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Two-stage robust hub network design considering disruption risks

Zhang Hai-feng, Qie Han-lei, Wang Jian-Cai'
(School of Management, Beijing Institute of Technology, Beijing 100081, China)

Abstract: As regional integration advances, logistics hub networks have become increasingly complex, making their
reliability and robustness critical to efficient system operations. However, in actual operations, logistics hubs are often
disrupted due to unforeseen events such as natural disasters and technical failures, leading to significant economic
losses. To address this issue, this paper proposes a hub network design problem based on two-stage robust optimization,
considering the uncertain risk of hub disruptions. The aim is to minimize the setup cost of the hub network and the total
transportation cost of commodities under the worst-case scenario. In this problem, the first stage involves
comprehensive decisions on the location of logistics hubs and the opening of hub arcs before uncertainty is revealed. In
the second stage, after the occurrence of disruption scenarios within the budget uncertainty set, the optimal
transportation paths for commodities are adaptively determined. To enhance the computational efficiency of the model,
this paper designs an improved Benders decomposition algorithm, where a two-step solution strategy is proposed to
efficiently solve the subproblems and strengthen the generated Benders cuts. Extensive computational experiments are
conducted on classical datasets. The results demonstrate that the proposed improved Benders decomposition algorithm
significantly outperforms the classical approach in computational performance. Moreover, the proposed two-stage
robust hub network design model is effective in mitigating hub disruption risks.
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B, WAF 2% N 16GB, LA Visual Studio2022 - %
WL, ] CHmfEIE SRS, A W A 2t ikl

DL IR A B O R 0] /34118 B Gurobi 12.0 SR A# #3.
WIS S5, I 45 G R EIE W SOE FE 5 E AL
ST, #5240 B KIEARIREL (500 1K) B K
iz 47 i (8] B 1] (3600s) B, 5 b F FAT) A 58 4 A [,
SRR AT 28 0k A DR AL B AR AT L H P SR )
f3% C.
31 HRE

RAX LI K S HPEAT VI, 25 de
Camargo 25", 7E75 550 € HI 8 5 B % A £, i3
WM f, = max (fo +0.2f, - & 0.2f,), 3
o CAR R H AR v TR A 40 A N (0, 1) 77 A 1 Bl AL 2K,
JoEH TS

i Vi(cowy s + € — ¢c
{21,?2 i (Cotryi F Cisagey — DCoiy,ak))

fo= NI/3

WA I e = {i, 5} 8T8 AR 5 9 i 1A 21 B
A, WAL = C- (. + 1), Ferh A REC BN
0.025. Xf T G2 W ki B A7 F& ST Bl AL, WA 6, =
100 X €,y aqey - WP, UL HEMDISC A LS % e A B
Fo = =1, X4z 825 2 30 =+ BUE
Mo € {0.2,0.5,0.8}.
3.2 HBEEFERIE

FH T T4 1 R o B e LA A 28 S D P 42 e
P bR A SR AR, IR UE 3R 1) Benders 4 il VAT
HER 1, A6 B K W AR A AT = 0, Bhi P
i B i A AR T IR AL A B 7 T VR B SO R ]
] E B R R S (Gurobi) HEAT SR AE, DL
SE AR NS AEIEAT LR RIS, AR B8 T 5 oA 7 1)
FIRITRE T B R 20 SR i SRS TR A A8, AR SO it
f] Benders 5.7% (I-BD) 5 br #E /) Benders 43 fif 512
(S-BD) #E 47 X L, J& & R K H % P9 A5 oK Ml SR
R EH TS (V] = 10) BiHH 4
o, “obj” 74 At B bR R £ {E, “Opened
Hubs” #1| H THX AL bk 25 5 17 “H#H-links” Z1145 H T
FFIEAX AN A AR S = 2 b “HIT” FI4R
RIEARIRE “GAP(%)” RonFEHIEL LR ETF AR
ZAEA L FIEAE; “CPU(s)” #1145 H Js SR fg i ],

M 1 AT LUE H, AR I X Y Benders 47
R SHE3R3 T 5 Gurobi — 3 A AL MR, IXUEB 1 B
FeEE A R, LAk, 524 1) Benders 43 il V%
AR B, A SC AT B AR 2503t 7 Benders 3 i 35 AT CATE )
AR B A B LA, T 7E 48 HL Y] Benders /3 i 1%
o, B T IR A M 2P SR A SR K, £5 21 1Y) Benders
1R 5 R ARG, PR 7R B 2 1A ] DLk 2




FxH TRk S B8 U RIS 4G 7 I B AR 2 26 5 7
®1 BEREBUESHR
Gurobi S-BD I-BD
¢ Obj Opened Hubs #H-links #IT GAP(%) CPU(s) #IT GAP(%) CPU(s)
0.2 255843.51 4,8 4/4 500 26.95 110.58 6 0.00 039
0.5 266136.70 4,8) 4/4 500 49.44 66.07 6 0.00 035
0.8 272079.24 4,9 4/4 500 67.07 59.99 6 0.00 0.36

Wk, MK [H] _F %, B0k Benders 73 fif 500% B
HILT 4 M) Benders 7 fif 5515, BRIk, 7243 5 2
RS0 LS H o3 b, SR B 1-BD Sk it
17.
3.3 HEMERRIPAS RIS RO

¥ 5 23 W 4 p  (Column-and-Constraint
Generation, C&CG) 532 & 3K fift 91 o Bt & = A4k v
R 7 — Y g ik 4B B A SO TR ik
Benders 7> fi# (I-BD) H L P Re, AWK H 5
C&CG FIEHATRI L. Behh, AFTIEGIN T H A
J7 3z 1) 3 T Benders I [ 4> 3 1] #| (Branch-and-
Benders-Cut, B&BC) 5.9 15 Jg 5 — i te 3 %
FERVESEHUZ T, I-BD 1 C&CG HILIR AR
FRAEZR, T 5 ) ) K AR B 2 T2 2.3 4R I I
A SR A, 3 1) 3 I H Gurobi SR AR 25 31T K i
C&CG % B AR SEHL I #2 I H - Bt s T xd T
B&BC 5%, H il 77 A B A [A): Benders 3 i 7

R AT R A (10 Gurobi) 94 37 5 FHE 22 h ik
AT B, LA (callback) AL HIZE & B AT 4T ik 5
VNN Benders #|. R EVEX LI AP, BT E
SR 58 A — B R 8 1 2 A, 18 M 1R A 1
-1 & 5SS T i817.

28 TR IR, BIAN € {10, 20, 30},
ANE AP AT, B¢ € {0.2,0.5,0.8} LA K& A[H
K WX AEL, BIT € {1, 2} FEEEREXT L4
B “HHubs"F 45 T I EAR AL B, TR REAE
S L H SRAF IR AR AR Y B, “CPU(s)"#1 b5 id
9 “TOT". XL &5 RE W, £ 48 K2 B E W, 1-
BD S92 34) fie A5 178 K A 9 P B0 1D B ] Py SR A5
AR

5 C&CG HiEAM L, RE 1-BD BHIEFT & 1%
RXEE 2, B R AR B ER T C&CG HZ%.
JERIE T 1-BD SR AR R AR A SR AR 14 3 1) 73 RH AR
BN, T C&CG HEAE LA I 2 v 75 BN ) 32 i)

F2 ET CAB HIBREMEAMREXT L ot
Optimal I-BD B&BC C&CG
Wl T ¢
Obj #Hubs #H-links #IT GAP(%) CPU(s) GAP(%) CPU(s) #IT GAP(%) CPU(s)
0.2 369054.77 4 10/16 23 0.00 4.52 0.00 10.37 6 0.00 6.14
0.5 362610.22 4 8/16 21 0.00 3.61 0.00 3.68 6 0.00 4.68
0.8 330072.42 5 5/25 18 0.00 2.77 0.00 3.26 7 0.00 4.82
1 0.2 479382.46 4 6/16 35 0.00 7.60 0.00 8.35 14 0.00 36.99
0.5 434022.37 4 6/16 21 0.00 3.72 0.00 4.58 12 0.00 12.98
0.8 390310.30 4 4/16 16 0.00 2.51 0.00 3.70 6 0.00 4.89
0.2 1702116.26 4 12/16 79 0.00 67.85 0.00 81.53 9 6.98 TOT
0.5 1736236.02 4 8/16 44 0.00 40.86 0.00 89.84 10 22.95 TOT
0.8 1702065.32 4 6/16 34 0.00 15.30 0.00 24.14 11 0.00 798.43
2 0.2 2031161.90 6 20/36 171 0.00 273.83 0.00 348.28 9 29.59 TOT
0.5 2009 148.07 6 14/36 137 0.00 202.10 0.00 354.16 10 35.49 TOT
0.8 1925193.56 6 8/36 89 0.00 67.27 0.00 86.54 16 15.72 TOT
0.2 8852543.14 6 32/36 129 0.00 407.68 0.00 1080.55 4 19.65 TOT
0.5 9400362.14 6 28/36 85 0.00 250.48 0.00 784.51 6 6.39 TOT
0.8 9597875.77 6 18/36 60 0.00 87.75 0.00 124.35 7 0.00 2792.96
% 0.2 10568750.36 7 33/49 250 2.74 TOT 55.79 TOT 4 37.30 TOT
0.5 10607239.08 7 27/49 204 0.00 1476.41 0.00 2536.71 5 17.51 TOT
0.8 10489937.13 8 18/64 216 0.00 1883.30 0.00 1457.24 7 12.95 TOT
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B IG R, B T B UGEA R THE TR, B,
R 1-BD AR %, H s POk AR A Z % T
C&CG, BEARTT SIS [A1475 B &2 (5 4.

i % T B&BC H %, H g BT C&CG A
%, B SR R B A% 0l K T 1-BD Bk X EFEA
B&BC 5176 Benders 1] i A BSAR N T VSR i 453 7Y
43 S8 FHRESE R S it A1 eR B sl AU B X Fh 7
AP R A8 A B EOR, (A R8T
] 5 (1) oS 2, BAE 5y SEW A TR i Ba]
R 53 AE i EE AR LI 1, 3 BOK B TR VL AR L
Z F,1-BD By RH A MR RHEL, BARTFEL
VSR AR 25 0] B3, EGE R 5 2.3 5 I 5 SR AR SRS A 3%
$2T+ T Benders FIM¥I 5L, A% DL D BRI EL 58
FSCSCSIE, NI K sl 2 ot~ 1) %) 1 FH . D1t T-
BD HIETE R Z AR Z AT B&BC HE.

R HE— 25 5 W TR AN 52 42 2 50 D X W 9 245
BT BISEM, AT AL 0 25 S5 4 . AR 749 i A % B
RS =N R I A0T. 1%, B 1 24 T1E CAB
AL (JN| = 20) T, AR T HUE X P07 9 25 2 1
Mg, g543 2 5 1 DOWER R, {T M 1380
22 W, FEAFRHTHIE 7T, W48 I T30 A 4 400
SR A GNE B35 O E TS X R, AR 2
TETEAR AL BT AU IR, Dy 8 5 I 286 1) 5 s e, 52 2R
) F 3 B AR A s S AR A, DASR T3 4 ) 4% 11 T

A FERAT S
7
Eml=1 wl=2
I
g ST
=
£
i

0.2 0.5 0.8
AT
(a) X IT X A K ) i

25 mEE =1 gz [=2
I 20 t
=
2 15}
fé
z 10
= /

Z Z
0.2 0.5 0.8

CUTEIEIESER
(b) XS TTHCAX AH I H i (5

Bl 1 IR SEH RS
2t R THEMFISEEET, DM

LERIRA L. R 2 FIE 2 AT LA, BEE T
R, AR B RA AR AL 2 2 R A
1E: M FHUN (¢ = 0.2) B, M43 S A b
Fb, I8 A BSR4 B RLR
(¢ = 0.250.8) If, WX 2% 5 W il A 15 32 iy i A 351 52
TS X EN, AT E TR, BT X A
AR LGRS PR32 i s AR 715 24 DR T v B XUz 38
FIT i IR A R, DR b AR I B AR A BT B AR
&, LTI TR/, A B T3 N b7 X
SR B R B T B A A2 75 5 8 B8 2 W8 7E I 4
T3 S, TGS IR 286 152 T4 HH B vy A 1 K
T 3K ot 542 11 1) 8 30 5 DA Iz e A 9 AXARY, BA
TR AE S AN ) AR WA T T I 28 AT RE 4 4+ 1E 7 18 AT

3.0 2 B e Rk
E 20t
e
E 1.0

0.0

AEETE (SR
2 XPHDRILE AR AN B2 AR

BEAh, IR 2 Fd T LUA B, BEE T I3 I, 258
LR VR RE A P T B R BRE T, TR R &

e ZIBE XAl h i3 5, BB YRR R,
MNTIROR SR 52 % B2, A A9 B2l Sl B Tl 2+ oK file
I [A]RE K. 7E 4 € BRI E DL, BEAE X A2 18]
(19 2% FH 3T 01 R 7 (10 388 o, AR £ 9P 3 B 9 S B
By, XA, B Fr e B3 S Bk 4 2
(i) PR RIS 22 5% 2k 2 o 55 I EL B o 9% 4 0 R0
WK, B BV SR AT ()35 2 35 40 . IX 2 el TRl
5T HI IR T F0 R, B8 22 35438 DAL Rl A 53¢ o 1 40 1k IR
1 515 2 PR, RME AR T i) 8 7525
TERR AR HUE, JTF T R SR R A0 .

AR, A EE IR AR ST AT PR AR A 5 R (A R, AR
TLE AP B BT TAN R LS. KRS E
5 CAB #4l &£ R F— 80 Hrfn K+ ¢ € {0.2,0.5,
0.8}, B K BARAET € {1,2}, Hik& L&)
N 53 Kk AR IR HL 500 R B A K 32 AT B 1] 3600 F5.
F LA VAR ST (V] € {50,100}) &
AP BURERI LIS R NR AT LR, fE4A K Z
B R, 1-BD S35 RETE A H [A] N SR A5 S fL .
B A 7 0 RS AL 451 m oA i A B 1) R 1) A ST S8
AR, U5 68 3R A3 & el AT R B, 4 N =
100, T' = 2H1¢ = 0.5}, 1-BD 5593 AT 7E B[] R 1]



ZxH TR

2 P TR 69 B I R

AR 28 B 259580t 9

®3 BT AP RIESHIRS

Optimal
IV r ¢ #IT GAP(%) CPU(s)
Obj Opened hubs #H-links
0.2 5762588.10 (3,26, 34,41) 14/16 71 0.00 274.50
1 0.5 6004 683.31 (3,26, 32,34) 10/16 90 0.00 235.93
0.8 5912755.53 (3,23,26,32,34) 9/25 27 0.00 50.99
% 0.2 6564077.59 (0, 3, 26, 32, 34, 41) 14/36 85 0.00 587.34
2 0.5 6600467.15 (3,9,26,32,34,41) 16/36 71 0.00 256.76
0.8 6402429.46 (3,9,26,32,34,41) 12/36 66 0.00 224.14
0.2 14303 859.41 (0, 15,26, 34,41, 65, 71) 29/49 110 1.17 TOT
1 0.5 15269575.62 (0, 26, 34, 41, 65, 71) 26/36 70 0.00 780.95
0.8 15486 062.88 (0, 26, 34, 41, 65) 13/25 41 0.00 220.07
10 0.2 14845207.89 (0, 15,26, 32, 34,41, 71) 31/49 26 10.31 TOT
2 0.5 16353 669.44 (0,26, 32, 34,41, 65, 66, 71) 28/64 62 0.95 TOT
0.8 16292626.80 (0, 26, 32, 34, 41, 65, 66) 13/49 52 0.00 1207.62

2| GAP =0.95% )= & 4T, XX [-BD &
IETE AP B4 B RE R I B (SR A PR RE. 1t
4b, 5 CAB U 82 1 Wl 45 S84, Bl 5 T 1G K, B
FOVF F T (0 20 i 16, SR R T O 2 (1)
XA 255 X 2 I DA 3 i X 26 5 ek, DASRARD AN g
S HP T XU 5 SR R SRE ), R A SR X R A . b T 45
ERTR, BT AP BE AR B 78 SR 7 B IE T AR
FEH P Bt A 2 K 1-BD HVETEAN R 44
AR T A R
3.4 TR T B PN 4% BAs 23 AT
TEAAL N 48 5L T, 5 20 X 2 i XUz, T

5 0 2 e VAl JAS A5 ABRAR, (H— EUR AR R b, e
AR LS BUSCANE 3 BT PR, Dy s AR AL
HR WY SR (R 28 B AL, AT S 0 LA B AR A
b PRI (400 5 1P X 2% Y i 7 SRAE AN R BT 37 53 T
AR, R Z TR AE T 7 FLRI B B % AR 4
o T XU 0 B 3R 4 45 HY T AE CAB #dadi
= 20, T 7 11 W 2% B i 7 SR AE % h i 5%
HR A S BT, o, “Det.obj” 81 sk A & PE it
J7 S, 8 S W 5T B4 S AR, T “Ine(%)”
F1 U S e ARSI e 2 FEAK 2 v By XS AR T 22
IS A R

F4 BT CAB BUBREMIRAMLE LA ST

[N 1) r Obj Opened Hubs #H-links Det.obj Inc(%)
0 1332496.76 (3,4, 13) 9/9 1332496.76 0.00
0.2 1 1702116.26 (1,3,4,12) 12/16 2460990.39 44.58
2 2031161.90 (1,3,4,5,11,12) 20/36 3084198.71 51.65
0 1428852.32 0,1,4) 9/9 1428852.32 0.00
20 0.5 1 1736236.02 (1,3,4,5) 8/16 2166890.56 24.80
2 2009148.07 (1,3,4,5,11, 12) 14/36 2740484.42 36.40
0 1444054.98 0,1,4) 5/9 1444054.98 0.00
0.8 1 1702065.32 (1,3,4,5) 6/16 2126396.13 24.93
2 1925193.56 (1,3,4,5,8,12) 8/36 2659832.81 38.16
M 4 v, S ES AP METEE TR, AR KRS B 20%. X R, 2

MG DL, AT 1 e VERR U5 %, PR B B i ik
7 S 43 15 PR T 22 PIAR 2 CAHR AR 41 (4 A e o
T XIS . I A, 3 Ik L5 T A5, 8 FH A E M AR R T R
TEH W37 55 18 A 187 1 25 1 v O IR 11

W X £ Lﬁﬁkﬁﬁﬂﬁn@ﬁﬁ%%l@ﬁqjﬁl[mi%%
LT, JUHARAE RV R R Z EOVWE. i
SRR L, £E W 0 4 A1 JR R B B AR AL 7 X
for BAT 2 I TR X
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B X A I 45 U T I R 1% 1) R TR AN
TR X A1 T 5 2B — M BRAE AN E MR R
T, PRSRPIIRAR LA e bk S AR A A = 38 B
EF BTG SR ARG, BE AU T i s s A2
TR ER AR, AR SCHR Bl gk i) Benders 77 fi#
S, AR ol g 2 — B AP SR SRS DL
BCR AR 1018, 546 20 98 Benders #1158 B, AT
IS R, T2 8 CAB A1 AP s 4504 2
W), K 2t B9 Benders 43 fi# 5L 5 bs HE Y
Benders 73 fift 5y, T Benders #1114 S V) 1) 515
DL KB 5 29 oA il R a3 AT 0 B AR SR B BIF 9 AT gk
— SR 2 s A N AR AL 25 50t %
ARl 7 2 (A B 2R i), 18 2 A
G IR AR [FIT, v] 5] N 2 2 W03 2%
Wi, DUENS G SEBRYim R G 0 2 AR 4500 5 18 1R
fiE.

SE ik (References)

[1] 900 4 ISR 3 R BCbR ol 8 N A3 12, PR 52
151 8.87 JiH{EB/OL]. (2021-07-24)[2025-12-04]. https:/
baijiahao.baidu.com/sid=1706133113526274258&wfr=
spider&for=pc.

[21 O’Kelly M E. The location of interacting hub
facilities[J]. Transportation Science, 1986, 20(2): 92-
106.

[3] Campbell J F. Integer programming formulations of
discrete hub location problems[J]. European Journal of
Operational Research, 1994, 72(2): 387-405.

[4] Emst A T, Krishnamoorthy M. Exact and heuristic
algorithms for the uncapacitated multiple allocation p-
hub Median problem[J]. European Journal of
Operational Research, 1998, 104(1): 100-112.

[51 Hamacher H W, Labbé M, Nickel S, et al. Adapting
polyhedral properties from facility to hub location
problems[J]. Discrete Applied Mathematics, 2004,
145(1): 104-116.

[6] de Camargo R S, Miranda G Jr, Luna H P. Benders
decomposition for the uncapacitated multiple allocation
hub location problem[J]. Computers & Operations
Research, 2008, 35(4): 1047-1064.

[71 Contreras I, Cordeau J F, Laporte G. Benders
decomposition for large-scale uncapacitated hub
location[J]. Operations Research, 2011, 59(6): 1477-
1490.

[8] Campbell J F, O’Kelly M E. Twenty-five years of hub
location research[J]. 2012,
46(2): 153-169.

[91 Alumur S A, Campbell J F, Contreras I, et al.
Perspectives on modeling hub location problems[J].

Transportation Science,

[10]

[11]

[12]

[13]

[14]

[16]

[17]

(18]

[19]

[20]

[21]

European Journal of Operational Research, 2021,
291(1): 1-17.

Campbell J F, Ernst A T, Krishnamoorthy M. Hub arc
location problems, Part I: Introduction and results[J].
Management Science, 2005, 51(10): 1540-1555.
Campbell J F, Ernst A T, Krishnamoorthy M. Hub arc
location problems, Part II: Formulations and optimal
algorithms[J]. 2005, 51(10):
1556-1571.

Alumur S A, Kara B Y, Karasan O E. The design of
single incomplete  hub  networks[J].
Transportation Research, Part B: Methodological, 2009,
43(10): 936-951.

Martins de Sa E, Morabito R, de Camargo R S. Benders
decomposition applied to a robust multiple allocation

Management Science,

allocation

incomplete hub location problem[J]. Computers &
Operations Research, 2018, 89: 31-50.

Dai W B, Zhang J, Sun X Q, et al. HUBBI: Iterative
network design for incomplete hub location problems[J].
Computers & Operations Research, 2019, 104: 394-414.
Zhang H F, Yang K, Dong J J, et al. Two-stage robust
multimodal hub network design under budgeted demand
uncertainty: A benders decomposition approach and a
case study[J]. Computers & Operations Research, 2025,
174: 106882.

TR TN 0%, VLI 95 22 43 IO AKX 4 B2 785 5 I L 1) BE AL -
B A BT R B[], #E ) 5 T3R 2014, 29(8):
1517-1521.

(Shang L Y, Tan Q M. Stochastic p-robust optimization
model and algorithm of multiple allocation hub set
covering problem[J]. Control and Decision, 2014, 29(8):
1517-1521.)

ek, 3, XRAK, 5. K5 Io NHURER vt bt
L RIR B &AL T E ). ZLilisim LR S E R
4R, DOL: 10.19961/j.cnki.1672-4747.2025.10.015.
(Hou L M, Cheng C, Liu H D, et al. Robust optimization
method for post-disaster drone rescue facility location
and resource allocation[J]. Journal of Transportation
Engineering and Information, DOI: 10.19961/j.cnki.
1672-4747.2025.10.015.)

Zhang H F, Wang J C, Gao Y. Two-stage adaptive
hub problem
uncertainty[J]. Naval Research Logistics: NRL, DOI:
10.1002/nav.70043.

THIIZE, BOROR. ANHSE 2 AR R To AHLRCIE sk bk &
BRI L[] 2% S5 B, 2025, 34(10): 52-58.

(Ji M J, Huang Y F. Robust optimization of unmanned

robust location under demand

aerial vehicle delivery point selection under
uncertainty[J]. Operations Research and Management
Science, 2025, 34(10): 52-58.)

An Y, Zeng B, Zhang Y, et al. Reliable p-Median
facility location problem: Two-stage robust models and
algorithms[J].  Transportation Research Part B:
Methodological, 2014, 64: 54-72.

P, WL 2 YR BIGL N REE =i ] S

W& T[], i 5 3R, 2017, 32(8): 1368-1376.


https://baijiahao.baidu.com/sid=1706133113526274258&#38;wfr=spider&#38;for=pc
https://baijiahao.baidu.com/sid=1706133113526274258&#38;wfr=spider&#38;for=pc
https://baijiahao.baidu.com/sid=1706133113526274258&#38;wfr=spider&#38;for=pc
https://doi.org/10.1016/0966-8349(95)97838-b
https://doi.org/10.1016/0377-2217(94)90318-2
https://doi.org/10.1016/0377-2217(94)90318-2
https://doi.org/10.1016/S0377-2217(96)00340-2
https://doi.org/10.1016/S0377-2217(96)00340-2
https://doi.org/10.1016/j.dam.2003.09.011
https://doi.org/10.1016/j.cor.2006.07.002
https://doi.org/10.1016/j.cor.2006.07.002
https://doi.org/10.1287/opre.1110.0965
https://doi.org/10.1287/trsc.1120.0410
https://doi.org/10.1007/978-3-319-13111-5_12
https://doi.org/10.1287/mnsc.1050.0406
https://doi.org/10.1287/mnsc.1050.0407
https://doi.org/10.1016/j.trb.2009.04.004
https://doi.org/10.1016/j.cor.2017.08.001
https://doi.org/10.1016/j.cor.2017.08.001
https://doi.org/10.1016/j.cor.2018.09.011
https://doi.org/10.1016/j.cor.2024.106882
https://doi.org/10.13195/j.kzyjc.2013.0536
https://doi.org/10.13195/j.kzyjc.2013.0536
https://doi.org/10.12005/orms.2025.0308
https://doi.org/10.12005/orms.2025.0308
https://doi.org/10.12005/orms.2025.0308
https://doi.org/10.1016/j.trb.2014.02.005
https://doi.org/10.1016/j.trb.2014.02.005
https://doi.org/10.13195/j.kzyjc.2016.0743

FxH

TR S B b iy R 6 7 I PR 2 AR 28 ) 24K 0 11

[22]

[24]

[25]

(27]

(28]

(Li R, Huang M. Reliable network design of third-party
logistics under multi-grade proactive attacks[J]. Control
and Decision, 2017, 32(8): 1368-1376.)

Cheng C, Qi M Y, Zhang Y, et al. A two-stage robust
approach for the reliable logistics network design
problem[J].  Transportation = Research  Part B:
Methodological, 2018, 111: 185-202.

&M, T R, RS, AR R T SR N R
hk-or e % H bR AL R[], 4% 1) 5 P B, 2020,
35(6): 1415-1420.

(Yu D M, Gao L F, Zhao S J. A multi-objective
optimization model for reliable emergency facility
location-allocation under disruptions[J]. Control and
Decision, 2020, 35(6): 1415-1420.)

Shen H, Liang Y, Shen Z M. Reliable hub location
model for air transportation networks under random
disruptions[J]. Manufacturing & Service Operations
Management, 2020, 23(2): 388-406.

ArEHR, B EE, B BT PR B AL AT S
PEMIT 28 BETH)). Sl R g LIS 15 R, 2023,
23(2): 285-299.

(Shi (C /Z)W, Ma C X, Ma C R. Reliability logistics
based on two robust

network  design stage

optimization[J]. Journal of Transportation Systems
Engineering and Information Technology, 2023, 23(2):
285-299.)

Blanco V, Fernandez E, Hinojosa Y. Hub location with
protection under interhub link failures[J]. INFORMS
Journal on Computing, 2023, 35(5): 966-985.

LuoL,Li XY, Zhao Y X. A two-stage stochastic-robust
model for supply chain network design problem under
disruptions and endogenous demand uncertainty[J].
Transportation Research, Part E: Logistics and
Transportation Review, 2025, 196: 104013.

T &My, TR, 22204, AR ZE 78 vt T S e ik
AT R L 5U[T). 8B 58 H, 2025, 34(7): 97-

[30]

[31]

[33]

[34]

104.

(YuDM, Zhang M Y, Li H Y. Research on optimization
model and algorithm for reliability location of electric
vehicle charging stations[J]. Operations Research and
Management Science, 2025, 34(7): 97-104.)

Bertsimas D, Sim M. Robust discrete optimization and
network flows[J]. Mathematical Programming, 2003,
98(1): 49-71.

Rahmati R, Bashiri M, Nikzad E, et al. A two-stage
robust hub location problem with accelerated Benders
decomposition algorithm[J]. International Journal of
Production Research, 2022, 60(17): 5235-5257.
Taherkhani G, Alumur S A, Hosseini M. Benders
decomposition for the profit maximizing capacitated hub
location problem with multiple demand classes[J].
Transportation Science, 2020, 54(6): 1446-1470.
O’Kelly M E. A geographer’s analysis of hub-and-spoke
networks[J]. Journal of Transport Geography, 1998,
6(3): 171-186.

Zeng B, Zhao L. Solving two-stage robust optimization
problems using a column-and-constraint generation
method[J]. Operations Research Letters, 2013, 41(5):
457-461.

Fischetti M, Ljubi¢ I, Sinnl M. Redesigning benders
decomposition for large-scale facility location[J].
Management Science, 2017, 63(7): 2146-2162.

(AT

FKHEIE (1997-), 35, R, 3R FE T R AN E L

R, Whim P s BRI, DA 5% ¥4, E-mail: zhanghaifeng@

bit.edu.cn;

ERWEEE (2002-), L, WA, F BT 1A AR A ik

1k, P 2% K145, E-mail: giehanlei@bit.edu.cn;

EHEA (1974-), 55, #a%, Wt FEFTI5 AR 3

RGEBL, ViR 5 0L S BEE . M0 2% BRI 4%, E-mail:

wangjiancai@bit.edu.cn.


https://doi.org/10.13195/j.kzyjc.2016.0743
https://doi.org/10.13195/j.kzyjc.2016.0743
https://doi.org/10.1016/j.trb.2018.03.015
https://doi.org/10.1016/j.trb.2018.03.015
https://doi.org/10.13195/j.kzyjc.2018.1028
https://doi.org/10.13195/j.kzyjc.2018.1028
https://doi.org/10.13195/j.kzyjc.2018.1028
https://doi.org/10.16097/j.cnki.1009-6744.2023.02.030
https://doi.org/10.16097/j.cnki.1009-6744.2023.02.030
https://doi.org/10.16097/j.cnki.1009-6744.2023.02.030
https://doi.org/10.1287/ijoc.2023.1296
https://doi.org/10.1287/ijoc.2023.1296
https://doi.org/10.1016/j.tre.2025.104013
https://doi.org/10.1016/j.tre.2025.104013
https://doi.org/10.1080/00207543.2021.1953179
https://doi.org/10.1080/00207543.2021.1953179
https://doi.org/10.1287/trsc.2020.1003
https://doi.org/10.1016/S0966-6923(98)00010-6
https://doi.org/10.1016/j.orl.2013.05.003
https://doi.org/10.1287/mnsc.2016.2461
mailto:zhanghaifeng@bit.edu.cn
mailto:zhanghaifeng@bit.edu.cn
mailto:qiehanlei@bit.edu.cn
mailto:wangjiancai@bit.edu.cn

	0 引　言
	1 问题描述与模型建立
	1.1 问题描述
	1.2 模型建立

	2 Benders分解
	2.1 Benders重构化
	2.2 Benders求解框架
	2.3 求解子问题

	3 数值实验
	3.1 参数设置
	3.2 算法准确性验证
	3.3 算法性能评估及模型结果分析
	3.4 中断风险下的网络成本分析

	4 结　论
	参考文献

