TR LT 1R 530 45 R 5 70

WEAR, S8 T LABE XTI I Al 5 5 e 13804 IR 1) 24 R L SN U, 3R 3 7R Ky o0 (B ) s, JL IR &
FRAEAS 20 0 B 5 (a) BT, o TR IR 100 IR 55 e 240 9K DR 465 SR 1) A B - B8 L0 )03 (R 2half! = 17:00 A1 thd =
17:00 | 22:00), W1 4(a) H B~ A 520 w800 R SR B 2R, LA S SRR, CSTL X 45 U [ B 24 3R
U TRVRE P ARAT S 0Bk () 45 2R, I AT R IA AR 1) A

55— 77 T, IR0 A 55 A5 AT SRR I TS ST I AT 2, 31 6(a) FR TR BRI R 55 (K BT IO
151 S LA R 55 T 4 240 RO BAT I AN L 58 BRI, A3 3 FH R s (R 0% ) TS, BAT A2 PR T 30T S5
FIZER. W1 6(a) B, BEARKRARRAIK I R 55 47, HABRARR SEBRIPT I K. A 6(a) Tz i 3 salids
R, A0 PO AR 55 PHAT BT R L T 5 9 [ 52 ML (B sk = 40 mim), SRARSE L (B shdg € [30,50] Fi#4E T 30-50 min
FIBERLAE), W 6(a) FT7s it A7 S0 ORI 250 U O AR (126 1) 6(b) FREors T AN RIVIR I IR 5 AE AT R IR 20 T () e
PEAH, 5 R ARW] CSTL WA 2058 Bt T AN RN ] 249 30 (RO ARG PRAT IR 29 50) 9 0, O 349 58 i ) 45 B A (B
B Al [ 8 A R A AR K.

(3) EIG R IR S 45 5 90

P E R S0 AT H, ZEPIII AR 55 A S B e, AN [P IR I T i  v2k 2F F 2 FOA I  AEoR 2 H t
AR, B FRIA AR 52 bR 00 V5 A T A M P A A S DA SEE B S5 )y U R OR B O
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S0 03 FH P, ket L 150 B AN [ LS M PR AN A2 810, A [ A2 K D) 55 T e i) v g 240 S R A L[] )
18 (A o0 PR thdy ), SRR € BME (1A 3K @) R thdy ). B0 4(a) s, 0B RIR 35 T G () A LT
9:00 (5K 4:00); PAT I KB 7] 32 [ 5 A (B 40 min) 53074 BI{H (30-50 min [FENLIE) FIZIER, W 6(a) Fios. &
ZonBIT 2 03 3 FiaciR 4 H S ML H T o fl @) 5ARKIE RT3 A3 5 M F A B EH L, R E ] LUE
U HAR R PR 9 AR 25 M DU P s B 20 5. TR, FC 4% T R CAYE 2R 103 A 250, CSTL 76 B A 1wy o0 M 1Y) Bk ) Al
55 Wi 0 5 T LA B A ) A N R 5K e 0 R 3 M, AT O R I R 45 A Bh A I I 3 R .

| o STLESAGM S wSTLmm SC m ASTL CSTL) Lol STLEAGM M\ STL MSC MMASTLI |CSTL
08 .? 08}
0.6 0.6 | |
L 04} I L 04} '
§ 02} | § 02}
E ER
=] j S G
& 02t II II 2 ool gll i III I
-04} —0.4F
—0.6 | —0.6
0.8 . -0.8} ‘
T S ateresaraaeesannsasatarazaaty T e
VNN OO0 OO0~~~ [~ 00 00 00 00 00 00 00 00 [ Y= NN NN OO OO OO\ =~~~ [~ 00 00 00 00 00 00 X0 00 N
Edge service ID Edge service ID
(a) S5 TR IR 20 JRE R (10 Ll a6 45 L (b) FFAf A 1) 285 SRS 1) 249 3R (16 L s 45
5 AN[RI (A 2 3R DA bl S B 46 R
60 [ Duration —s— thd —o— thd}" ol AGM M wSTL W SC M ASTLIICSTL
m | :
50} : : | 08
. 0.6
40t folafe-b, : , 041
g R | £ 0ot
=] 1 l |72}
S30} A, [ 19 . 2 ol
<
£ : &
[a)

—0.2F I II
—04}
10l —0.6
—0.8 -
0 71‘0 llllllllllllllllllllllllllll
EARENRSSERTRRREANFET SIS CGIRRNR
NMNNNNINNOOOOOOOT=I=S 0000000000 00000
Edge service ID Edge service ID
(a) PIRIU IR 35 AT I KPR (b) PATI LI T HRT bE s gl 21

Bl 6 Wbk iR 55 AESRAT I L0 R IS sz 25 2R

(4) ZAIRIZRT L8458 5 74

[, 25 8 B TP AT BEXT MR I AR 55 BT 22 AN I TR 2958, AR S0 e K 9 e 95 RO T S eF 1) - 435 SRR T3] 4
AT HEAT 22 20 A I BAKTF , T X UK I e 55 0T 4 5 1) 145 SRR 80 29 SR 2 3 TR pu (Bl ), X AR I i
S5 IT U AN PAT I LR o5 (B 5 ), R BRI i 55 45 SR 8] AT AT I LU0 0 (B ), M 45 2R 73 3ol 4l
K 5(b)s 1B 7(a) FTE 7(b) Fras. FEXTHIIRIN i 55 ST 20 I 18] 220 TR £ Mt ek, SEL A 00K A Bl 55 FX) 240 SR A2 B8 AR
T H A LR A 2L a0, X ARIRDY 605 BRI AR 55, © AT 23 530 A2 6T IR AR I [E) A 25 TR TR A9 24
A, el 4(b) FIEL 5(a) P TR G AR, BP0 IEAE. Hh ik, A2 I 55 R T IR A2 i S T2 R, Gl 7(a) H T
ANERETEE. AR S, SRR 556 ROMIERINAR 25t T35 S T AR I 293, 1P 4(b) B, LA T2k ki 55 1
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Bl k& F: BARNFIEHIR 0 A ARSI T E K 5443

M 5 B S s TGV (R B R Z  IZER (APl 7(b) B, [RVER, 6Tk 0 e 45 AT B K 5 G/ 45 TR 1] (1 2
W, Hah SRR T K 6(b) 5Bl 4(b)(FiEl 6(b) 5B 5(a) Frasliil g i, w7 B,
1o STLEIAGMm wSTL M SC i ASTL: - CSTL 1o |~ /STLESAGM s wSTL mmm SC m ASTLE - CSTL)
. ; . . ‘ ;
0.8} ‘ 08} ‘
0.6} I 061
. 04} ‘ . 040
g 02f ‘ £ 02} v
2 of R.CUILLR SR 2 o =
[=] I [=]
P02t 02t I* I | I I
04} 04}
06} 06}
08} 08}
-10 B . YT "
Edge <orvice ID NN NN Edge Serl‘\/icé\ID wwwwwwww

(@) PUATI K S5 TFRRI D20 5T (0 L S 45 (b) BT I 15 4RI (205 (% He St
Bl 7 BTN 5T A6/ 45 SR THIZ0 50 0] b st 25 21

6.5.2 JIk%5E & QoS L sl

BEAh, AT MBI AR 55 & QoS ZUBRHEAT R ME I 5256, B %L T WS-DREAM ¥ 45 AR %5 AT AU 52 QoS
FE AT AN F QoS ZYHME M. BRI 5, WS-DREAM H#EHE 10T T 4532 MBI RS 7E 64 4B 7] 25 F 9 QoS
1B (R B A AR ). P 8 R T 5 — Bk IR %5 (AT AE eso ) FEAN [ B 18] T F o Sz i ) A ek 22, 1] 0 )
BESTAR R AN AR 55, F7R T AR5 — ISP I A (B 1, ) T Fo i SIS )RR . Lo, A S0 s (0 R (2R 4R 6
LMK T QoS LA KBNS B (B thy R tha ) FE & BE (RD thdy A th? ). w1 AT B8 — W05 0 il
SAEAFIN [A] 2R 1) QoS H{f 23 B IS 17148 4k, I FLAS [ 42056k 9 AR 55 75 [ — IsF 1] 20 R (¥ QoS R AR . T Ke T
%1% QoS HUAE T it AT S WA, FHAS [R5 00 R 7 (5% Lh sk i,

~IResponse time [“""Response time
10 —e—thd}' 0.6 L —®—thd}'
or —o—thd] —o—thdj
_8F ~ 05
2.0 5
E L o0af
20 £ |
§5T1 e 0.3 :
24 £ |
22 (=
3 02} !
‘ ‘ \
T ‘ ‘ ‘ [ 0.1 _‘ LI I
[l gt A
1 5 10 15 20 25 30 35 40 45 50 55 60 64 1 5 10 15 20 25 30 35 40 45 50 55 60 64
Time slot ID Time slot ID
(a) A FIRF 18D 20 BRI fe] (b) A [FIRE ] £ F iyt

B8 WIHR AR S5 e.so £EAN R AR [ 5 T PRy 2 I ] 5 e

(1) SR REI R B S B045 R 5 204

K10 SR 1R R 55 eso 7E— BURF TR B PN (R 64 /NI IR] ) of - M J87 I ) 075 1k B 4> QoS 297K L K&
PRIEAE, BV H @7 (3@ ) A oos (B ) FT 45 78 1A 22 Joy 20 SR ML I 45 2R FE A SRR 37 5, DIk I R 35 QoS BRI (1]
AR, Gl 8 Ffr s AN [ I TR] T AR o JS2 A ) R e 3K 5 ] — 5 4 JRy 2 3R, RIVIDIR IR A 55 T BE TG 1253 A2 2 2% QoS
{E AR R E QO 1A 10 s R FOBCE BV 2. O L, IBUR G5 SRR W] CSTL 7E 2 3] i /2 I T 3R 45 5 i
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s i REAEL, BN &T 10(a) 1 2y 2 1, IR, BT CSTL I RIEAEIZATIN 15 3 N I 48 B Ny A& I RE ), BT &
PRI QoS HEA, BIAN, 1E 1y M 13, . FARTIFH, XS HEITIEAE 13, 207 AR IEE HEAE, RIIRHA QoS I GUONIEH
PATIRES, T CSTL W] BTk th B A S H v E A R . s, Wt CSTL 75 B S o i i I 3R a5 g
A& BRI

12
12+
777 Response time M " Throughput
10 —e— | thd} ‘ 10 b —o—thd?

—o— | thd] ’ o thd}

oo
T
o]

T

Throughput (Kb/s)
(=2}

E
T

Response time (s)
(=)}

£

8]
(S}
T

e TRMDARIL o o bl o, 2l Mg o Tk f], iR
1 5 10 15 20 25 30 35 40 45 50 I 5 10 15 20 25 30 35 40 45 50
Time slot ID Edge service ID
(a) AN TRV P 2 55 f oS82 ] (b) ANTFIPIE I IR 55 1 A i

B9 AN [EIPEER 0 e 25 A IS 1) 5 1 IS B 2B 3] 5 75 e

o STL~ AGM~4- wSTL— SC =»= ASTL# CSTL Lol STL  AGM - wSTL—SC —»ASTL “*CSTL
Ot ¥ OF
09} ;1, 09}
08t * | 08+
0.7 + .' 0.7}
g 0.6 é 0.6+
205} 205}

= =3

;g 04 ;3 0.4+
03} 03}
02} 02}
0.1} 0.1}
0 of

_O'] -l 1 1 1 1 1 1 1 1 1 1 1 1 A 701 -l 1 1 1 1 1 1 1 1 1 1 1 1 1

1 5 10 15 20 25 30 35 40 45 50 55 60 64 1 5 10 15 20 25 30 35 40 45 50 55 60 64

Time slot ID Time slot ID
(a) AIFIS [A) 3R @, (5 ) RS LS 245 2 (b) RIS 1] 51 R pg (BR @) X LS 45

K10 WIERIAR 55 eso AE AN [RI R) T BROX LSRR 45 R

PAZEALI 773X, B 10(b) S T %8S Ik o4 i 55 0 i 2 i 4 7 1 QoS 21 AR B R AR, BIY oo (B 0y ) 097 N 45
. BB 10 7TE H, CSTL ArskfS IS #E M RS2 i s, 1K 2 B T8 0T LR SE PR3 45 BIE HEAT S2is S5, 5F
TR FTA 1) QoS EMIE B, A LAtk B A7 & SR MM S5 5. Rtk Fe 4% 7 RIA B SHHIEERE X, CSTL 18
FikfE S 1 RN A T B B O iR R B R AT

(2) IIRIPIER I IR 45 T 1 S8 46 R 5 o0 #

BEAh, BT R0k MR AR 45 HE4T QoS LI AR MM, RV 9 Fis Bk 50 AMARSS. iX 50 MRS FER:— I &S 1, T
i J87 (6] T I 2 1Y) QoS B 70 Sl B 1 8(a) A1 8(b) AT, W M sk e A [ Ay 06k I i 45 2 75 450 T 3 2 1 Joz i [
FrtiE FREE A, B 3 W o (B @y ) e (B ¢ty ) BRI, HE il 46 555 Bl 10(a) A0 10(b) s, 45 1%
B, CSTL J7 i Rl R0 WUAS R I Al 55 F 1) QoS Z0TR, F 3R B & #E 45 1.

(3) Il QoS £ T IR 4 R 5 4 b

BeAh, AR WS-DREAM #5441 H QoS {H R Tl X A A QoS LA Byl il. and 10 A 11 Fros b 4h
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Bk £ 5 BAA IR 04 B AR S5BA5h 25 e 5445

L IR IR 52 47 A5 M TR 1 QoSS e (R RIS [ A0 75t k) SEBLAR IR QoS 2 it i M . Ee e 4
FeW], CSTL J7 7R PIREII 535 2 2075 QoS LIt 63k Al /3 T 38, I EL7E % AR5 1 & QoS 43K (Wi 3 7
) TSI R I A

TLETAGM s wSTLm SC -ASTL CSTL| Lol STL "AGMmm wSTLmmm SC mmASTL - ICSTL|

0.8 F

1.0+
0.8
0.6 |
0.

.:;

S 02t £
2 otk 2 o thrEER TN CRARREN N (W NN | MESESeSes AR
] o
& o i %02t
—0.4 —0.4}
—0.6 1 -0.6
—0.8 0.8}
_10 1 1 I I _01 L L 1 1 1 L 1 L N 1 I
1 5 20 25 30 35 40 45 50 1 5§ 10 15 20 25 30 35 40 45 50
Edge service ID Edge service ID
(a) gy (2K @b) IS ELSEG 25 (b) @10 (. ) HIRSLL ST 2 5

B 11 R PR 55 7R T8 24 1, R IR EE SR B0 45

(4) BhAS 5[ e BIE T 1 SE s S oA

Wik 8 AT 9 o, “Hi 55 H 5 QoS LT i B i i Al A ANAE (B ehel)f A1 thd) ), SRENASAZAL (R thdf R thd) ),
XE RS E i R 2R L (nE 4(a) FIE 6(a) ATZR). %5 REHISERR I SR 3R, CSTL 7 iEE T L7
T IE NS BRI 3 5, QoS £ TR I HE e S Y R AT AE LR S N AR 4140, QoS LA T BE I K AR HAAT i S
DR 8% 33847 2R P AN [) 0 1R, R A S O 45 v 14 50 25 W R R 2 o DA S A K D R 55 ek AR . BRSBTS AT
Z WA 3 PR @7 (Blgy ) 2 @io (B, ). B 10 FIEL 11 Fr7s Bl 45 SRR W) CSTL RO b J7 2 BAT 3 I & e R4,
IR CSTL & A T3l A 2350 F I A& M R .
6.5.3 5% a0 e ) 2 A s

(1) AR H &R 1 se 56 45 1 5 04

TEAR TS0 o, P AR B SRR 25 AT H 24T 45 R R 45 AT B 1) 5% R AR M. 36 2 R H &AM —HE PR
-2 (A1) 7 BB IR DG R 12(a) BoR, 45 BRI RS HAT H EBH AR RIS F B 2ER. KA, “before”
LR %, N T4%-97.5% ANGE, X2 I — NP6 AR 5538 8 78 o5 — MR AR 55 BT (B J5) AT . Horh, IR AT
H&E PRD B B E I ] 5E R, H i “overlap™ during”*“finish”Fl“equal” ] & 43 Eb 33 K T HoAth H 75 FR A B &
gkt

(2) AR AR T ) S 325 3R 5 o b

PUAR 5531047 H & PRD A, AT 4 Hr E b (A 446 SF A FS A8, R 13(a) Aias. LA— N AR 5578 5 —
TP AR 25 2 R ARAT IE, FH P PTRE 22000 SF A FS SXFEFRANES IR, AW FE: @ 1 BN BAT IR 55 1 S A T B
[, LA @ ENZ AT A FE. 78 PRD H &, “Final Inspection” ik 5575 “Packing” Z BT HAT, 1C1E es; Al es, .
H SFERE T E GEFE M 8-874 h) Al FS {4 GEFEIM 6-872 h) W&l 12(b) fizs. SE TS REY SFHE N Sh K
fBOLIESE PRD HEH DT 2 WK, FSEA 6 h (AR S 2 1A i [l e s Bk 7 vk I 5L, T &L SF {5 K276 9-19h
Z 8], FS{H 2 44T 6-17 h 2 [, B IR AR 5 ks oL, B4 RS B S &K (G2 1E Dur, F1 Dur, ), % 3% SF
5 FS BB, Wil 13(a) 7R, IR W R KR SF = Dur, + Dur, +FS .

TEIXANSEIG A, AR 45 2 RIS TRt FS (B T AL 1 B 2 O AN BT 12 h (BPEE 3 s ou ), H SFEA T
24 h (B @ua FToRZI3R). 25 5 B F P AT RS A0 VE IR S5 2 18 (0 IsF [ 1] B th — 52 B, 78 A IR 5 1 R AT I K3 A2
FCEREPTT, DR A2 R 45 2 I8 I TR T R oA FS BUE AN 12 b, BURERE 24 h (B oo BT 230 BIWT, B H
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@13 BHAT L) SF BUE S L2 F RS R A 24 h. 5 TZZ00, Bl @15 (B @5 ) Bras, Mg Ranpd 13(b) A
IR, G5 RF T CSTL J7vE T AN [F) i T AR A3t 474 2 20 ok 5 W, 3 by F H AT R I s S W B S B ik 6 15 1

B T S R A B A T 3

[ before W meet overlap W start
o during e finish e equal

100

95t

90

85 F

80 1

Temporal dependency (%)

75 H

70

Event log
(a) ANIFIIR T 5% 2 7 0 B

o atvnos-oany o —un

mmmmmmmmmmmmmmmmmm

_______

(b) SF 5 FS W J7 88 it

B 12 AR H R R 1) 5 R A (E) s S v

—e— SF W S Dur, Dur,

1 5 10 15 20 25 30
Case

(a) SF' = Dur,+ Dur,+ FS

CISTLET AGME wSTL W SC W ASTL™ ' CSTL)

Robustness

5 10 15 20 25 30
Case

(b) ANIRIIN TR A B X b S 435 R

B 13 ANE I TR B St v

() RRIR I F T RISt B 5 40

Mk T 25 RE IR S5 2[RI [E] 96 2R “before”, ARG &1 X IR 45 2 18] 43 — &5 LIS [A] 56 &R “overlap” #E47 SEAG 43 #7. EL AR
&, I SAT BRI IR 55 22 TE] i) [ 5 22 08 % R BLA) before, 240N BE I R 5% S 1) 18] 22 8 (30T, B A Bk
55 HAT AT TELLIRIRE S5 FEIS AR SF 5 FS BUE LI, DI M Al 55“Flat Grinding”F1“Lapping” (iCF ese F es;)
S, ZH AP RS B FPATE K (BY Dur, #1 Dur, ) X3t SF 5 FS HER ZWE 14(a) Fivs. R RHHLA

B FK AR SF = Dur, + Dur, —|FS| .

FEMESEE R, AR P 5 RO Z PSR R 55 2 18] FSE AN 5 h (ISR 3 TR @16 ), JF H. SFEAE
1L 15 h (R 17 FrosZ0H), 12N A2 R R 28t ois 487 . 24758 0T FS A SFAE BA — € fin 222 2 ERT,
APSEHLAT B, B RS EAVEE 10 h (B @0 FaR293R), B SF A 25 h (R o Bros20R), Wl 2 - &
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R, BIAE FS L 5 h o SF L 15 h. iZ 0 AR Z R R & B3R 3 s 1858, @i (Ben ) HEMER W 14(b)
7N, HUALE IR ) CSTL J7vAPERE I T8 EL 7792, JH Al o o £ 48 BT 20 SRR S B 1 3 B 240 o M, 5838 P T Sl
YRR

30

—— SF Lol STLE AGMems wSTLm SC ASTLJ CSTL
251 mmmFs :
Dur, 0.8}
20 +
Dur, 0.6 b
15+ ©»
= § 0.4 H
o 10 17
= 2 02}
e £
St ~ [ i e O O
0 - 02
=5t II I I II II 0.4
—10 L L L L L L s —0.6 ¢ L .
10 25 30 34 30 34

Case
(a) SF = Dur,+ Dur,— |FS|

K 14 AR TR 5 2R TR X P s ge 5

Case

(b) @y (FK ;) i

R

6.5.4 %10 QoS M i il

B 15 S 7 AR i oL A TR A ik 48 52 R 25 22 18] QoS AR 1 il 45 3. a0 P& 8(a) AT 8(b) Fiaw, WIEkIM
25 (R e ) VM SB[ RH 7 I B - A R, B I )42 1 i A AR 4K, BRG, 3% 3 TR “IR%5 H & QoS £ ]
Redimt 2 it &, A 10 OB 11 B, B R3] QoS LB 2 [ fpe 8] (8] B, AT LAY & IR 45 2 18] QoS kit sk 3
H CSTL A3 a6 (B @6 ) F 20 (B @5 ). FH A I BIRIISEL Aty AR BB 8] (1) 55 KAE, FFH 10 < At < 30.
ZSHRT R SERR IS EE B, w15 FOR, & BT A —A QoS £ AZ AT — QoS £ M4k H i it (8] [a] B 52 . 451
i, B 15(a) AR5 BRI 1%Z QoS MKH AT 7E 10 < Aty < 13 FHHE, (HFE 14 < Aty < 20 I T JE — QoS AW ik
TE X — B[] [1] B S5 2 0 2 FLZU 3R, 1% QoS K & S G i M. BRI, %45 AR CSTL JriE vl A 25 il
R %5 2 18] QoS K, F£AE R 2 7 75 SR I e PEAE B , 7E3E 75 F P 35 SR I B T~ L 3h 2 B (L ( A5 FE % T 20

BAEmNELE.

061 STL- AGM~#= wSTL=— SC =% ASTL-* CSTL| STL - AGM~# wSTL— SC = ASTL* CSTL|
b o PP, § 1.0y e X
0.5F / \ |
He—A—A—% 0.8 F
0.4F
L 03 " 0'6(
I | 4 04F
‘QE; 0'24 é 02
%ﬂ 0.1F _§ AT
2 0 2 0
0.1 —0.2
—-02} —04}
03¢ ~0.6}
-0.4 +
-0.8

101112131415161718192021222324252627282930

At
(a) 2 (K ‘st) RIIER

CES

T101112131415161718192021222324252627282930

K15 IRk95 210 QoS A% He St

6.5.5 HEAMRSLIREN

At
(b) @ (5L ‘Pz9) Ll

EFS

BEA, WP I A 55 2 R B2 45 e 55 BEAT B . AE B, T B R AR S 250 N IR A RS, LB IR R ARk
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25 I JE 5% 2 1B FR) SR TBE S IR, S0 SE n B s 11 55 IR 4% e 0.

(1) EE RS 5L TSR RE RS 5

WIEE 3 AT, ATET I E A RS HE 2 FL A R 2 HA QoS T, LAFHIE 2 AN I X IR 55 4E R 1 B & TR 4516 FL 3R
AT IR A3 R G SR SRR AL R I O IR 2% B X BE, 25 RS E S R 2 AN IR S5 I AR v N SR B R A
R LA WS-DREAM #3s 88 b il i AN 006 I IR 55 A 81, 10 AE eso Al ey, S99/ IR S5 1A) D 2 i) 0 75 e e 30
AT 53 AN A IS5 B ST AR %5 T AN 1 BEEAT XS L 2 A, I L, FE 2SI, B es, Fl es, NE R G L5, B
eso — es, Meso@es, , LI AR 45 W0 45 FL 15 EL 434

TEAZAAL LIS, PR BZ AN IRSS 23 BRI R /N T 3 s, @136 3 1 CSTL A3 w30 Ml 31 AR, B, ZHA
AR &5 AR S AN T 6 s, BIST FIF AT esy — esy , FLZIFTN @5, ST T IATHITH esy @ es, , HLARFIRN ¢35
FEXT1Z 00~ @31~ s F 3 (RS2 IS ES R AT 16(a) Bros. 45 REW], © FHATEH IR S RS I EBIEE (B 16
PR compya » B 33 FIHRINESE B) & TR 4544 T 28 S5 & B EE (B 16(a) TR compe » B ¢ BIHEINEE ),
B compyy > comp,, ; I B. @ A ARSI e AR s T T RS MR I 45 R (B 16(a) FITZR ncomp.,, 1 ncompe,, ),
B compya > ncomp,,, compyy > ncomp,,,, Comp.q > NCOMP,;,, COMPeq > ncomp,,,. Ik, AIHEH] CSTL Al A R Il =2
A RSS LR, ST B ) IR 55 T S 30 B8 A M 45 R

0.4 —e—comp, —e—compy, —»—ncomp,, ncomp,, 0.4 —e—casd,, —e—casd, —»—ncasd,, ncasd,,

AT
I

03
02+
0.1

0F

Robustness
Robustness

1 5 10 15 20 25 30 35 40 45 50 55 60 64 1 5 10 15 20 25 30 35 40 45 50 55 60 64
Time slot ID Time slot ID
(a) B MRS 5L RS IR b S s 25 3 (b) E A RS BRAN I I R0 bE siRg 45

K16 =5 o5 20 I A ox L S 45

(2) AEEE RS BESN W I T 15256 45 R 5 4047

520 IS5 1 s 0 PT s R Hvh B IS R S5 < TRT IR R IER R i, R — W IEC X R 45 100 12 B T e < R -2 A K P
LR AR, B, ANFEF bS58 A 25 R B AT AR 45 T R T 205 (A 3R s T @31 FITR), ASSLE
ATHEAT Q0T 20 BRI PV IR S5 e, A SIS (BN ERS 3 s, ELABEI AR SS es) WA A ) ANAB I 3 s BY 6 — eso.rt (WA
s 7R, RMZZ AT 3K 3 1 CSTL AR ¢ss K Bb4h, BRI S G RS WM )RR 1, AT B4~ 4
B IR 55 eso W R (B AR IS 6 s, HLADBRI IR es, M LI [B] AN 6 — eso.rt , RIZZI AT H1%E 3 o CSTL AxX
P37 TR,
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