AT, AW S I EE N - QS (= B = S & Vol. 47 No. 4
2026 47 H CHINA RAILWAY SCIENCE July, 2026

XEHS: 1001-4632 (2026) 04-0231-12

SIAEI: BRYFHT BRE1 98, XIFE, 25 . 25 18 H o ST A A8 B T Ui <o 2 i as TR 7736 [T ). wh I gkiE B2, 2026, 47

(4):231-242.

Citation: Chen Zhexuan, Chen Shaokuan, Liu Shuang, et al. Optimization method for rolling stock operation scheduling plan in

urban rail transit system considering daily flexible maintenance[J]. China Railway Science, 2026, 47(4): 231-242.

Z 8B E R EREHHHHIE R E ZF KIS
LT &

A, KR, X

#1248

XK1,2 = =1
B oB R

(1. dbEAE R L34 sl i KR v B SGls Tl S 5086 %, dbat 100044;
2. dbRUASE K PELEEASENIITT L, JEET 100044)

B OE: NG PUE SGE R BRI R Z BTG, R RS SURAE S = AR ik
1 RIGAAEHEE 1 2 HAETR iz TH R o IOL Az F 4ok M4 s A7 AR 22 o FAR , A% IR AT
S AT « ATSS T 2 RS A A R A I RS BB S R A LAY . B X i Je s RACRIK . Sy B A SRl
TRAEAF I, Bt il G R AR R A 1 A 1S RR S B IE (AHACO) FESCBUBBLRAR, JfF2E TR e
IBEPUESSE R BT RGP . 450K M TGRS, R RIS R0 i AL 7 il s iz 1)
H28, FERAREAT AR 2Z 432 km, FRIER ARP-H LZ] 0.78 d; FEAFIERETI ZAF T, M RBY
XU = KL RE 1 0 s T3 423, T A B RS A I R IR B oK, IR IR I TR 8de b | s AT
R 22 IR/ NI TT 58 o ZTTIE TS IR B S RAE A, JF R e i as R RE P A

KR WS ; RIE IR RIGKERNS; BB BR; AENRa BRIk

RESES. U279.2  XHERIRAE: A

il 5 Ik T 20 S 3 2 I iz B R R RS R
VBT IRSS AR BT, PR m s S
R AG [R) () phoS A0 R, AR ge iR RS AR
e A R EAE ML = R s, BRI 1914209
B HRCR . AR Eiskhse . BRI EIWE S
KB RAS, BRI 2 6 KA SR 1 4205 iz R I
RIS o

NIRRT 2 B AgmA . B Rsck Y
iV FEE Se B AL S R L
LicA T, AR Z R AT 5 H I 0 4
JIE S i B 20 R BRI L AL 7, 38 R R AR
AR 2 HE R &, HPE 56 OC ol % IR 45 ot f 7
biz B A Y FHR . BN, Wang %Y % &
G4 RGO G uh 25 A, oAbt & B

YRS HI: 2025-07-11; BITH: 2026-06-30
HEWH: BR AP RITH (U2569203)

doi: 10.3969/j.issn. 1001-4632. 2026. 04. 18

etk AT I E A S B A AR A
PV R LT AR s A ) Rk, g i es)
FasAr Pl R kA 51 g

IR S im AR AT v BEAR A A 1Y
A LB AT . BEA TR 55 1Y
iz I AT 838 i LA B A2 %Rl S A
E S N 8 1L X 2 (B SR RIS i U i
&R RS SRR, UL BEhe T LEcE
SRS R . R HETY £ [ 52 v Bk sl 4 2H
I, ORI AR 5 3 4 BT o3 A
o AR, 4N, Foleo % M ¥EAg BRAZ 424K
BB IRARART, s 42 ErEYEE
OBy P A AE A B4 Foe /ME T ;- Canca 45 17
FALFLAUA st 4 dlas JTH, LU E 3h 42 B iy

Bt BREE (1999—), B, fdERFILA, W05, Email: 22110261@bjtu. edu. cn
WIPER : X 38 (1980—), %, dbmtA, Bl#E$Z, . E-mail: liushuang@bjtu. edu. cn



232 hoE gk B B s

AT 4

Wk B A B I/ MES R 2s B LA

S Sa AL, PSS R A B
FHUEER . R R PR s B AL, SRS
JEGAE 2z 5 I B P T 57 vy 14 J) e i € 45 R
BRI SR, CHIRIEMUL R GLis B R AT,
B o5 iz B i B AT IS R B R A AR,
Or RIS TR s R B — 2P R T 3 4 A0 5K
FEEE . A, B R AR BT IR s A5 5Ok
F 7 as HISRBE B2, Sl 42 iz TR WIS i
SO T A s AR V| as R T s
e 2 SERARIO LA . B, AR Y BESE T
MR R AR A A= i R L 2 2 1F R B9 22 Iz
TG T7 %, PEAEE R ] A T4 e AR
B NA s Z AR R R e 22 WO B 0k
SRR JERUR A AB R (412 HIHRI ARl fifi 42
JEas I 28 ARG S = B ) A AT B
R, PSRBT T BB 4 iRl ie
Jidk, fEfiEiE MR T SC e H
Bl A SR

A BTSRRI, 2B TR R —
FRERE (XA BBl 4Rz
IR, 75 18 H W 2 R B T 506 K8 BT Bl 22 il
FIs T RIEAR SRR D, B X 5 42 PR I
[AIFIE S EURE AR T R 18 IR AN i 2R
RURRFRAR D . HAZOMESTE T A 4 ZRAG B =
SRR FERTR Z MM AE ], S BUE 5 RIS
T TARZ AN AL R T, MELLRIES 31 42
FARUGAE RARAS XA o A1 BRI, ASSCHE 1
MRV ZRBERA B BT PR 4Rz H]
Ko iz e 2 B F- i, ik
Tl Al RSB R T IR A O AL
LAfiR D[R] B 52 4 Jre_E 2R 47 R [l A6 BR ] B R
B A AR

1 [ R

DAt T L B — B — 3 X i 21U T 5 e 2 e g
FRG, (EC ML H A BT 55 2 R ek
ERLE MR T, DA —E I E] 2% 4R E izt
FHMSE R AR SR AR, LASE s H 4280 fL 4R
s AT AR 22 OB H brdre/ME . Hor, JirE BT
A G S AR S B, O B e s K
Ry BAERTHARAE I, 5 AN [

FIRIB T B 22 5 RS ERAET TR e HEAN 2
L.

il 22 H iz FE S0 i B 0 B A J TR A7
¥, %A s Y, Kk
A H AT IR T s I sC g B, IR e
SCHEIRETF 5 (EWB/E4Y) $1R 4
WA LE AT R T (— e bk R R A
R ) BAHBHEETPITAM., hk 5%
FNEY) | fnk 5L R EREAG S . BRI
BAF,

AR BRI HBTE, HLs s
R 1 15 1) B 4% ZE VR 3] e 4l AN 3 2 1 i

YR 2. G EEL T ] f S R0 P A 4B 42 Ik
TR S, LTS 4Lk i 45 SR 2 55 5 ZE 4T iR
BB Z AN T e S22 I T LR 20, Hoanse 4
U ZEBI 223 5 5 22 ZE R I R 2 2 sl s AR ) o

IR 3 X T T ] B S BT I B S 1 R IR
B, e BRI H2 5 S ) 4 S K AR R Y 0 2l
N vl S ARAR A G

R A W A UCRE 4 IR T UG 20 HE
H, 155805 H B BAT SR G, Hh I IRET 21 5
YRGS S i ZUATIR s st I ], 45 TR 22 B 42k
2R B I B s st ], 2 2R 2 A T4 KB
BB

R B R A B 1R . P LIS B 1
s by 1 MY 2 0000 ik R G AR f
4 F ™ 43 R UG B 2RSS R 2 BT H B8R
HpH.

FEULIERE b, 45 8 S I B AT 55 6 BT B4R 45
IR, IFFHS RN BT TIRE, BEIRFIA
BRI N A HEXT N SR RAE TR, h
PRBELE I R VT B iz B L A2 e 0y, W Mk 2GR
RIS T3 4B 01, R R RIS B OR
W, RIS AR 4 AT R

FRIU) L2 o Sl AT 24 A vy P R A N = H A4
Ny sEam WY E SESE NN R AL (SR oG]
oM HE), 454 GB 50157—2013 (Hidkik it
) AHOCHLE , FRVF G BORIE 4 1 B4 SR K
= H KB 2 A%

TR 2 WU A AN = H B R 3560 T H AR
AR 23845, MR4E & SUEBRRE T AR 2
S, AL B RUR G T = A KRS A 2 IR A4 TR
R, Horh = A0 e el A el &



54

75 18 H S5 K18 BT U Sl A2 Az A 7 vk 233

HHZEI

HHBESR

— BITER

— FRHY/EY
> CEREBRTTUR %
@ RSN %

. \MW/

— B
— XEER2
2% ik
4 HIzE TR y MHBESR
5701
i N 7 77

MW

EAGIE
ARl WWW

42 [

o

£ -

fn

B1 ZXERISIETEE

Wit 2 PGESE R BB GRES 22 2 A K
B, SV ZEIRAE S8 BT VR 5 1 3 31T 32 1%
BT S .

HW3: S TAEEN, M B EEL
BB B T iy T BRI T T ]
B (PR I Bl i 5 48 102 78 e e 01 A7 e
B, FEXER T BEPN SR HAE S A 2 H &
TAPEHE2, BT LR HBERHRES L SR
B, LA AE R — K P JCik [ B A7 e AT 55
5 HBE 18 m I 5 5 HiE 2,

FRIU) 42 S 18 SR g AR B R A A i A T
BB S EG ESE R, TSR IEREE 1Y
EMV R . AR NSRRI .

JAE IR, BT AR OFE
FIRFER Mg AN, EEmae i me, A~
[ 2R H R ONRHE 4 OB BUE 515
BAMZERYIRE HPRSE B, AFIEHIN
IR ARG s ORI [R] i B AF S Y
FI [¥) J) SO R LR TR R (RIS [ o LR 3 S 3]
Jetg), Hod = H KB R SR KB 1 B A 5
KHRo

2 BRI
LASE B BT 95 AR AT ) i PR B 5

VEEA , 5 I8 BAT 55 AR BAT 55 AT . 1155
I 25 5 LA R AR SRR RS OB SR 200, d i Do

TR TR AH Y 52 6 BAT: 55 L K A 1B R BILRTRG: 16 3t 15
S F 5 SR P  ZE B B A T R 221
W H bR/ ME
2.1 ZERSHIRA

FE TR, B XMTES: KhisHE4E
G, K={1, 2, -+, N}, kNER3], k€K, N
his HE SR TREHBIESES, 1={1,
2, -, N, i RERS], i, jEI, NS HEBAT
% MG PRI AR, P=(1, 2, -+, Nu},
pREGl, peP, No WKWK E; DNEGE
4, D={1, 2}, HPpILxE 1 MILE 25 5ERE
WBRERY, dARE|, deD; RIHFBRERE
BES, R={1, 2}, KX 1MILE 250 7%
AR KB = AR, IR, reR; H
Sl HIERAE S, H={1, 2}, HHxHE1HT
Rl HE LRk B2, A ESl, heH,

BRI P AR B SLUNR + 2o, A WG 42 RS AR R
THBAT S8 LA 0-1 AR, A EIRAK
A I BEAT 55 1 S AC K BEAT 55 j e, ML i
BUE R L, S WIAE S 05 £, R FI B 4 S AT 1 50
THEBAT S 0-1 Sk A i, X BT 55 iJj T
B e PATHY B A B BT 55, WIZ AR s A0 1,
BIEE R 05 e, R FIWT AL NE AT AR INAE 1 B AT 55
() 0-1 PR AR B, S BAT 55 i Jd T 4% kBRI T 1Y)
KIS BT S5, MNZAR R EUE A 1, 75 W EE N
O3 e AT 22 I T 58 6 BEAT: 55 5 2 15 [l S 48
(I 0-1 PREAR R, B4 A AE SE RS I BT 55 i )5 [0l



234 hoE gk B B s

AT 4

ke, WHZAZRRE S 1, BWIBRAE A 05 v, h
FIWT 4 RA B G 2 R 10 0- 1 IR AR i, A 4K
RAERZAE 5E W AT AL B BEAT 55 ¢, W7 B
{Eﬂﬂl, E\J”JJEX{E% 0; yup,ﬁﬂﬁfﬂﬁiﬁiﬁﬁffﬁféﬂﬂk
ERAMO-THRFAL R, HRRLTHp HIESYd
PATr BB T IE BB A, MIZEREEN 1, &
W HAEL A 0 AR &5 LANE « o B R AETT
QNI B T AR 5 L W 2, 0050 DR RTE
S n W PRI A Y RiHis 47 AR R tistr
WAL pi HAR RS n R r AT S B (7
n="0, Wiz HPBETH R E R ET—K) 5 P, N
IR R n U r PR B SR N B AT H IR

BRI SR8 LI+ w, Fl w, 430 BT 24
AL BARIIALHE 3 N TN 53500 38 FH 5 SR s
F R R A B e RAE AR /IME 5 L e A1 L, i
Iy T BRI AT BN 22 A B S A R (B
B/ME s d R R R AT RIS T 4R 1 A4S 4 5
d; gy M o 73R SS BT S5 i WO BR A . A BN 542075
Lo T 1o 53 S R S B B 55 i O T B L S5 TR 221 5
pir L2035 R S BEBUE S5 (iR HIB L ss 47T L
*%%ﬂ@ﬁiﬁﬂ‘lﬁj 5 Th,dep %ﬂ T/,,mﬂ‘:]ﬂé E[ 1@h E‘Jﬂzﬂﬁ N
BRI AN s Zo, RS d N r PR AE S A B
Ly e B Ly i 73900 0 1 G A R R E BG4 FEL A B
TBR s T B T i 2390 PAE TR R E G 1)
B TR Lo, Flzeo, 20k ri BB T K £
FEHSIIT A A 8900 B s 17 HLAR M) 4618 47 A 1] 5
Mg 1A R IERS
2.2 BiREH

% B H R R T R B i HITH R Ak Ta)
it fEis 80 Z M A s 4 s 47 IR R 22
Z,1% 24> F bR AL . AT, FIEL —FH 2
U — A b PE S B IIASURIAE g R R B F b ek B 2, O
ESLS W

. Z1— Nuin Zy— Ly min
Z=min| w, N —N. + w, Lo — Lo
(1)
Hr,
Z, = z max Iy,

ek D€l

Z,= max [,— min /[,
REK,L,>0 FEK.L, >0

2.3 AREH
BT B R 3 R AR AA, BT S AT
YR AT S5 I A SR A O B R KBRS AR

D) AR5 AT
B BT A5 9 R AHESAT 55 . B 18T

FME—, 2RI
D om=1 Vel (2)
i€l keK
D> =1 Viel (3)
JEI k€K

AT PR BT 55 i W ER R E3 5 AR R TR 2
AR, AT 55 i A BIE N 420 £ 108 A 5 B
155, RARN

fir=0 VY(ik)e (4)
'/_E'\ti:':"

&, ={(i, k)i €ELkEK,d, 7 d, |

X TFAR RGNS b, 1 A B B AT 55 0 S i 4%
4, RIS HE BT S JC B IR 1, 2T 5N

D <M1—f,) VielkeK (5)

jel

M, <M1= e,)

jel

Viel,keK (6)

18 7 S8 P s 4 SR B AN i P 42 R
BV 7 25 5 d P 2 i (8 45 S8 U A 32 s BUAT:
S AL, IZAH N

SISt DD et O > vn =N (7)

TR S8 L — UK r PR 1B 5 1 X LA > H A A
FrOECEoR . HAER— H R H NN 22
PAT U HIBAES5, 239555 N

Prons
E E Zyk,d,p,l-.h:Zr

deDp=p;, 1, t1h€H

YEEK,n=1,rER (8)
S Vewpa<1l VEEKpEPREH (9)

1T = AR 0 sl AR e 2 YR
iy HAE S, NI SR A5 p HIAT T =H
KT TR B, WIZITE R — 43 B TS F 48
E BB BN (Bi—H2E 28 HEHE2)
HEM Uk HE; B, AN p HAT T
“HAKREBRTEAEB2, WARERTEp HIY
FHB 1S, - 1THAERBE L, Dk =A K
WY ZELSEE . Rz FARZA, T 2 85 E
AT

(1) ZAAE 2B, S80I
HR2, hBUEAN L, SBHERHTZE HMIRTIE L N p' =
max(p—1, 1), MRLHEN



54

75 18 H S5 K18 BT U Sl A2 Az A 7 vk 235

Yedprih <yls,c/.p',r,hfl T Yrdporis
VeeK,deD,n=1,pEP,,, (10)
Hrr,
Piw, =L pinrrt 1, pen,]
VeeK,n=1,rER

(2) =AKAETEHBERBER, S8 i)
HR2, hBUER 2, REEZE ARG E L hp =
min(p+1, Np), XRZHN

Vbdpord =Y pori=1 T Vi porn—1

VeeK,deD,n=1,pEP,,, (11)

2) AL ERE AR

A S BT 55 i R B BeAE 55, AR 55 i Y
KB L G55 j MR R M, BARS i
ZERIN 2055 B TAL 55 j IR IR 2, Ak

T, =0  V(i,j)ed, ke K (12)
Hrr,

O, ={(i JIIiELJELd w7 d;u

P PN pr=pi Nl = L )}

B X 20 58 A B BUAT: 55 J5 A TR AT 55 I 1
L, IR R SEINAS AT 55 i IR TS p HI2E H
& A, W HABHAT 437 51855 i AR YT
[A], H2 HAETF IR I 2055 W T4 55 0 45 o 2]
ZAR N

> Vs =1—M(1—uy,)

VeeK,d=d, ..p€Ps,heH,icl (13)

Hop,

D, ={plp=pN(p=piAThie > t)| NP

B0 2 G R A8 485 I A T 32 I BEAT 55 I T 0
FEIR RSE R p H B2 B8 A G T3S BT 55 4,
W2 BB AT 43 515 % (i & E T AR, H
b BB R T AR 55 (T URIT 2, 298k

D Veapra=1—M(1 =)

VeEK,d=d, ppE P, hEH, i€l (14)
Hr,
O, ={plp<pN(p=pNThuelis)} NP
R IR s R HE B gE , BUE 4R AE
KA B AR A T S I BT 55, RN
SDUaryt et it e <M1= yiagpi)

JEI
VeeK,ic D, deD,p=p,r&eR,hEH
(15)

Hrr,
D5 ={7 |(Liaey = Tt Ny =< Thoa)V
(Zie = Thp N << Tha )| NI
IR AE 2 HEZ B gk ae BRI, B
[F] I 7E 4237 d $RAT r BB 1 A2 A0 A5 2o o
NIRRT
N Vewpri<Zs, NAEDPEPrERMEH

(16)
3) FIRKBIREAR
NEERGRRNE, MTEETRE KRtz
FrEAE . BRIz T RN GRG0 A A8 F 3
bR, 2550 R
Lii<L,ws YeEKn=1,r€R (17)
biny <Tomw VEEK,n=1,r€ER (18)
AR ., MR FEiefr iR, 23t
BT AR TR BRGS0 R BRI, A e ir AT
K, LA
e Vot
VeeK,deD,reR,h€H,n=1,pEP,,,
(19)
TESEMAL I BUESS I, X R i Ritia T i
fe 5 Fits i AT R . BMAORUL, 4K A26
n W r PAGAE BN Rt B ARy H RS
P WIZ IR IAT B 282 B BT 55 B Z
Horb UGS A I ) B AR T NS TR IR is
FTHAL L0 WIS, XN

D z,»( St D gt 7})

ico, JEDs

_— VeeK.n>1,r€ER (20)

Lo, T E Zl‘(‘ﬁ’}e + zxk%" + "U;J,,-)
ico,

JEDs

VeeEK,n=1,rER

;
=

o,={ili€I\p,EP,,, )
[FIHE, IR Rtz AT it A g Ay
z [[_(ﬁ.k+ Zxk,j.z'+ "U/«,f)

_— Vi€ K,n>1,rER (21)

tost > ,;i( fort Dzt 7/)

i€, JEPs

VeeK,n=1,r€R
NIRRT BN ZE HAR, T84 IR



236 hoE gk B B s

AT 4

TERSI I B S Is AT AR, BN T AT I 4858
HEBUES AR Z AN, XL

AZZdﬁHEPm+W) VEEK (22)
iel

3 SRfREIE

BEXF BRI GO0, A BFE R
HWEEAL AL (Ant Colony Optimization, ACO)
AT R . SR, ACO BIEfAE 2 R K iE
fiX. AR A A B bE . A 3 RSB R
(Adaptive Large Neighborhood Search, ALNS) &
AT R KRR R, PR, T LR RS RAR
I I8 M Y A TR S BORE AL (Adaptive Hy-
brid Ant Colony Optimization, AHACO) &k, if
A ACO B A% O ML 4 M A R AR, ik
ABAZRBIR . BEE TR EHE Rt fE, 5
HCBk S SR de L Y RE
3.1 BRI B E RO L

B ACO BBEAFTE M AC B BOAT S5 4 i — |
IR ZHER M . PR (R DR R B,
B, AR an R

(1) SEEATHEBAT ST 2 . Ry 42 = A2 B B
S HELL 2R, W T RBBIRAEZR AR, T
B0 1) T2 2L A G I TR L A2 B BeA T 455 X Tk
BB BORABANAFAE T BT S5 1 4, ik
PRIo AT AR 1 SC B BOAT: 55, 3k A 7 IS 8 1 A
iZ17,

(2) BRHERABAT 55 AT 264 . hiEH 4K iz
TR Sk RN 25, a5 e
MG E LA, g slT BT AR LR
FIRABRKMBERITRE, IR R ETT 5
(EEpyNPE St o NET

(3) AL B R TRRn . hitmake)miy
Kie 1, (O SR E L S A R i v 22 Ak %
7 E B R AT SR AT, BRARAH B 2 AR A i
A ik IR R R R E .

e B BUCEE AL (Improved Ant Colony Opti-
mization, TACO) S AR 0L TR AT .

R WA BAE S A TR 4 EG
K, W16 A A2 B% B 20 30 S8 (8 B A L 3R AR
Bl HLIE$E— 5 G2 0% AR MAT 55 PAT 4K (W) ,
K\ { kRS K, AT R 2.

W2 WIS, HEMEZELEGC A

I

GG s FE L 2 oRORVRG A8 ] 1) 249 o A A i 2 i B
BB A HARNTE, BEREPES, ENET
A 1 B A 23 R DU TR 2 W 20 8 SRS A RIS e R A8
BEBATSS 4, ¥ I\ ES T, AT 3.

AR 3. FUT IR A A R AU A = T
IPAT A (KBRS g — A KR Se), 2k 2
NPT R4, FHNER AL 2,

L4 ZREGRBRETIAR, WEIRE
Hek HEE (ARG ESPIT 2R ERE),
FEHIWT IS A0 2L 2 HAB BT ICECESK, 250 e )
BAR AR BiE T B Bia ratal, JFBki%
W2, SN R LR 2,

RS FIM 4R A 5 A7 A6 R TE L R AE AT
%, AAFTENN 22K ki 2 T HER A2 HABEL,
[ R A s PR, EEE L2, &
WOV AL 168 1) DS e VE R BAT 0, 4 K\ { £} I
HA K, BEELH2,

YRG6: H LRI, JFARIE A AR Y S B
ESEPITIE T 2MEER, 4RGN
3.2 ETALNSHISRIBIE R R

WO LSRR EAUE ], (RERFEE DT
BRI IAR , 1B SCBRMLTE In s E  lie8y
e G R R e 1. BxhzmE, AHACOH:
RAE TACO Bk 1 BE R T A K ABIIE RIS, [H]
R Sy 38 G A B Sl ORI Ak 288 B3k 1) I 8
R, AR B TR ERIE B s fa
AP ISR ECRIS (B . B2 AT BRE
R T2 B BT 55, AT 5 B 3R R L B AR X 1
H R R Xk B AT S EIR IR R
TEMEALIEAR , BB IRAE S AR FIR S H
FEPUIERIEE i, NGEHERIAZHE, &
AREER R RN R B TR Sk R B
FUOE, Al DRI R A I R YA
SR SEA WS R AR B R AR R A T

1) BRET

R Y /AR AT AT PSR, AR RI4EEE
TR 55 o B gty BAREL S 32822 RALRE IR
T OMPUBEIRE T, BEVUINER S P i
BT BATE % s QLAY MR T, MBEY
PRI AT 55 4222 5 TR K i 28 B BT 45 S 5
SLAL 55 Qi A IR T, MR SR L%
TR AT AR R R/ N BRI 32 T P IR AE
BHT%



54

5 8 H S ARG 30 Pl Sl A s TR LA 77 vk

237

2) BEETF

W YRI5 7 A I R A T 58 I BAT 55 43
LA SANEIR, Wit 2 BB P #E: OR
BB, AR TR (] fe b 0 52 s B AT
%, BHAFA L R RN R, O¥fER
B, RGERE YT Bas T RN EE, N
TR I B I BT 55 BT 8T 55 -

RIS RITURAT, A 5T a7 AR R
AR, AR 2 AR, XSS T IR UE T A
R ORFIRAP ISR, ARYE SIS AT
TR R R IIMER, RIS £ SR s 43 1
W R E R —MER T, PEPITAR K
PEALFITE R i, ORI MR (4
SRR A R AR . RSO T M AAE), xt
PEEPEA T AHN 738 DTl s Bk SR R 45
WIR 570 BRI ECS B4y, IEET
RO AT A& . AHACO Bk i 4 iz
FH A B AR AN 2 fifR . B il g TACO 5
EA PSRRI 2 MNE R, REHA
ALNS BT ARS8 R, IFARYHE & A (14 o7 it T
e R mE FAGE, HEW 2R &R,

4 =PI

4.1 RHIE=S
TR T A B — B3 H 0 A T4 0 P v 1)

S Ml Bk 2 s HEAT R IBE T, AT R AL

i)

]
MR S S8
RS
l<— —>| WIHILALNSH 724
i NZZ i B S 7 e
Iihis RS %
i FOARRIE SRR L TR
; HYS5iEE8F
Bk FUAC 1 B
ks
o B RIE R RIFT

Hri

EHHE R AT RE

A E AR
SR AR R R

'

&)
R

B2 AHACOE:iiiE

6551, i aIEEMB 445 12435215, B
JARA R 28 K, 4T BRI AR Is AT RAS AT BRI 38 #%
BAESfEENE IME 2, Hrp, K Mmigsci%
BricfEi2170.5d, @ HAKBOCEiE T 1d; MR
JEEA 31 1 888 e i B AT 55, Hh 65244 H AT
%5 . 688N IEAT 55 L K 548 /> Wi vei WA AT 45+ 1
B TAE HHOBUR H 435118 72 156 M55 o

R1 ERVBEREES (84)

G RS XUB Kb A HLE KU B R/ B L
1 1 4533 13 19438 58
2 1 4425 13 4425 13
3 2 4 320 13 19 301 58
4 2 4253 12 24 367 72
5 1 4205 12 14 205 42
2 THRASER (HH)
SHES AT wREh &k FFtA G EATEkn &/
101 1 1 1 4:50:00 19:41:01 432 1
102 1 1 2 4:56:55 9:33:10 135 0.5
103 1 1 1 5:01:25 19:53:01 432 1
104 1 1 1 5:05:33 19:57:01 432 1
105 1 1 1 5:09:33 10:41:22 162 0.5

SR AEE B A B0 MR s A b, RS
BBEEWN T W HARRE o, Mo, HEUE N 0. 5;
e RKiz 808 N, BUE R 6551, 5[ F il s 4

SO de/his F B0 N, BUE R 5591, 1250
H A% R H bR Z, s 47 1 0004015 2 i e /s | 2%
BN B RGBT R 22 Ly e BUE M 9 801 km,



238 heoE

2,

B B o5 47 %

B AN & B Ar Z, 247 1 000185 fr g il 41
T RIisAT RN E R KE,; R/DBiT B2
Ly BGHIEMH 05 2 HAE TR HAZ 2 £ b AR I
Bty A08:00, 12:00]5[14:00, 18:00]; #%
KIEFMBUE N 10 000; 435 1 A 2% Z,, 4
BIE6 FIL 5 A%, Xt 2,5 A H 3 514 5 0 4]
5 XUBEREFN = H K BRI L 43 3[4 500, 5 500]
km 528 500, 31500] km, XUJEK: . = H K]
TSI 12, 16]d 586, 94]d.
4.2 RUAHME

BOE AHACO S5 ALy 501>, ek
BARWBCN 150k, AR AR KA e KH F R
B 50, A X AL Gk 5 (Traditional

Maintenance, TM) 5K B 5 2 1% Kz & (Flexible
Maintenance, FM) #m&mOLARBIRIIEA TR A, A
[ AE S AR SR AR 25 SR L3R 3. i3 3 M1
TEA iz I, FM SRR RERETE 1748 2518 H 4
A R4/ N AN A s AT R 25 S, (iRt B AR E
W41, 61%; EEIRRE T IH, FM SRS AT )/ 4
ORI R 2 Ik = H ks (RS 8 d), 4K
I BB RIIEN 0. 78 do UEHH FM SR B& 1Y 42 )i |
LB BRI RN, @iz 450 . &
BUEL . NS T R 2 B R AT Bt ],
AT SRR R S B A AR B AT, $ s AR is
FHE A s R

R3 MUER
BIRAR B R/ 5] 24T AR 22 km SR FARME G847 BUBRRREZE km SURRSCE/ I = AR/ 3 R /d
TM 5% 58 2808 0.293 2 766.46 79 13 21.90
FM g 56 2376 0.1712 679.54 75 11 22.68

AN SRS T 1 22 JiC iz L 5 e Wil 3 TR
B 3 AT : TM KRG T & H iz FPIR SR EE,
HIH G508 52,2981, Ho k& 22405 3. 7551
(BPATERIME); 5 TMERM L, FM%IET
M IRAEV R AR R R T K Ane s, H Ik
TR B INEE 6. 3251, A 87 %6 I ZE K SE M

0 2 4 6 8 10 12 14 16 18 20 22 24 26 2
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29

AT H 39
(a) teBerafE s
N R B B

4.3 EiEEXHE

S B E T B AHACO 5235 1A &k, it
TR . DA ACO By e, XT ek
A B 2R R HLEFRR S R ML TACO 5%
DL R A LR b i — 2P Rl ALNS 360 i AHACO
k. SRR AR EERLEL . IR IR EE SR

T ‘KBS A LB, HAT63.92% KB
B HEAE T 2P I BE AT R s R TR, i H 3
FHZEREAR A2 51. 46 51 . X R FM SR BS 8 3 7F I
LR RN BEEE R HERAB L, ARSI T
S E B B IS TS, R ER S T A P
P52 HRCE.

0O 2 4 6 8 10 12 14 16 18
13 5 7 9 11 13 15 17 19 21 23 25 27 29

AT H13d
(b) RIGHAE KNS
w4 F s I R I = Al I

B3 AEWRERETEREATR

20 22 24 26 28

BES 4. 2. fEACOE XS IACOB LT,
SRR Tt L, R PIT AR 1%
o NEBERMAG RN T4, HRAVH: L
T ACOR L, ITACOH S AHACO Bk 15 i
M5 S0 B ARE S B/ 9. 51% Ai115.62%, F43
S AT B AR 22 R 12, 619 F120.72%, FEWH



55 4 ] i H 3 SR 1 T 03 505 RS2 PR AL 7k 239

*4 EFBEREE BHACOBIEMIACO B LN 6.65%, {H

AR iéﬁﬁ/i ié??%{ﬁ BACERAME SR /s ZE O A v B BB s 47 B RR A 22 () B R 1

e /4 m ) N = S R
R e KA, AHACOBEZEUA /MRSy BT 528
ACO 56 2997 0.202 9 18 713 e / ﬁfjﬂ’ﬂffﬁ[%

IACO 56 2619 0.183 6 19938 Ekﬂj E/Jjj* N A , °
AHACO 56 2 376 0.171 2 20 589 4.4 iiﬁﬁi{%ﬁg %5["&]

Jet 2 XA IR B RS S 2R SR 11 5 ) A B0 SR fi
J A AN )RR B AR T

BPSE A E 4 Bk . RE4RTAT. ACO
BRI SA R EDHE A CERORES , (HRA H AR (E I
w, R HBR R AR, TACO Bk ry sk
REGER 5 650, b REHBME B EEH
B 7E— R L HEZE T RS, [R5 ik
St T, BRI P48 725 el A BR
AHACO Fik S B i i (385 96 1%, (HHKL
Sl 2 e AR b S ORI B 1 TR,
A SRR R R B A5 205 | SRR R R R
efgzs e seah, B FeREdd R BT R R 41
T H T T AR A, AHACOZ4 1k 1R it it K

T B RE 1 AR HAR R 2 s F A &
W, T EHAREERA SO R
SRR, IR OIS N A E SR
PEATTR R AUE (A T e 5), 1
HAG =AM fELHOURK A = A 151
PLERAZIEI S, PAA RRAERE T U
GRS, MWW BRI, SRR
HXUARE . = ARSI TR0 . hES
AP AR Bl BT, S AR R A
U B (o BB TR B ML, fifedr s
(] FAF RNl 22 HEAE B e B (BoF HAE 2
PRI BE) FIRUR H BT, BT S e B 75
Hhof BB 2 7 4l BB 9 L i 62. 3504,
Y SR K LR AR SUR -2 5 e 40. 197

09¢ - CRUp I ] 5 403011 He B 28. 57 % )5 ek
08} “o o IR, 3 1SR K. Fb 2 AU
= 4451 = AR R 55 2 = 1 R 9 BSCRESY 51 6,
% osl | 4, 2FNLEF, TR AIE AR RS AT R
Zoaf %, BT HA R, Bty g B A IR st
ol o 1SRN 2 K, B2 SRR b o D 0
M Aef B FDBLAR RS B2 1) L 3] 4 i) 4 o 28 64 50 %6 il
BARUBU% 42.00%, W] T 47 b 3 B A5 22 3 N ) IR R 1B

Ed4 EElsies K, AT Z HARME- 80 16. 67 .

x5 Fipwisae g

MARERES /B = HRREI/FIN B2H%E BFEE o, I ARG FHB AL/ %
1 A2 gl Az R/s e R g UHET RnEz THEA kA
6 A 3 0 56 2 376 0.171 2 97 36.08 63.92 58.76 41.24
2 1 56 2160 0.160 2 100 35.50 64.50 58.00 42.00
; 5 3 0 57 2295 0.217 1 98 39.29 60.71 61.73 38.27
2 1 56 2457 0.175 3 99 36.87 63.13 58.08 41.92
) s 3 0 57 2484 0.226 7 97 39.18 60.82 61.86 38.14
2 1 56 2619 0.183 6 100 38.00 62.00 60.50 39.50
5 45 ik B, SRR AT R MG 1 13 1 5

BEXITT HUE S AR R b g R, 4 H Rl
ARG = H AT | o MR T 20 R A8 S )
ZRER IR Lk, Wiz 48
AR AT AN 22 f/ ME o HARB A Rl

FEOLAL AL AT R fif . S LSRR BE RIS A LL
R F gl A LA 7 2 P s P40 (s
A28) Mg fRrsiT R 2ES (FEK432km),
R B ARE D> 41.61% , Il ik A 4 i Sk
EmfE] (b8 d), (AR 2wt 0. 78



240 hOE g o B

AT 4

d; 7ESR AR 40 RS 18 I ) BT, %o b 28 SR A Ak A
B, R RAR IS R R ) B S IR A SR AL
0 5 SRR T A SR A R e ) Rk et RS, AT
RO B s - 5 AR S
BB s MR TR, fEMR sy B . UK H i}
BCAT 2R HAE & 20 BB R F- 24 L4143 500 K
62.35% F140.19% , ik L@ HEE IR FE iz B Tk
TIB N BT BERRATRAS , DATT Rz 8 v W A B i it
WA HAENR; 441 5% 2 0 EKRE T4
Bk 6 FIA R A G0, = HAERE 143 51K 2 5145 AN 1
GINERE, FIEmA 4 W R IR B T oK, RIS 5]

iz ARG st AR 2 e/ Nis T 58, ML
THAMSECE 5, %07 il B s a2
16.67%

A SN B4 H A PR A 2 s gt R
KB HRmE, BARNAR I S A X 41z H it
I sEmm , Je 2]k — 204 R s s 2 o)
MIAEFEAACHIETY 5 [F]HRF LL B B A A0 5 M %) Ik L 4
B S, AR IRATRIY 226 1% 4 4 b 5%
PRILZEHLR], TFRRBIE 2SIl B SR T 2L
iRz A AR AR DGR SE .

s % X #

[1] LiTao, Li Dewei, Ji Haotian, et al. Integrated optimization of train timetabling, stop planning, rolling stock maintenance
and assignment with flexible train composition and short-turning strategies [ J]. Transportation Research Part E: Logistics
and Transportation Review, 2026, 207(c): 104566.

[ 2] Chen Zebin, Li Shukai, D’ariano A, et al. Real-time optimization for train regulation and stop-skipping adjustment strategy
of urban rail transit lines[J]. Omega, 2022, 110: 102631.

[ 3] Zhou Housheng, Qi Jianguo, Yang Lixing, et al. Joint optimization of train timetabling and rolling stock circulation
planning: a novel flexible train composition mode [J]. Transportation Research Part B: Methodological, 2022, 162:
352-385.

(4] @i, SR, £EI0, 5% . BIER/NCH B 213 5 40k ) — e g 07 i [T, b [E 8k IE R, 2022,43(3)
173-181.

Jin Bo, Guo Youxing, Wang Qingyuan, et al. Integrated scheduling method of timetable and rolling stock assignment
scheme considering long and short routing[ J]. China Railway Science, 2022, 43(3): 173-181.

[ 5] Yang Anan, Wang Bo, Huang Jianling, et al. Service replanning in urban rail transit networks: cross-line express trains for
reducing the number of passenger transfers and travel time[J]. Transportation Research Part C: Emerging Technologies,
2020, 115: 102629.

(6] sl IRer B0k 1) O-D IR TG SR B s At R Ou e 7k [T, h E BB R, 2020,41(1) : 115-125.

Shi Feng, Tu Xian, Zhao Shuo. Optimization method of urban rail train operational plan based on O-D time-varying
demand[J]. China Railway Science, 2020, 41(1): 115-125.

(7] skase, 2540, Tk S @K B AL T Pl 23 A7 B2y 550 s AR or ik [ 7], g il is i T R4, 2022,
22(4):285-294.

Zhang Songliang, Li Dewei, Yin Yonghao. Trip reservation and train operation plan optimization method of urban rail
transit under demand responsive mechanism[ J]. Journal of Traffic and Transportation Engineering, 2022, 22(4): 285-294.

[ 8] Lian Deheng, Mo Pengli, D’ariano A, et al. Energy-saving time allocation strategy with uncertain dwell times in urban rail
transit: two-stage stochastic model and nested dynamic programming framework[J]. European Journal of Operational
Research, 2024, 317(1): 219-242.

[ 9] Wang Pengling, Xiao Xiaofang, Nieflien N. Flexible rolling stock composition strategy in urban rail transit lines: the
influences of various train units and station capacities[J]. Transportation Research Part C: Emerging Technologies, 2024,
162: 104609.

[10] Z=94 225, W00, 47 2T DDDQN BUSRHSN 43 BRas AT 7 ik o [T ] ki B2 5 TR A1, 2024, 21(12) :4960-

4970.

Li Qian, Li Wei, Cao Yue, et al. Research on energy-saving operation control method of urban rail train based on DDDQN/[J].



54 75 18 H S5 K18 BT U Sl A2 Az A 7 vk 241

Journal of Railway Science and Engineering, 2024, 21(12): 4960-4970.

[11] Gao Yuan, Xia Jun, D’ariano A, et al. Weekly rolling stock planning in Chinese high-speed rail networks[J]. Transportation
Research Part B: Methodological, 2022, 158: 295-322.

[12] ARAAZE, VEbkes , phocdd, 55 . i/ MU s 4 4L se I LA [T . o EBaE 27, 2023,44(5) - 210-221.

Lin Boliang, Shen Yaoming, Zhong Wenjian, et al. Optimization of the electric multiple units circulation plan with the
minimum number of train-set[ J]. China Railway Science, 2023, 44(5): 210-221.

[13] Wang Jiaxi. Maintenance scheduling at high-speed train depots: an optimization approach[J]. Reliability Engineering &.
System Safety, 2024, 243: 109809.

[14]  VRdksd  ARAAZE, BRAR e, 45 M Bkah - L KA s B TR D712 [T ] 28z iy T AR %4, 2022, 22(4) : 396-407.
Shen Yaoming, Lin Boliang, Xue Jinbo, et al. Optimization method of long cycle high-level maintenance plan for high-speed
EMUs[J]. Journal of Traffic and Transportation Engineering, 2022, 22(4): 396-407.

[15] Zhou Wenliang, Li Sha, Kang Jing, et al. Capacity-oriented train scheduling of high-speed railway considering the
operation and maintenance of rolling stock[ J]. Mathematics, 2022, 10(10): 1639.

[16] Folco P, Sahli A, Belmokhtar-berraf S, et al. A rolling horizon for rolling stock maintenance scheduling problem with
cyclical activities[ J]. Computers &. Industrial Engineering, 2024, 196: 110460.

[17] Canca D, Barrena E. The integrated rolling stock circulation and depot location problem in railway rapid transit systems[J].
Transportation Research Part E: Logistics & Transportation Review, 2018, 109: 115-138.

(181 sz N, BEgilaii , fu ok, 45 . A RIS AT A5 1F T B3R I8 2838 4 iz - S E DR R AL LT ] PR BB R, 2022,43(6) -
194-206.

Peng Qiyuan, Liao Peiru, He Bisheng, et al. Collaborative optimization of rolling stock operation and maintenance of
urban rail transit under all-day operation[J]. China Railway Science, 2022, 43(6): 194-206.

[19] Lai Yungcheng, Fan Dowchung, Huang Kweilong. Optimizing rolling stock assignment and maintenance plan for passenger
railway operations[ J]. Computers & Industrial Engineering, 2015, 85: 284-295.

[20] 5k B4 RAAE T 5 3 i I T8 52 3 42 ik i R TR g ARS8 5 R ek (D . bt JEsisgii e, 2019.
Zhang Bo. Research on optimal utilization plan and system development of urban rail transit rolling stocks considering
maintenance plan[ D ]. Beijing: Beijing Jiaotong University, 2019.

[21] ¥, 2=, A SO0, 25 I R RE s A3 4 iz TS R TR R il [T ). scilis i R ot TR 505 ., 2023,23(1)
131-140.

Feng Jia, Li Guowei, Fu Yilong, et al. Integrated rolling stock scheduling and maintenance scheduling optimization of
urban rail transit lines based on shared train depot [J]. Journal of Transportation Systems Engineering and Information
Technology, 2023, 23(1): 131-140.

[22] ZEWE,BROKEE, RAL K, A5 HE T I 23 0 2% 1 30 Bk 42 0 1 S A IE D0 AU 0 [T ). S 882 4 TR~ 40, 2020, 41 (11) -
171-176.

Jiang Jianping, Xu Yongneng, Wu Renfei, et al. Optimization model of metro vehicle operation and maintenance based on
spatio-temporal network[J]. Journal of Ordnance Equipment Engineering, 2020, 41(11): 171-176.

(23] MG, T, sk, 55 | 5L T B AR Sk Y 3t 2k 91 4 as TR I T 7 LT ] BRI E iy 5 4895, 2024, 46(9) : 195-207.
Xu Peng, Xin Liping, Zhang Zengchao, et al. Scheduling train operation plans for subway based on improved drosophila
algorithm[J]. Railway Transport and Economy, 2024, 46(9): 195-207.



242 rh B E B o W47 %

Optimization method for rolling stock operation scheduling plan in
urban rail transit system considering daily flexible maintenance

Chen Zhexuan', Chen Shaokuan"?, Liu Shuang"*, Bai Yun'?, Gao Chen'

(1. Key Laboratory of Transport Industry of Big Data Application Technologies for Comprehensive Transport,
Beijing Jiaotong University, Beijing 100044, China;
2. Integrated Transport Research Center of China, Beijing Jiaotong University, Beijing 100044, China)

Abstract: To alleviate the contradiction between daily maintenance and continuous operation of urban rail transit
rolling stock, an optimization method of the rolling stock scheduling plan was proposed considering multi-level
maintenance programs, which integrated a flexible maintenance strategy that enabled bi-weekly and quarterly
maintenance tasks to be performed at various times and locations. With dual objectives of minimizing the number
of rolling stock and the range of operational mileage, an optimization model was formulated incorporating the
constraints such as the execution of tasks, spatio-temporal continuity between tasks, and the updating of rolling
stock maintenance statuses. To address low search efficiency and susceptibility to local optima in classical heuristic
algorithms, an adaptive hybrid ant colony optimization (AHACO) algorithm was designed through the large
neighborhood search strategy for model solution, and then a case study was conducted based on an actual urban
rail transit line. The results indicate that compared with traditional maintenance strategy, the optimization
method with flexible maintenance strategy reduces 2 train sets, decreases the range of operational mileage by
432 km, and extends average operating time for rolling stocks by 0. 78 d. Under various maintenance capacity
conditions, when the depot capacities for bi-weekly and quarterly maintenance slightly exceed those of parking
lot, the rolling stock maintenance requirements in both locations can be satisfied simultaneously, obtaining an
optimal scheme with minimal train sets and range of operational mileage. This method can save costs for both
the rolling stock acquisition and maintenance, and further improve the operational efficiency and operational

equilibrium of rolling stocks.

Key words: Urban rail transit; Rolling stock scheduling plan; Flexible maintenance strategy; Daily maintenance

program; Adaptive hybrid ant colony optimization (AHACO) algorithm
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