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EBEM, FREATRAEANGME &R, 4 ETF Sinkhorn 72 55 By 7§ 1 1 AEH 15 &
FEE 7 RCDMeas. X — 7 i 34 3| \IE U (o Toh 3 K, i 5 4007 & BALHITT 3 0 408
Tl s E AR AR, ATTRAE A E R AT ERBA SR A SR EETAR. AA
BB BB RBIET AXFAWERE. AXHTAGREAARENE AL ERAEETHED
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LA AL E ARG THEE BAES, A4, T FERE
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TR IR E TR SRl . 2208 . IS BE 08 L RF TR SRS A E . BA BRI KR E
M R AR BINF 7 R IR . B R R 22 R — FhE 2 RS AH S H AR B

S AT B TV A N G e B O (2 B AR = v S M B R s 3 e, K AJF ]
F 2z B4 B R P#2 1 (application program interface, APT) AW i3, X AMRSHAEHE A L
MAG R e KRBT BT AR AT NS B R & A 2007 AL = IR S5 APL FFR A ST Lt IR $5 40 &
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sk 14,51
IR £, KaK, BRER, & A6 KRG TEEMSIERAELLE R Em . hHEE: FEEE, 2021, 51: 1438-1450,
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SRT, TG = RGBTSR, F—NHMF RGN 7SR WA E
Vel AAF R G2 ARSI ERIBAT I UL AN 2 A B ARG (B4 SR AE R Ga T R EAL
Ay S ) CPU AR L BEAE 1/0 WARE IGO0 pR8/ERE IR I 55), K S A3 4L R Ge i e 7 A2
R BEAFER R, LARPERR S 06 BN R I HE R L I P B 2 P BB, 3 R
GIVEIERIZAT 7). R Z RN S RGP ® R, e RGMAG MBS, X
FEAG RGE AN RG] BRI R B GRS T AR ST Ak 189,

PAEIRER, (A G = RG] SEVE 2Bl 18] A ZE AN 52 PR s, o] SRR i i 2o A A
XT3 SE RO IAC SR 5 B A A AR . AR T REE FE AT VE R, T RE R HE DA A R AR B
JEAZ. Fenli, SNSRI, HEm RGN AR SEERAR R, Ho ARt 2 B A 4
AN SE PERARAL, IR 0 AR A Y O AR SO R SEVERE SRS 10~ BUAE X A& B R4t
FEEAE 7 SO0 B AR M 4 TH 7 o T SE AR SRS ) SR R AR B, X AR A B TR T
SEFDIL DB TR B R L PTSEME T S 55~ ) fE & R R GSATIE R PR RE (v
wtE. A RS SIS, SBUEA G 2 RGP R IR ORFEHLH] K L RO, IERAE S

2R GE T EE R SN R L AT SE I O EEAS, FE M 0 N SR LA A, LR i R G A
W g AT MBS I RE 7). IR K, WS R A& = RRBAT T BRI SEE, AR RS
ATEEME HIE ML R R T, S RIEAL A = R AR L B AR 55 S5 i (service-level agree-
ments, SLA) 2, FRE 3R MR [ Ik 5%, IX 2 G 2= R Gu0E 0 A0S I A0 — N8 1) i A A e Bk ke 1
7] .

ANFET DAL RIBETE, AN H & = RGEIEAT PSP RORE SRS 1), BRI R Ge RO, TR B 5 4t
FIARRLR | RIS AT, AL T 3 B 2Bk i AR 06 @il 0 IR S PERE S8 RAEHE R
SERBAE R BT, S BN G = RS8R T SE AR IS N AR R ) R G AR B AT R, T R 2 A
Z ARG RG] EENE B BB SR Sy 25

HTHEG = R SN RGN LARIRES BLASMNBIE AT P8 B A E YA, L mT SEPERR
SERBER A BA W BRI R R AEAEAN R AT EASFRE R A S S SR A S 2 RSt
BATRER AR, ARERNHE S REEEREBEVN, ALERTREFHHE SRS
AT EE P R AR B R, A4S R VAT & SLA IR K. O 1T Re g iR I b v] SE VAR S
MHEG = RFENGERE, NMRERSHLERNAEG = RGEE NI, A SCh IR 2R
R RS 2 RGN AT SR SRR R B N RN R RIS AT K. T N B RSHE
REG, TTRE NI w] SEVENE SRS I 8 B R, X0 A% G 1) THD [va) R 04RSP MR - Y A A U 7 v R LR BT )
Pk 0100,

AICHE Fe R RG A A S LU SN R R ATSERAE, SRR & BGOSR B0 AN
R G = R FEME. HIR, 2T Sinkhorn P&, SR AR IENALFUA ) sk AR5 1%, tHHAH A
RGBS AT EE R B I e 3 ) B B T SRR R ) ) A PR A B T AR SR AR
NAGRZRZGEEEMSERK R E. FHK, ot il SEVERES R ) B e gy, 2 it 5T
SEPENE SIS B, fEE RS ) $2 H— 2T Sinkhorn BEES I A = R ] FEVEM ST REIELR L
J71% (reliability concept drift measure via Sinkhorn distance for composite cloud systems, RCDMeas).
BETERESR, MBHE R RGO SEME R AU NS TERS K T3 — BME, Wl UL A TAEXS
e R1G BN B A BB 2 S LN ME. NETIRSHEN = RGEiT s
PRI SR Bt —Fh-H R AR DT 58, RHESI RS H & R G H) Tk A ] BA H 2  S
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2 PETRFZEUEMN

FEST R AT SEVEME A B BT VAT, FATE Seds A SO B A& = R T SEVE R BB TTVE.
AR SR, R AR RS, A o] Sk i) CARAHIF. IEEE #a#E ANSI/IEEE STD-610.12-1990
ST A R TSR E S A TR R AR AE M REE LT, —ANVRRE KRN T BN, B
R IR LSRR O Fs AT R D7) 3X — 5 S iZ S TR G A R4 Web [l g% 4640
k. SRS HEEARTHENAE = RS E—FF SaaS (software as a service) N A, HAAIEH TX
—E X.

I TN RE TR TR E A (1) FTREKRZE (probability of failure on demand,
PoFoD); (2) #iR K E# (rate of failure occurrence, RoCoF); (3) “F#4 45 [A] (mean time to failure,
MTTEF); (4) “FIEREFEES [A] (mean time between failures, MTBF); (5) fa#l#% (hazard rate), B &
Gt AR BT AT, HE ¢ B2 (6) FR R EENIR A (failure-rate or failure probability) 5. iX
SESRAR 7 I TR I T AR N 5 B R G FENE. — B0 5, g R E A R G SRR
WAL, FEE RN P S T SRR BV AT S S R B R Ty S Y R O8], oy SR S A
M ESE T RGO REREA N A SR M R G, WL R G0 2 2 BB, PRI e . AT SEfE
BKBREAL ST RN RS (Rl R R S) 1847 2R B 7R B0 WL, i, R4
BUG MR EMEE, H RS0 ] SV AWHE &

5 FRRGARRZ, IEHE =R, A RGEHNE TARRE . SN S, LA RS
A7 B S R R K SE N AR AT B  ANEE P, AF R G AR AW S, (B RE ) ROMER /0
NS RIS W 52 I [ R 1 {8173 RoCoF, MTTF, MTBF, hazard rate S5 b3 A& I T Hik 4 &
RRGPHAM RGN, £ NS RGE D, B NMAA AR KK, RS
I EATIERE, Bhas i A — AN R G AT DU —MASSH] (Bernoulli) Pt # Rk ik &
— R ARG MEE R, BRGEH SRR ERIL (1 8 0). ZHICHER [19] B, PoFoD H] LA
W TP A G KRGS, RS2, IR D7 iR B O Tt ST m R 55 10 R GE T SE4E, 4
SCHR [14] 385 7E [ E K BE I 18] B R 2 2R G 0T Fe JE St P I, DMKV Al 24 2R SR AE AR LI [7)
BN IR R, TR T AT RGN T SE .

AR TAEGRTEIR S, Ao s RGP RN RS, KRS BE TR A9, 1 40
AGHAT RN R, ARG RITERE R (WY AS 21w N s SR )[R RE 2 15 4 AF
ARG E M IR K. A R G0 ] REE 75 1T ER R ] N SRAT IR O B, JeAT T SCRATR Y
FAGOUAENE R GRS R, (1) IR BRI R (2) MR R R (W) D81 Rk, &S PoFoD
& AEE— P ik, B PERE By — B RGO R AR, 45 DL PR REBUR N 75 SRR SRV HR 5.

EX1 (HEREBUR A TE R K RCE (performance-aware probability of failure on-demand, paPoFod))
R AE—ANE 2 BT TR B At N (RPN len(At)), TATEERG s #b1a—ANHAE RS0 IE— AR
TR GERE n X)), F—KIRAER N — RS HIR, RIS RN L = 0/1. BB Aels & B
KRR JSLIN [A] 2R RT pax. paPoFod & SCRHTEAANT RGP ISR, 7E RTvmax ZIRMIZEM T, AR
Thityme B IR, B f(At) = Pr(L = 0).

WIRTHTIR, R4 IEEE ANSI/IEEE STD-610.12-1990 ik, o] 55 VERGR i A2 T AF R Gi e R A7 I ]
At SEHHTRENS A L ORIE TR IS AT . ARYE € 1, B THE At TR BN SLREAT T n RAA SR
W, X n KIHRIA LR FR R I 2 (RVAA RGTE At BRI B N AT BT Z R AR, — R

1440



FEEBE EERE 515 B9

%1 WAZEABRENEEAEH

Table 1 Aggregation functions of paPoFod for composition cloud systems

Composite structure Aggregation function
Sequence or parallel Ao =1-T]"; (1—X)
Branch Ao =1—-270 1 bi(1—A)
Loop Ap =1— Z?:o lz’(l - /\1)i

HHRE A) K
A=1-[1-f(an. (1)

ST TR TSR MERIA S, FATEE LUR RO AN RS @ R SR

At = exp[—A x len(At)]. (2)

7

EAFEENZ, BEOTEMERE e —FE N E RIS KRG T SRk M s e T, 8
G A RGEAE B R BE A B R (23848 (FE R, SR T8 77 BB FR R AT I R) 1) — P21,
KA T RGAFIE R (RIATEENE). 7E0G, FA VA B HHBAKYE. WAE At B BN AZLE n ASSE(RIFR
BT A t1, to, oy b, FAL) RORASF RRLE ¢, BRI RBMER, rA RN RBAE t, B2
H(EE t, MR BRI, WED At BB TSN, WA f(AY) = F/(AY), & rdt =1 F(A?).
Hrr, F(At) Fonih 2G4 At R IR R0R, WA

At F'(At
A= fﬁft) T 1- ;“(A)t)' ®)
FRILIC D RT3 B — DNREE F(AL) = 1 — exp[—\ x len(At)]. FEILRIATR I (2). HA, len(At) &
N At I TR BRI TR
BTN F-17 X EAGEHIAE RS © M5, HFRKEE e TLUELRETHE
RA TR REGRECTE (R 1), Hrh, N, BR58 « DO 3AEHRE, b, BRH « M
BEPATHOERE, 1, RoRE & Do SCREAT 3L
KT REHERGFHENH S, 6 — KB ILE5#, Bl NVP (N-version programming) ¥
HEGERY. BATE NVP AL H @B —H k-out-of-n R4E, Bl —/N NVP F4E R4 © IR, 24 H
OCHTE n AN RS, Z0F EASHMRE IR EIEFEE S, X T —4 NVP 45 RA LM 5,
NN RGPS RAE R, RATRAEREBIE 1 hfa L 1A & Ikt R & ik, 3141
KH UL T B IH R ECR T B —A k-out-of-n R4 14, 1% 20,

Ao = Ap/m = A X A1+ (1= Xn) X Ap_1/n—1,
>\O/n =0, (4)

)‘_]/1 = ]., Whel’lj > i,

b, Ayn BB k-out-of-n RGN IRIER, X, F-H n DNHSFRIERBER, A1 TR n D4
PHBETHITE LT, A RERIFAT R R,

2, W E SRR K TTE, 7T (2) tHREEEAN A RGE AR I 1R B A BT SEE
H. & CRENAMT RGO IRRME, FIRER 1 kX (1) BHHEINERSIAFRHEEHNAE S R
GRIERRE, BEMARIAE = RGN SETEE.
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_P[l,l], P[1,2], ..., P[1,n]

P[n,1], P[n,2], ..., P[n,n]

Transition matrix P

1 RREkHE
Figure 1 Optimal transport problem

3 RCDMeas 553

BT UL RIS, BRI A = RGN EEREEE, I8 w211, r812), .. .. R#ER (2), B4
ISR T [0,1] X[ PUREAEE A E = RGN T SEMEAE S AL (R LR & 775 RCDMeas.

WARLH A2 Z 50 E AU D7 5 P SE MR B ORI 3/ P P SE MR AR v, AR PTSEMEAE 1 X ) [0, 0.1),
[0.1,0.2), ..., [0.9,1] FFRRG T, HAEER /34 51 ) &5 3 A

h{h,;em:zn:hi1},

i=1

OZ{OiERi:Zoizl},
i=1

Forp ¢ Y mrSEPEAE A DX TA) 0 B2 4, o NS DX TR N3, b Dy AR g S mT S el 3t 20 A1 51 1)
o J9lm 3T i AT HE P i 3 AT 81 1)

[ M2 E = RG] SEMEME SRR I & IX LR B L R P R R G, SRR S = R4t
HIRTSEME SR 1 R AR ERS FLIR, 0 AT SE R SRR X & = R TEAE . 9 fiAS Pl SEVERE
R R A IR T R, AT RN E B ML SRS AORR R (B mT SRR A A R R
AT 2RI EAR) ML H & = RG0S R BU AR (RIS a) Pl SEVERE S IR RS ) HEATVRAL.
AL SN SR R G & RGP SEE AR B4 (BIFE IR B SR & ) Sl b, w4
M E AP EE D), AR RGP FEIEAR 7, O AT SE A A AL 10 2 B 1) R iy SR Bk
AR ARG R T 22 A U A RE S A I 7 (R T KL SUE ML SRR A 732, DR AE X AR
PSSR, MRAEE .

Sinkhorn 578 T 5K P9 4 B 0 AT 0 e /N R AR, SR B T AL AT R, B AR O
SR ELA. AR SCHET Sinkhorn $37:, $&H RCDMeas Ji%, T P2 nT 5250 M 0 A i 22 5, b
A RG] SR STERS . AT 5, Sinkhorn BV AT B LR AR 1] AR — AN B s i v, RIK:
h ¥Ry o (R h, o Fon L HERI MG [ &), P il SEAE 9% B S (RIS F AR, 1X — iiAS 7€ SN Sinkhorn
PR L2l 1 R, N TR b AR o, BATHER b P E— A RESRE o Mg E
. BARTEE P R — AT BRI AR TT R X AR T S ANME— ).
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N T RN AT RE R AR TT 5, ADCE LM L TR
U(h,0) = {P € R}*"|PL, = h, P"1, = o}, (6)

Horb PONSEASHERE, Pli,j] FR U b BN o, TIPS § AT o RO § AL
HPECR. 1, R n QB AN 1 MBI R,

PEHEAT Pli, j) B AR o, 17— /MR B BRASEL 0, % TR ARIZ 0 R 5, X204 b,
KRN EBA o FIEAERMIEHMA, ik, BATE CHARAREE M, M, j] T8 8004 R 1
AT 30 W5 8 T S G O B 58 1 L A0 A G 0 e 6] B 0 S A 91 ) B 0 58
j O, BREAES MR, T (TR A fy— O, 4

[i— il %8, i3,

Mli, j] = { (7)

0, i =7

Horp, 6 AN E 1 &

2k, FATAT LB TR b B o BIRAKIZ IS AR E EHUE R b B o ISR
L(h,0) = min(P, M) = (P*, M), (8)

HH (-,-) A Frobenius mifRia . P& 0] L@ LS 1E WAk 5 v h 5

P® = argmin (P, M) — ¢ x H(P), (9)
PeU(h,u)
o,
H(P)=- Y Pli.j]logPlij, (10)

i,j€{1,2,....,n}
Horb, ¢ ARSI, IX B PSS — N AR A AR, B AL S i A% AR H R
5Bl Sinkhorn HiFE4EBURE, B

P¢ = diag(u)Kdiag(v), (11)

Horb, K ONKZHERE. @ AN masAR, ARTERT u, o FME, BIESRZWEET PS. L, Ashsily

u= Ki‘%u’ (12)
Hrp,
K =exp <2M) , (13)
U= Kiv’ (14)
V= (15)

BRI S, FETRIEN A S) SOEAR, KR b B o BT RAR AR AR FEFE PS5 (reliability
concept drift detection via Sinkhorn distance, RCD-SD) W%k 1 fizs.
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Algorithm 1 RCD-SD

Input: M € Rixn, &, h, o, 6, MaxIteration.
Primary iteration: P¢.

1: Initialize K by solving Eq. (13);

2: Initialize u = [1/n,1/n,..., 1/n]n;

3: while d < MaxIteration and v changes do
4 Update u by solving Eq. (12);

5: d++;

6: end while

7: Calculate v by solving Eq. (15);

8: Calculate P¢ by solving Eq. (11);

9: Return P%.

2, K e AN (8), WTLAMS BB IR L BAH L(h, 0). BETIARYE L(h, o) 1B MIR/NHI W AR
IR R, LRl PLBCE BME &, TR L(h,0) > k, WINAHEG = RGKAE TESER. JAT46 2
T AT LR, FEHIKT R S A L EE B R G H & S

N T =P TESER RN G = Rt W, BATRE— M HE = RG] 5
R ESAS F DR R 0 e . 3B bR A (5) v b R o T SLA Hoth 2R 48T S 1 SR K AR 8 20 A5 1)
BACIE GURAR N T FEPE KRS, B () RonEE ¢« DATEMEXER TR (W [rs) = 0.2), TATHIET
SLA XA SEMETRRE ;] BN O:

1] = 7], |ri] = 7sia, (16)
O7 |_7"iJ < TSLA-

FATTRH AR 2 2t S o] S P T A% 1 XU
F=>"|ri] x (0; = hy). (17)
M F <0, RPULE = RGRE T AR AT SEMERESER, SR |F| 8K, 28 97 m) ] SEPENE S R
B, RGIEAT RO, 243 2 LA ARKE, WCAH G = KRG R AE T 7™ 5 1) 5 m) o] S S,

T L fish R RH L T O SATL .

|F| > W, and FF <0, W € [0,1]. (18)
TERF SO FE A, FRATPEAR S SLI0 43 B, 3 — D oMb SR RS B B . R 40 H 3G L ik A AL, B

BTV 3 2 PR R FUMIE T LS AN ] BB /KPR R AR R R R BEE.

4 SRR

ARSI IS T e KA S S0 UE RCDMeas T3V HIA R, E T UE AT SEVERE SR A B 45
R RAE, ASCE LTI AE RIS IR TR, B SRR — et di i b, M4 6 = RS
FEEPERI AR T SLA Z3RIA R 20% LB, BIAE NH & = RGURAE T RIAAT SEERE SRR . A
SCHE 3 BRI RCDMeas PA S FoAt 32 it AR A A I 7 ik 0 Jol e 0wl S P A0 O R B2, 4%
AN 45 AR5 5 R A A TN 7 3k ARG TN 25 R3EAT B, S 7 M S [RIVA I HERf 2% L s iR Ak
P17 BEERR, B R iR A R
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4.1 SLIEE

TESES I R A B S AR X 266 23 T B AL Pajek SRR 240 & TAER. it A= sBE LA
i) R E R = IS5 & AR A M, B i — AN TR R — DN AT = IR %%, B4 1) IR IR IR 55 1
WAL HR, W T TARR RS R EE, A QWS v2 HdiEge 23 F1 ICWS
2012 KA ELSEIR 55 PERR B 241, T A BEE 2. Forb, 150 QWS v2 Bl 4, AT N
TARG A B AL — QWS RS, /£ QWS v2 S 2507 DM ISR S R . A~
T BN EEE SRR, RSO IR @ BT [0,1) BFIBENLEL rand,. 7ESEFERL EIESEA B
T [rs x rand;, (100% — r;) x rand; 4 ;] BIBEHLEL, AU P7 s2 R RG AT SE MR, Hor r; 208 QWS
HiRSs @ BIRTEEPEME ([33%,89%)). #E— D, JURBH R FEPEROME SRS, AR AL OB A I 7R
HH B ATL 2508 AT S MR 1 AR O, BEATLAE BR (0%, 100%) AT SEMEAE, TTAS 208X — A0 = iR 55
(96 30 P B T B3 0 T S PR AU I, Ao, X TCWS2012 Hid, A U FaX — R 4 7 (1) QoSwsdl,
QoSwadl, QoStext #u#i, T & — MRS SN, X —HdREPEE T 1770 4> RESTful F1 SOAP
SEAN R Y R 55 1) B2 (1) i B2 ] (response time) Fib & (throughput)s FII% (successability) %5
YERESHL. B MRS S, BOEE T 28 FIELREM RS I HHHRE (28 slots). ALEE
RT pax = 1000 ms, FETMARYE 4 AMESHIESE £ (slots) [MARIES [E] . scPh 3, @i =X (2) tHHEAAR R —A
AIEEIEAE. fEARERAE b, SRS QWS v2 BRI T7EE, 70018 B4 R 55 1y s RAR R w] S 28 I
Al i AT SE P B . B — PR IR S A & TR, RPEE 1 & (1) PRHEANL, BAAE S
RG] SEMERERR. ASEgh, BT SE R IR RS 50 AN TR s AR A DI ) T S e R
i, FESEZHTE 1000 AN 1) 52 R et 1 D D SRR T SEVEBOE R, FESERRAO LA b, P SRR AT SEE 2
IR B T 8 G ISR AT B, I ) P P A A ) BT i 1 B AR 1 FH ) S s 75 SR BEE
BT UL EHAE, A0SR AR 77 VETT R MRS V8 B AR A, I 5 Bt 7 VAT ELER, 4y
PANFITE A R VERE. SRR — M50k, AR AIIT R 20 R, JF iSSP RE. A0
SIS FET JupyterLab 0.35.4 “F &, %] Python i& 5 gmfEscHl. R4 . 4-F 4 N Windows 7 x86
Enterprise Edition OS, Intel(R) Core(TM) i7 2600 CPU, 12 GB RAM, Seagate 1'TB HDD.

4.2 HEBRIFEE

A MR SR A I 77 vk T SR B TR R O SRR A I L 3T R o0 A M S A A
BT 2 AR 56 MR A VR A I 52 100, D BIE AR ST i A U, AR ST STk 1Y) % R
R 750 bt 1 3 M7V e w] SEME AR A Uil I 5 ARSI T T R LU, 3X 3 A
J7 A B

o THERZERMITIE (deviation rate difference based approach, DRD). FAT@IL S 11 5 &
AR AT SE PR H AR 3t 5 Al P SE PR R i v 1 S F P I SLA 75 5K EE A i 2 07 iR AR 22 R IT R M T
R, D7 52 BAR BRI 0 BN d(h), WG AT SRR I B RN d(o), M

7| = {4 = dl)” (19)

o 2T KL BUE R /77 (Kullback-Leibler divergence based approach, KLD). A 140171 52 &AM

T M M e 5 U 7T S P V55 AR R T P A A R
P(h;
MM)MMMZHMMAJ, (20)
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Herp P(hy) A1 P(o;) 70 AIZRIRAE b Ao by AT o BIBER MG, 3t — 2D BRYE (18) FIWTR &4 2
LR B H &ML

o BT Z HRIAL I T TE (multiple hypothesis test based approach, MHT). AR H Kolmogorov-
Smirnov (KS) e i3 A AR, WS s AR T SEVE R i 5 Ik i T SEE S i R0 B
HUH) 22 5 R IT R A A U, B

L(h,0) = sup W (21)
[FIRE, A BRAE (18) FIWE 5 A 25 3 B & ML

4.3 MHEREVFNIERR

B IR R BN N, IE#iHUES ) (true positive detection) JA)™ B ) £ ] i) FE AR S IEE 2 1 IR 2
A Ntpp, IEFRIRI (true detection) IREN Nrp, & 2 R G0k A2 ™ B 10 A7 m) ] S AR B2 7% 1
RBUA Nep. FATETH LU PR FEFR DU 5 AT S5 PN A VA IR e 0 P A R
o EfIZE (Accuracy):
Accuracy = Nro x 100%. (22)
o 1§ 1fi% (Precision):
Precision = Ntep x 100%. (23)
Ntp
o & (Hit rates):
Hit rates = T2 100%, (24)
cD
X PRSI & SRR A T R R, TR SRR D9 4 ] 2.

e Fl-score:

2 x Precisi Hit rat
Fl-score = ———oootot X 20 TANES )9, (25)
Precision + Hit rates

PLE 4 AMERRIMERBCR, RIIENE R
4.4 B RCDMeas FABMIERF M

ARS8 H HIAE T8 4% RCDMeas J7 3R BHL ¢, k, BEF AR THZ I M VERE. €
MaxIteration = 50, § = 0.5, W = 0.5. fESLIGHIFER % E « = 0.2, TEILIERE BRS¢
0.1 FHTHGRE] 0.9, B— BB KIERN 0.1, FIK, BE ¢ = 0.3, HESE « A 0.1 FHTHE K E
0.9, F— KRR DK BEN 0.1, 7L EASHORE B3l E, 70 7R FH W 204 [R) () s 2, A
RCDMeas J7 27T FEME RS R IN, IF5E T B vtk 7 V& iRl 25 B3 RCDMeas J7 1) & ANPERETEAT
FEARA. B ATEREPEN PR A SE g0 45 RNk 2 Al 3 P,

UL EGERAT L (1) 24k [EER, ¢ BIEB/N, RCDMeas 77 % BRI AERG 22005, 24 € < 0.3 B,
TR ZERAYIE. 2 &> 0.3 I, B#HE K ¢ Ml, RCDMeas J7iERIPEREZEIRI . XKW, 4
r EFEER, € FERN, P MEBEE M. (2) MSZIRLE R WL, Precision {1, XK BH{EEL
PR, KAMGIER KREARIR b, (3) & 2 i, EFRMNSHINRE T, Hit rates IEIE KT
Accuracy, XK B 77 B AEME S IR ORI 45 RAFAE B AR, BN AR S IR BRI UM & 58, Al
e Accuracy {EFEG. 2 39, x [HBR KX ERBHE. XLHT « E#OK, Hit rates FEER/DN, FF
R AE S S B TR RS e A B s 1 AL, (A X AR RN Accuracy EEIFZMIEE K. (4) WK 3
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* 2 2% ¢ 3 RCDMeas /AR (k = 0.2)
Table 2 Impact of £ (k = 0.2)

£€=01 £=02 £=03 £&=04 £=05 £=06 ¢=07 £=08 £=09

Accuracy (%) 88.27 87.85 86.94 83.14 79.76 74.26 69.44 63.46 58.23
Precision (%) 42.87 42.26 41.88 39.57 37.42 34.92 31.22 27.33 23.38
Hit rates (%) 89.92 88.24 87.45 84.87 81.33 75.43 70.22 65.17 59.83
Fl-score (%) 58.05 57.14 56.63 53.97 51.25 47.73 43.22 38.51 33.62

%3 2% x 3} RCDMeas 7535 HEE0%A (€ = 0.3)
Table 83 Impact of k (£ =0.3)

k=0.1 k=02 k=0.3 k=04 xk=0.5 k= 0.6 k=0.7 k=0.8 k=0.9

Accuracy (%) 86.01 86.16 86.15 85.73 82.38 73.92 66.46 61.15 56.37
Precision (%) 42.07 41.88 41.23 40.92 36.13 35.53 32.67 29.63 26.88
Hit rates (%) 88.11 87.45 86.22 85.55 84.63 80.20 75.14 68.97 60.43
Fl-score (%) 56.94 56.63 55.78 55.36 50.64 49.24 45.53 41.45 37.20

M, 2 k> 04 B, A PERERT . R £ > 04 I, RIVULRAGIRR. Bk, JATH B E
B w5 AE, TR E LS EERAS I A TERE. 2 £ < 0.4 I, JIETEREZERAWIE. 2 & = 0.1, 0.2 I,
Accuracy FAKEETH i, SOMARPLE S T . X0 i T80 20 AR AL Bl B DR ks I D9 B 5 A%
R, XS, TR« (BN, B EERAR I ) fr 7 R AT 25, (B 5 3G
BRI AR, X TACHINAIN S, « BUE 0.3, 0.4 AR T 52 @S ER A I K VERE.

4.5 MHEEELER

ARSI H BIAE T A [F] ] SEPERE S SRR A 7732, BAdE— 22 73 #r RCDMeas 7732 147 251
FT UL BSOS R fEARSLE Y, RCDMeas /A S0 E N: MaxIteration = 50, § = 0.5, £ = 0.1,
ko= 04. {EMILRE EIHEESE W A 0.1 BETHERE] 0.9, B KRR KERN 0.1 A3
KHWADAE R #EE, ] RCDMeas J7VETT FEME S ERRE AN, I3 T R 77 ik i dar i 45 SR 11 55
RCDMeas JVEM &AM MEREVFAT TR FRE, TEULEERD |5 4.2 /N DRD, KLD, MHT J7vE#EAT HER.
ARTHERI A PEREVEO TR AR 45 R ANl 2 o

H s R nl WL, RCDMeas J7 7% BRI A 2500 B & T HoAth 732, o Accuracy A1 Hit rates {E 5 HoAth
T2 E 6%~T%, X3 W] Sinkhorn SFVEEIAN LR 77k B INE H T A& = RS M IR A il
5] 1. %t RCDMeas J7VET &, Z40 W ME X R il 45 SR f M0 . 2, BRI &, W ARME O, MG
Fetar il ) i ZERAIS. 24 W< 0.5 B, PEREARAEAN K. 2 W > 0.5 B, SBWTHE K WORIME, Hit rates %
It 9 3, XIS R R I IR T B W T . KR, 25 W = 0.1, 0.2, 0.3 I, BEE W ORI
K, Accuracy ﬁfiﬁ’ﬁ%f%tﬂﬁ%‘ﬁ’}%% XERIHE —EFRRE. Y W = 0.4 B}, RCDMeas /71%E%&I
AR 2R G 1t RE.

EHARERIZ, ACEE G Sinkhorn B3, AP 20 v] SEPE BRI o0 A0 0 22 5, BT I W 4H &
BRG e BRAETSEERE SR, B SEIe i AR P LR 3 A AR T VAT E, DRD A MHT J73557
TR 38 7 R AR ZE AN S 4 0 R 72 o BRI 0 AT O BE S, KLD 7R R A B KL iR K & 2 ds
AT ZE S, X 3 RITIERE TR AR 5, SR 2 A5 Hd A bR < I 1) R e o A Y 2 R
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Figure 2 (Color online) Performance comparison for different approaches. (a) Accuracy; (b) precision; (c) hit rates;
(d) Fl-score

NI, IX 3 SRR ITNEAFAEANBUR . ARSI A 2. 2907 MR ZE AP g 20 1R 22 1 U 505 1%
JS2FH ) — A BT $ A2 5 ZEORAEAR QA 18] s iR 508 o0 A 2 [ JEAH R A B4, KL BUZATAE AR BRI i,
HI KL(h||o) # KL(o||h), HAPIHNGAFAEE S (BZERBN) B, KLD J7 % R 2RI H AU,
Sinkhorn HEEENLAE A G F R AL 2 b, BAE SRR o, R ) A A R E L, B
FIVEA R EL b 3 28759, SRR — 77592 v DAAR S 1l S o) I A 5 3ok A 54 I 22 St 2 B e A o R AN BEURG
P i R, L AT R A N IR

5 51
RIE I HE = RAE R SEE RSB B a8, S22 — M KRG T SR S R R R S B

1% RCDMeas. %7713 T Sinkhorn B 0K T S Hs L 0 704 22 S AGr il il R 49 0y e 1L 3 A P 2 1)
R, BRI FH 905 1E WA RSB s AR X — i AL 504l SR B0 45 R 1 7 iR 3. 7245 J5 BT

T, B T ARG RENHRNAE = REMSERERTNE, BATEE P REAE = RGBS
ERRENTTE st TR 2R G = RGEEILE], IR A& = RG] SRR S

W%, UG RGREWE RS @ RIEAT.
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Reliability concept drift online measurement for composite cloud
systems

Lei WANGY, Yunqiu ZHANG!, Bingfeng XU? & Yiging XU?

1. Department of Management Science and Engineering, Nanjing Forestry University, Nanjing 210037, China;
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* Corresponding author. E-mail: leiwang@njfu.edu.cn

Abstract Benefiting from the pay-as-you-go business paradigm, the scale of the global cloud computing industry
grows rapidly. It has become a possible way to dynamically integrate and cooperate RESTful and SOAP-based
component cloud services to develop large-scale complex software systems based on service composition techniques.
The constructed composite cloud systems run under dynamic and uncertain operating environments. The issue
of how to deal with the concept drift of the reliability data streams to guarantee a stable execution of composite
cloud systems has become a grand challenge. To provide some early guidance and act as a trigger mechanism
for composite cloud systems’ reliability adaptation during the system operation and maintenance, we propose a
reliability concept drift measurement approach via Sinkhorn distance for composite cloud systems (or RCDMeas)
in this paper. This method employs entropy regularization and fixed-point iteration to identify the reliability
concept drift between the historical accumulated reliability flow data and the up-to-date reliability flow data.
Large-scale data experiments verified the effectiveness of the proposed approach.

Keywords composite cloud systems, reliability, concept drift, online, execution quality assurance
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