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Abstract

With the rapid expansion of e-commerce system operations, the robustness of these systems under
high-concurrency access, complex transaction processes, and sudden abnormal traffic surges faces
severe challenges. The reliability of e-commerce systems depends not only on the performance of in-
dividual components but is also profoundly influenced by complex nonlinear dependencies and joint
failure mechanisms among modules. Traditional reliability modeling methods exhibit significant lim-
itations in capturing extreme risks such as tail dependence and cluster failures. To address this issue,
this paper proposes a reliability model for e-commerce systems based on mixed Copula functions, uti-
lizing the Expectation-Maximization algorithm for parameter estimation and optimization. In this
model, Copula functions are employed to separate marginal distributions from the dependency struc-
ture, enabling precise modeling of the interdependencies among modules. Using the Monte Carlo
method to randomly generate failure data that aligns with real-world business scenarios, experimental
results demonstrate that the proposed model accurately captures the heterogeneous dependency
structures among modules and significantly outperforms single Copula models in terms of good-
ness-of-fit and risk identification capabilities. This study expands the theoretical toolkit for system
reliability modeling from a methodological perspective and provides a scientific basis for formulat-
ing operational strategies in real-world scenarios such as high-concurrency promotions and abnor-
mal traffic management in e-commerce platforms.
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A, BERA T RGEBIISLIE N . Erem [ 15150 788 ) 7 FAM AR 38 22 48 N H 2 F Copula J&
PR, BN TEZIRE RGO AT SEPERZ I K B M. Zhou [13]FMEEZ T Copula 7R EIR A
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Table 1. Common copula families functions
< 1. E LA Copula FRE

Copula C(u,v|9) feR
Clayton (ufﬂ +v7° _1)% [0,00]
1
Gumbel exp {—[(—lnu)g +(~In v)g }‘9 } [1,0]
—Ou —6v
1 e —1)(e™ -1
Frank —eln{l+(ez(_l)] R\ {0}
FGM uv+Ouv(1—u)(1-v) [-11]
. w 11
AMH 1—0(1—u)(1-v) [=11]
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R HL— Copula BREUAT REXE DL AT i B L R BBk (8] (1) 52 2R A O R, ARG — B EIR S Copula
R C,, () [18]41F:
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Ferbn Ay Copula R HUE R, C,(-) N2 kA~ Copula IR EL, 6, 95 kA~ Copula BRI Z M B, 4,
NE k> Copula IEEREUMALEZHL, W 0<A, <1,) A, =1, @i XF 7, 7 LUK AIE Copula FKFEI
k=1

LI AR, S HE 1 2] AN [ 2 [R] F) R S AR RTIER 45 2R S L o

DOI: 10.12677/ecl.2025.14103220 885 TR 4TS


https://doi.org/10.12677/ecl.2025.14103220

fefrsh, Wbl

2.3. JBA Copula {EIERRIF

XA 1 HE A Copula WReEL, JFEEIIABZER19]. ASCIEFE Frank. Gumbel. Clayton =i
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6
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St n SFMMERATEG R TIEEG K () iR EN AR EAG X, R AW
T T WA, DL AT I, B R R R B B i

B A B AT
F(x)=" f(t)d ®)
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+AcCc (Fl (xl)’FZ (x2)>f(xl)
Hr e, c;,c0 77 A 70 Frank. Gumbel. Clayton Copula B % % 22 25 iZ 2R 25
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B (9), 3T el G Copula bR HUBLE 2 50 1) X6 KUK 6 2
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= lOg{[}“FCF (Fl (xl)’FQ (xz ))+A’GCG (E (xl )’Fz (xz)) (10)
+AcCc (Fl (%).F (xz))Jf(x] )}
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(1) EDCIEETIE): MG AT A LA (1) 155 B SR o B 2% A 2

0(414"™) = B [log L (. Ags A ) X, X ] (11)

(2) M AR AL): SR o (L S B0 A7 R R A" = argmax, O(2] A" ), AL 5 57 24
Ny
| ﬂmc(E(Xu)’Fz(XZi))f(Xli)

P W CIEANAEM VIO

St A, B (1) WOEREBES Y X, X, A BIRBELAE R X, X, FOREALE, m(m=0,1,2,) ik
FRIREL
R e /ML - B = e, 52 X HFRIR S Copula BREUARMK S BN AE4S 7045 Copula M
$C() 54 Copula BAELC,,. () EIBUS TR, B
0= [FE LA (). 066 [ (). 06)])] 13)

n -

A

m+l T

(12)

St G() e Copula I¥L, 3L5E AT
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C[Fi (X”)’F; (XZi ):| - ;IZ:I“I[ﬁl(Xn)SFI(Xn)]l[ﬁz(Xzi)SFZ(Xzi)J (14)

l,ﬁ‘(x) < F(x)
0,7 (x)> F(x)

NP EE AR R E M SR e P N R R, AR E SR PSR RECFE R
[22]. HJEBYETHALR KBAR, J8IETE E Dbt 5 S MR BEAT IR TR AL B, A Ry 5], AT
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0\r
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1

CY

AT >0, WESAGET I, AT HIER - REEBOL R G483 S s OE P Ui,
AT WK B AN . TEMIEA A SO T =5 MENWIAGIRE (23], BESRE 7 RO R, W
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KT H IR RS EA SR - T R G AT SRR 2 A Bl SR L, DU EL RS
REAL S T AT ST IR R AR R A 58 5 WIRIN [ GETHRIESS) [24] [25]. 456
ST 5 7 (AL ARG B ST RGN RS HA JdRe . BRI S, XA RIE R, BER S
RE PR IRAE R HF R A NS R SN G SIS 5E 5 [ 71 BB S M AR, T A AR 55 AR B
—E KRR AL . I RS B S P O, 05 BN R 258 5 AL PSR 4 B
ST SRR MR N 30%, A AR ST LB R BRI 10%; 2SO REBAE T ki, A2 54k
HEREBUR ORI 20%; SR (1A 200 A AR AT R St U4 RS A JFabe g : K HhE s
HEFBIDIR M Gamma 7341, SCATEHUIRMARE > A FET LA EOTH¥E, AR 40 4R nk 2

FiaR, ZI R AE T BRI R A, B T S £ A A R AN A

Table 2. E-commerce system simulated failure data

*® 2. BT RS RGHESIEHIRE

t F1 F2 F3 t F1 F2 F3 t F1 F2 F3
1 23 75 67 15 5 42 49 29 40 16 0
2 140 68 146 16 21 22 7 30 1 21 14
3 74 77 80 17 22 41 41 31 36 11 51
4 33 43 76 18 20 5 77 32 3 64 26
5 11 9 39 19 38 136 51 33 11 74 13
6 11 13 67 20 13 63 117 34 195 116 60
7 10 23 58 21 41 69 70 35 168 19 64
8 103 78 40 22 16 130 32 36 93 38 31
9 53 32 153 23 28 68 10 37 22 43 90
10 63 85 68 24 32 12 74 38 1 43 99
11 0 104 15 25 26 104 42 39 61 9 67
12 172 40 97 26 74 43 75 40 44 36 65
13 75 39 125 27 14 60 96

14 5 58 45 28 55 104 55

3.1. JB& Copula R¥&Hifhit

FEXRT HURE T 5 B AR AT A, 75 EEXTRR HOR AT & BAPAN . ASCEFREI TR Z(MSE) #E &
H( R ) FIIR AR S HE NI (ATC)FE A% o PE AL HE N .
BT IRZE(MSE) 2 —ANMEZ NI 2 AT Ge T, BT R R N S S 2 TR 2

Pz, HirEARN:

ln

MSE =_Z(yi _}A}i

n -

)2

(€))
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Horbr, nRMEARYCGE, p N AWIME, p, 95 ASWIE R TRIME . MSE 8/, BB A58 B2

.
e B R T SR R A B T 22 10RE )0, Ht B A RON:
Z(yi _.);i)z
R 15— (10)
Z(yi _y)

Horp, y RWNMERFIME. R BT 1, RRBARRERE IBRoE.
IR B AENI(AIC) 2 —Fh i ge tH B SO0 RV R ARiE, HAat R A5 08:
AIC =2K -2In(L) (11)

Horb, kBRSNS, LOVBR B OUR G THE . AIC BU/NROR AL AE RS B 5 TR it P BRI
it

K=AMRPEART AP IL A T HB R — Copula B 5IRGHIMMIN S, N JEsas R Atk
fi o

3.2. ERIBE SIS SRBIE

KR E AT 5SS B AINE, X SR i s 4 AT L A AT B, IR B oA e S50,
25 RN 3 AR,

Table 3. Fitting results of marginal distributions for each module

3. ERRDGHHUEER

R B i 2 U S AIC
2 5 Ab AR R Gamma 4} 75 k=0.819,loc =—-5.0le — 27,0 = 57.841 371.07
AT g AR R R Gl loc =5.000,60 = 48.325 394.24
R IR S5 R Gamma 4} Afi k =17.885,loc =—39.440,0 =12.776 402.43

LG AT LA A5 RER W], Gamma 73 A BE WS BT 3 138 58 5 Ak RS RN 737 B0 1 B (4 2k ARSI
MHREATE & RS S AR R RO . X —Z R 5T % R &AM LRI AT REAH R

i o S R R Oy W T SEAE Kendall’s tau, T 45 & LRI AR R A1 G &R, 45 Ran <k 4
IV

Table 4. Dependency relationships among modules

4. BERKHXFR

(L2290) Kendall’s tau AT 1k AR E
Ao b - SR 0.0571 TE AR 55
Aoy b - HEF RS 0.2208 1E st Hhag
SURT A - MRS -0.0531 A 55
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GURETR, 2o AP SHERE I R 2 AR RR A IR R, SRR IR AR,
AT BERG( PV - HHERE - N - SO ) RIS AN S 7, BE S BOLTERER SR L, 1R
BEIE 57 h /5 EEXHERE 55 By BT IR & A B, 5 Sl o 7 ey 0 5N SR g B A LA
RGEMFIRBN S o 10 SCAT S5 A 5 HERE AR S5 A 2 IR MR B 95 Rl o0, FTREIR T B fE B 5 B
FAE—EWTEF R R, WHHREIERBGEEIEIE, Rnage N\ RE RGBT, RO G fErs 5 50f
R 55 1 EAL T O B, 0 LN T B R 55 AP BT AR B 20 FIE R PTG TR A 1 5 IR

BEAh, SO 55 G B IR RS, (EIFE s AR AR — R MRS R . B
XX, ~FEFEL SRS LT, TS ST EEAT P B TS S5 e IRIHRE, DA “ 225
SERCENSOATIER ™ R OGB4 s U

3.3. JBA Copula IRESHH i SEBGEM

K25 Z KA 45 R4, SR Clayton. Gumbel A1 Frank =) Copula % B8 55 H VR A4 7 Mixed X
HL PR 55 R BRI T I A . FL IR A Mixed KA 3T RUSAME MR 40 B 7%, 0 RE R4
(T = 5)BHT S8 1h . SRR SHh TH 85 AL PPAN Fe bR e 5 oo

Table 5. Parameter estimation and evaluation metrics for copula models

% 5. Copula REVSH it 5IFMN 4R

Copula F%A! WE o SHATTEER 0 MSE R? AIC
Frank - 0 =0.2997 0.001463 0.971091 -177.28
Gumbel - 0, =1.1480 0.000865 0.982907 -180.56
Clayton - 0. =0.2626 0.000977 0.980699 -177.17
w, =0.0263 6, =0.2098
Mixed w; =0.2072 6, =2.3036 0.000735 0.986108 -188.83
o, =0.7665 0. =0.1868

WA 5 AT, A Copula HEBERE /M AL 71, Clayton MR EIERIA KRG LT 5 £ T
HuA, S Bl Y HL R 55 RG] EEER I N A G HUAFE : HAE MSE. R? Fl AIC B3R T-H#.— Copula
BIRY, LR T H0E A0 R ALY 53 2 B O T 3R e A

NTEE MM E IR Copula AL ILA R, K 1~4 5 BIE7R T Frank. Gumbel. Clayton —Ffi #—
Copula B L LR & Copula 8 ) = 4l & 45

B 1~3 3R n T AR AL I B R R G S R AR M 4 i RARIROE SRR AR S T Y
FHIE

(1) Frank s HATRIFRAIOC R L BE JA R, £ HEFRRE N, PSR gl fbsit e [\
B E e 770 X6 A bz 48 J2 T 3 G O o — B A 48 AR, TTRLAE H W 84T h 45 & I A R &
PP

(2) Gumbel "R H ERAKIURHE, SUREEIRH TR E PR . X T Aia gk b 751 S i
AT R EICRMR, N5 AR A I, FRER R b S il n B3 25 SR
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(3) Clayton FZH4E NREAHICNE, RUEMAB T EIHFT, FELBHA] AR L H 75 e S8 R
T [F) S 2 2850 o S5 T Al iz 4 75 75 3 iy W IR B R RF BBy N5 el By b “AR Ak T B R PR & KU
B 2 o

K 4 FIRA AR T Frank. Gumbel. Clayton fIE%, 2THZI[HE | HE KM ZHEKBICR. A
RSB B — L S 3 Se (e 1), TR E IR EstiiiEAm R, B TiEd#A £ Copula
RIS, WoR VIREBEAMILERYE: RGBS S AL p R R H R & B AR OB A K. A B
FHXT 1R ZE WSS 2R R, TR A B 2R L A B R ) WA S i AR B AT ) B i 22 K-

Clayton Copula=#l&4HER

M REWHSE
ZHBBAHSUAME 0.10 —— Clayton Copula
0.08 4
0.8
§ 06 0,06
H "
=
0.4 0.04
0.2
0.02 4
0.00 4
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Figure 1. Fitting results of the 3-Dimensional Frank Copula
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Figure 2. Fitting results of the 3-Dimensional Gumbel Copula
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Figure 3. Fitting results of the 3-Dimensional Clayton Copula
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Figure 4. Fitting results of the 3-Dimensional Mixed Copula
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